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Abstract: (1) Background: Because melanoma is an aggressive tumor with an unfavorable prognosis,
we aimed to characterize the PD-L1 expression in melanomas in association with T cell infiltrates
because PD-1/PD-L1 blockade represents the target in treating melanoma strategy. (2) Methods: The
immunohistochemical manual quantitative methods of PD-L1, CD4, and CD8 TILs were performed
in melanoma tumor microenvironment cells. (3) Results: Most of the PD-L1 positive, expressing
tumors, have a moderate score of CD4+ TILs and CD8+TILs (5—50% of tumor area) in tumoral
melanoma environment cells. The PD-L1 expression in TILs was correlated with different degrees
of lymphocytic infiltration described by the Clark system (X% = 8.383, p = 0.020). PD-L1 expression
was observed often in melanoma cases, with more than 2—4 mm of Breslow tumor thickness being
the associated parameters (X% =9.933, p = 0.014). (4) Conclusions: PD-L1 expression represents a
predictive biomarker with very good accuracy for discriminating the presence or absence of malign
tumoral melanoma cells. PD-L1 expression was an independent predictor of good prognosis in
patients with melanomas.

Keywords: PD-L1; CD4+; CD8+; tumor-infiltrating lymphocytes; melanoma tumor microenvironment cells

1. Introduction

Melanoma is a highly aggressive tumor, most often with a cutaneous presentation
with an immunogenic character, unfavorable prognosis, and raised mortality rate. Older
fair-skinned males represent the high-risk population with a personal or family history
of melanoma and with chronic UV exposure [1,2]. In recent years, significant progress in
targeted therapy development [3,4] and novel prognostic biomarkers have been necessary
for patient treatment strategy tailoring [5].

It is recognized that the immune inhibitory signaling pathways have an important
role in immunosuppressive microenvironment maintenance, which favor cancer develop-
ment [6]. An important co-inhibitory pathway is the programmed death-ligand 1 (PD-L1)
and programmed death-1 (PD-1) axis [7]. The expression of PD-1 is induced on effector
T-cells in response to inflammatory signals, and PD-L1 (B7-H1 or CD274) was the first
identified ligand of PD-1 and is expressed in lymphocytes, vascular endothelium, mes-
enchymal stem cells, neuronal cells, and tumor cells [8]. PD-1/PD-L1 interactions have
roles in T-cell-mediated immune responses inhibiting, cytokine production limiting, and
tumor immune escape promotion [5,9]. PD-L1 binding to PD-1 suppresses the immune
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response through CD8+ T cell inhibition and CD4+T-regulatory lymphocyte activation,
and melanoma tumor cells use this mechanism [10,11]. PD-L1 is expressed in the tumor
microenvironment cells facilitating immune evasion, a predictive biomarker for malignant
melanoma evolution [12-14]. PD-L1 expression in tumor cells is the most studied predictive
biomarker, but a correlation with a therapeutic response is insufficient for melanoma for
clinical use. PD-L1 overexpression is examined as a prognostic factor in diverse cancers,
such as lung cancer [15], gastric cancer [16], ovarian cancer [17], breast cancer [18], prostate
cancer [19], bladder cancer [20], cervical cancer [21], colorectal cancer [22], pancreatic can-
cer [23], and renal cell carcinoma [24]. Various studies reported the prognostic value of
PD-L1 expression in melanoma patients [5,25-37].

Other predictive biomarkers studied in melanoma tumors include T cell receptors and
T cell infiltrates. CD8+ T cell presence in the melanoma periphery is associated with a better
response to PD-1 inhibitors [38,39]. Most malignant melanocytic tumors evolved despite
immune cell presence in the tumor microenvironment, suggesting that these lymphocytes
fail to control tumor growth [7,40,41]. The tumor-infiltrating lymphocytes (TILs) were a
part of many studies in the past few years [42], bringing important evidence that a high
number of lymphocytes are present in the development site of a tumor, with numerous CD8-
positive T lymphocytes. These lymphocytes present in melanoma must be differentiated
from lymphocytes in a skin lymphoma that has immunoreactivity for CD20 but a negative
reaction for CD30 and CD45 [43]. A statistically significant correlation between skin
melanoma survivors and increased risk of Non-Hodgkin Lymphoma was observed in the
first three years after the diagnosis of skin melanoma [44].

In this study, we used a melanoma patient cohort to characterize the PD-L1 expression
in melanoma cases associated with T-cell infiltrates, with roles in diagnosis and prognosis.

2. Materials and Methods
2.1. Patient Group

This study collected the cases from the electronic database of the Pathology Depart-
ment of "St. Andrew’s” Clinical Emergency County Hospital of Constanta diagnosed with
different forms of melanoma in the last two years. We identified 61 patients with surgically
removed skin melanocytic tumors upon dermatological recommendation that proved to be
melanomas before any oncological treatment. The histologic diagnosis for each specimen
was confirmed on Hematoxylin Eosin (HE) stain slides by two experienced pathologists,
with a concordance of measurements between 80—90%. We kept a representative tissue
block to use for additional studies. Clinico-morphologic features were taken from the patho-
logical reports, including age, gender, Clark level, Brelow thickness, TILs, and vascular and
perineural invasion.

Our study followed these criteria: (1) inclusion of patients diagnosed with histologi-
cally confirmed melanoma; (2) detection of PD-L1, CD4, and CD8 TILs immunohistochemi-
cal expression in the melanomas (IHC) analysis; (3) identification of predictive biomarkers
as PD-L1, CD4, CD8 tumor-infiltrating lymphocytes expression patterns; and calculation of
the hazard ratio (HR) and 95% confidence interval (95% CI).

2.2. TILs Evaluation

TILs evaluation was performed on Hematoxylin Eosin (HE) stain using the Clark
scoring system, classifying immune infiltrate as brisk (TILs present throughout the vertical
growth), non-brisk (TILs in one or more foci of the vertical growth phase), or absent.

2.3. Immunohistochemical (IHC) Analysis

The immunohistochemical evaluation was performed with a panel of three antibodies
from Master Diagnostica (Granada, Spain) (ready-to-use): PD-L1 (CAL10-clone, rabbit
monoclonal antibody), CD4 (EP204-clone, rabbit monoclonal antibody), CD8 (SP16-clone,
rabbit monoclonal antibody). We used formalin-fixed paraffin-embedded blocks to obtain
four pm-thick sections, 3, 3’diaminobenzidine (DAB) as chromogen, with brown staining.
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The sections were finally counterstained with Mayer’s Hematoxylin and mounted. For
positive and negative quality controls, we used tonsil tissue according to the manufacturer’s
recommendation. The three immunohistochemical biomarkers were evaluated using
optic microscopy, considering the positive reaction >5%. The degrees of intensities were
considered: weakly positive (1+), moderate positive (2+), and intense positive (3+). We
assessed the PD-L1 expression in melanoma cells, and TIL's and CD4 and CD8 TIL's
expression in melanoma tumor microenvironment cells.

2.4. Statistical Analysis

The experimental data were analyzed using IBM SPSS Statistics Version 26 (Armonk,
NY: IBM Corp). The procedures used were descriptive statistics (for characterization of the
discreet and continuous variables defined in the database), parametric test (Independent
Sample t Test with Levene’s Test and One Way ANOVA with posthoc Tukey’s range test
and Games-Howell Test), Nonparametric tests (Pearson Chi-Square with Cramer’s V test
for the association between categorical variables, Mann-Whitney U Test and Kruskal-Wallis
H Test for continuous variables). All p-values below 0.05 were considered statistically
significant. Receiver operating characteristic (ROC) and area under the curve (AUC) made
by MedCalc v20.111 Software Ltd. (Ostend, Belgium) were used to establish the accuracy
of the biomarkers in melanoma diagnoses. The sensitivity and specificity of biomarkers
are represented by the Youden index, which is the optimal cut-off point as the value
that maximizes the area under the ROC curve [45,46]. Furthermore, multivariate Cox-
proportional hazard regression was performed to determine the potential prognostic values
of PD-L1, CD4, and CD8 TILs in melanoma patients.

3. Results
3.1. Clinico-Pathological Analysis of Melanoma Tumor Microenvironment Cells, Associated with
IHC Patterns of PD-L1 (+/-) Expression

PD-L1 (+/-) expression patterns in patients with acral, cervical-cranial, and limb
localization of melanomas are summarized in Table 1. The incidence of PDL-1 positive
expressions for patients with acral and cervico-cranial localization of melanoma was notably
lower than for patients with upper body and limbs localizations of melanoma (TILs-
A:5.41%; CC:8.11% vs. UB:51.35%; L:35.14%, p < 0.05; MTCs-A:7.10%; CC:17.86% vs.
UB:53.62%; L:21.43%, p > 0.05). We observed PD-L1 positive expression patterns in 56.76%
of TILs and 46.43% in MTCs (p > 0.05) for IV grade of Clark level of invasion in melanoma
samples from 61 patients when a TILs threshold of positive reaction >5%.

Table 1. Melanoma tumor microenvironment characterization in the function of PD-L1 (+/-) expression.

Clinico- PD-L1 Expression in TILs ) PD-L1 Expression in MTCs )
. X X
Nb. Pathological Negative Positive Score p-Value Negative Positive Score p-Value
Aspects 1 (%) 1 (%) n (%) n (%)
Age
1. <65 years 8 (33.33%) 20 (54.05%) 17 (51.52%) 11 (39.29%)
>65 years 16 (66.67%) 17 (54.95%) 2517 0.126 16 (48.48%) 17 (60.71%) 0.912 0.243
Gender
2. Males 9 (37.50%) 22 (59.46%) 15 (45.45%) 16 (57.14%)
Females 15 (62.50%) 15 (40.54%) 2.809 0.120 18 (54.55%) 12 (42.86%) 0.828 0444
Localization
Acral 3 (12.5%) 2 (5.41%) 3 (9.1%) 2 (7.1%)
3. Upper body 7 (29.17%) 19 (51.35%) . 11 (33.33%) 15 (53.62%)
Cervico-cranial 9 (37.5% 3 (8.11%) 9.603 0.018 7 (212%) 5 (17.86%) 2791 0.443

Limbs

5 (20.83%) 13 (35.14%) 12 (36.36%) 6 (21.43%)
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Table 1. Cont.

Clinico- PD-L1 Expression in TILs ) PD-L1 Expression in MTCs )
. X X
Nb. Pathological Negative Positive Score p-Value Negative Positive Score p-Value
Aspects 1 (%) 1 (%) 1 (%) 1 (%)
Clark level of
invasion
I 6 (25%) 3 (8.11%) 7 (21.22%) 2(7.14%)
4. 11 2 (8.33%) 4 (10.81%) 1 (3.03%) 5 (17.86%)
Il 4(16.67%) 6(16.22%) 3.584 0.494 3 (9.09%) 7 (25.00%) 8.819 0.068
v 11(45.83%) 21 (56.76%) 19 (57.58%) 13 (46.43%)
\% 1(4.17%) 3(8.11%) 3(9.09%) 1 (3.57%)
Breslow tumor
thickness
5 <1 mm 4 (16.67%) 2 (5.41%) 6 (18.18%) 0 (0%)
: 1-2 mm 0 (0%) 3 (8.11%) 0 (0%) 3 (10.71%) .
2-4 mm 3(1250%) 12 (32.43%) 6.851 0.086 6 (18.18%) 9(G214%) 093 0.014
>4 mm 17 (70.83%) 20 (54.05%) 21(63.64%) 16 (57.14%)
Lymphovascular
6 invasion
: Present 10 (41.67%) 24 (64.86%) 16 (48.48%) 18 (64.29%)
Absent 14(52.14%)  13(35.14%) 3175 0.113 17 (51.52%) 10 (35.71%) 1.533 0.216
Perineural
v invasion
: Present 5 (20.83%) 9 (14.75%) 5 (15.15%) 4(14.29%)
Absent 19 (79.17%) 33 (89.19) 1.163 0.298 28 (84.85%) 24 (85.71%) 0.009 0.926

PD-L1- Programmed cell death ligand-1; TILs-tumor-infiltrating lymphocytes; MTCs-melanoma tumor cells;
* p < 0.05 represents statistically significant differences between cases made by Pearson Chi-Square with Cramer’s
V test for the association between categorical variables, Mann-Whitney U Test and Kruskal-Wallis H Test for
Continuous variables (X2 Score).

When comparing the Breslow tumor thickness between TILs with MTCs, were ob-
served the lowest proportion of PD-L1 (+) expression, at 5.41% (TILs) and 0% (MTCs) for
<1 mm diameter, while the highest proportion of PD-L1 (+) specimens was seen for >4mm
diameter, at 54.05% (TILs, p > 0.05) and 57.14% (MTCs, p < 0.05) from cases.

The association between PD-L1 expression and clinicopathological features was ana-
lyzed, age (>65 vs. <65 years), gender (male vs. female), localization (acral, upper body,
cervico-cranial, limb), Clark level of invasion (I, II, III, IV, V), Breslow tumor thickness
(<1 mm; 1-2 mm; 2—-4 mm; >4 mm), lymphovascular invasion (present, absent), perineural
invasion (present, absent) (Table 1).

PD-L1 expression was significantly correlated with melanoma localizations in infil-
trating immune cells (X% =9.603, p = 0.018) and Breslow tumor thickness in melanoma
tumor cells (X? = 9.933, p = 0.014), but no significant relationship between PD-L1 expres-
sion and age, gender, or morphological characteristics was seen (Clark level of invasion,
lymphovascular invasion, and perineural invasion).

3.2. PD-L1 Expression in Tumor Cells and Immune-Infiltrating Cells in Various Morphological
Types of Melanoma and Tils Quantification and Characterization

PD-L1 (+/-) expression patterns were observed in the different morphological types of
melanomas as lentigo maligna melanoma (LMM), superficial spreading melanoma (SSM),
superficial spreading melanoma with vertical growth nodule (S5SM-VGN), and nodular
melanoma (NM), being presented in Table 2.

The highest incidences of PD-L1 (+) in TILs were observed for SSM (37.84%) and
SSM-VGN (37.84%, p > 0.05). Superficial spreading melanoma has in MTCs the highest
incidence (46.43%, p > 0.05). PD-L1 (+/-) expressions in TILs were observed in strong
association with CD8+ and CD4+ T-lymphocytes (X = 11.238, p = 0.003; X? = 12.614,
p =0.001, Table 2).

PD-L1 (+) patterns associated with moderate to severe CD8+ and CD4+ lymphocytes
intensities (CD8+TILs: 69.57%; MTCs: 75.00%; CD4+TILs: 97.30%; MTCs: 85.71%) com-
pared to mild (CD8+TILs: 2.79%; MTCs: 7.14%, CD4+TILs: 0.00%; MTCs: 3.57%, p < 0.05)
were observed in the majority of morphological types of melanomas (Table 2) (Figures 1-5).
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Melanomas negative for PD-L1 show a significant degree of staining (2+) by CD4 and CD8
infiltrating lymphocytes (CD8+TILs: 58.53%; MTCs: 75.76%, CD4+TILs: 70.83%; MTCs:
87.88%, p < 0.05).

Table 2. Association between PD-L1 (+/-) expressions in tumor microenvironment cells and CD4
and CD8 tumor-infiltrating lymphocytes.

Morphological

Infiltrating Immune Cells Melanoma Tumor Cells

X p-Value X

Nb. Features PD-L1 (-) PD-L1 (+) Score PD-L1 (-) PD-L1 (+) Score p-Value
n (%) n (%) n (%) n (%)
Morphologic
IX}E’& 2 (8.33%) 1 (2.70%) 3 (9.09%) 0 (0%)
1. SSM 7(29.17%) 14 (37.84%) 8 (24.24%) 13 (46.43%)
SSM with VGN 6 (25%) 14 (37.84%) 3.305 0.332 13 (39.39%) 7 (25%) 5.678 0.144
NM 9 (37.50%) 8 (21.62%) 9 (27.27%) 8 (28.57%)
TILs
evaluation
2. Absent 8 (33.33%) 2 (5.41%) 7 (21.21%) 3 (10.71%)
Brisk 3 (12.50%) 8 (21.62%) 8.383* 0.020 4 (12.12%) 7 (25%) 2.425 0.287
Non-brisk 13 (54.17%) 27 (72.97%) 22 (66.67%) 18 (64.29%)
CDS8 TIL's
Negative 9(37.50%) 2 (5.41%) 7 (21.21%) 4 (14.29%)
3. <5% 1(4.17%) 1 (2.70%) 0(0.00%) 2 (7.14%)
5-50% 14(58.33%) 32(69.57%)  11.238** 0.003 25 (75.76%) 21 (75.00%) 2.775 0.514
>50% 0 (0.00%) 2 (5.41%) 1 (50.00%) 1 (50.00%)
CD4 TIL's
Negative 6 (25.00%) 0 (0.00%) 3(9.09%) 3 (10.71%)
4. <5% 1 (4.17%) 0 (0.00%) 0 (0.00%) 1 (3.57%)
5-50% 17 (70.83%) 36 (97.30%)  12.614 ** 0.001 29 (87.88%) 24 (85.71%) 2.076 0.906
>50 0 (0.00%) 1 (2.70%) 1(3.03%) 0 (0.00%)

PD-L1- Programmed cell death ligand-1; TILs- tumor-infiltrating lymphocytes; LMM- lentigo maligna melanoma;
SSM- Superficial spreading melanoma; SSM-VGN- superficial spreading melanoma with vertical growth nodule;
NM- nodular melanoma; * p < 0.05 and ** p < 0.001 represent statistically significant differences between cases
made by Pearson Chi-Square with Cramer’s V test for the association between categorical variables, Mann-Whitney
U Test and Kruskal-Wallis H Test for Continuous variables (X? Score).

Figure 1. In nodular polypoid melanoma, CD4 intense membranous expression in intra and peritu-
moral lymphocytes (CD4 monoclonal antibody, clone EP204). In the lower left side detail, obx200.



J. Pers. Med. 2023, 13,221 6 of 15

Figure 2. CDS8 intense positive reaction in superficial spreading melanoma (CD8 Monoclonal Anti-
body, clone SP16, scanned image). In the lower right side, detail ob.x200.

Figure 3. PD-L1 negative expression in tumor cells and TILs of nodular melanoma (PD-L1 Monoclonal
Antibody, Clone CAL10). The brown staining is due to melanin pigment and melanophages. In the
lower right side, detail ob.x100.
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Figure 4. PD-L1 positive expression in melanoma cells of a superficial spreading melanoma (PD-L1
Monoclonal Antibody, Clone CAL10). Lower right side, detail, ob.x200.

Figure 5. PD-L1 negative expression in tumor cells and focally positive in TILs in a case of superficial
spreading melanoma (PD-L1 Monoclonal Antibody, Clone CAL10). Lower right side, detail, ob.x400.

Although PD-L1 expression associated with no TILs was not observed in melanoma
tumor cells (X2 = 2.775, p = 0.514), PD-L1 was expressed in T lymphocytes (X> = 8.383,



J. Pers. Med. 2023, 13, 221 8 of 15

p = 0.020). In our study, PD-L1 showed intertumoral heterogeneity. PD-L1, CD4 TILs, and
CD8TILs biomarkers intensities were observed in Figures 1-5.

3.3. Predictive and Prognostic Roles of PD-L1, CD4, and CD8 Tumor-Infiltrating Lymphocytes
Biomarkers in Melanoma Tumor Microenvironment Cells

To establish the laboratory diagnostic, the predictive model (ROC curves) is used to
estimate the risk of patient adverse outcomes in medical research and to use as a discrimi-
natory tool for true positive values (sensitivity) and true negative values (specificity) [45].
ROC curves were used to show the accuracy of the methods by interpreting the true positive
results (TPR, sensitivity) and false positive results (FPR, 100-specificity) for each biomarker
with two overlapping distributions (negative, positive) (Table 3, Figure 6). Sensitivities of
methods in patients with melanoma were very good for PD-L1, CD8TILs, and CD4TILs
biomarkers (TILs: 97.30%; M: 96.43%, 89.13%, and 84.31%, p < 0.001 (Table 3, Figure 6).
Also, specificities of analyzed biomarkers in melanoma tumor microenvironment cells were
very good for PD-L1 (TILs: 91.67%; M: 96.97%), CD8 (86.67%), CD4 (90.00%, p < 0.001)
(Table 3, Figure 6). The area under the curve (AUC) for our studied biomarkers (PD-L1,
CD4 TILs, and CD8 TILs) starts from 0.941 to 0.975, which means a very good ability of the
ROC test to discriminate the presence or absence of malign tumoral melanoma cells.

Table 3. Receiver operating characteristic (ROC) analysis of PD-L1, CD4, and CD8 tumor-infiltrating

lymphocyte biomarkers in melanoma patients.

Youden ] Cut-Off

. N . E e . s
Nb. Biomarkers AUC 95% CI p-Value Index Value Sensitivity ~ Specificity
PD-L1 0.875 to
1. TILs 0.959 0.993 <0.001 0.889 >3 97.30 91.67
2. PD-L1M 0.975 0.(5)33&;;0 <0.001 0.934 >0 96.43 96.97
3. CD4M 0.950 0.(;3(9%9’:0 <0.001 0.743 >15 84.31 90.00
4 CD8 M 0.941 g <0.001 0758 >10 89.13 86.67

UC = area under the curve; ROC = receiver operating characteristic; * Confidence interval; Youden J = sensitivity +
specificity — 100; PD-L1- Programmed cell death ligand-1; TILs- tumor-infiltrating lymphocytes; M- melanoma

tumor cells.
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Figure 6. PD-L1, CD4, and CD8 tumor-infiltrating lymphocytes expressions patterns as potential
biomarkers in melanoma diagnosis. Receiver operating curve (ROC) analyses were generated
from 61 patients and had a value of the area under the curve (AUC) for PD-L1 (TILs: sensitivity:
97.30%, specificity: 91.67%; p < 0.001; M: sensitivity: 96.43%, specificity: 96.97%; p < 0.001), CD8
tumor-infiltrating lymphocytes (M: sensitivity: 89.13%, specificity: 86.67%; p < 0.001), and CD4
tumor-infiltrating lymphocytes (M: sensitivity: 84.31%, specificity: 90.00%; p < 0.001), respectively.

Furthermore, multivariate analysis Cox-proportional hazard regression analyzed the
following parameters as the PD-L1, CD4, and CD8 TILs expression patterns to observe
their potential prognostic roles in melanoma tumor microenvironment cells (Table 4). In
our analysis, we observed that PDL-1 represents a favorable prognostic biomarker, an
independent predictor factor implied in the prognosis of the melanoma patients.

Table 4. Logistic regression of potential prognostic values of PD-L1, CD4, and CD8 TILs in melanoma
tumor microenvironment cells.

Multivariate Analysis

Nb. Clinical Variables Melanoma Tumor Microenvironment Cells
Hazard Ratio p-Value 95% CI *
1. Lymphovascular 3.049 0.528 0.095-97.914
invasion

2. Perineural invasion 0.026 * 0.023 0.001—0.607
3. PD-L1 2.700 0.455 0.198—36.683
4. CD4 TILs 11.838 * 0.023 1.386—101.108
5. CDS8 TILs 7.748 * 0.018 1.408—42.622

CI*- Confidence interval; * p < 0.05 represents statistically significant differences between variables made by Cox
Logistic & Snell regression (Cox & Snell R?). PDL-1 in MTC-R? = 0.23, p = 0.43; CD8 TILs in MTC - R? = 0.49,
p < 0.0001; CD4 TILs in MTC - R? = 0.38, p = 0.002.

4. Discussion

Immunotherapy has proved in the past few years to have a real success for many
types of cancer. So far, the most effective immunotherapies are the monoclonal antibodies
targeting the checkpoint molecules CTLA-4 (cytotoxic T lymphocytes-associated protein
4) and PD-1 (programmed cell death protein 1) and its ligand PD-L1. Antibody blockade
of PD-1 and its ligand PD-L1 have antitumor efficacy and durability of responses in
melanoma patients [14]. PD-L1 expression by melanoma tumor cells is heterogeneous and
contiguous to tumor-infiltrating lymphocyte areas [11]. Melanomas may express PD-L1
against antitumor immune effector cells, facilitating immune evasion even if the B7-H1
costimulatory molecule is present on the surface of tumor cells. This regulates the cellular
and humoral immune responses through the PD-1 receptor on activated T and B cells. Also,
it was observed that in vitro, the B7-H1 tumor cell lines might increase the apoptosis of
antigen-specific human T-cells, which means the apoptotic effects of B7-H1 are mediated
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by one or more receptors other than PD-1 [10]. TILs recognize tumors and secrete pro-
inflammatory cytokines with a role in the upregulation of PD-L1 expression in the TME.
PD-L1 ligates PD-1 on TILs determining their downregulation [47]. The PD-L1 expression
in TILs is interesting to keep in observation because PD-L1 was correlated with different
degrees of lymphocytic infiltration described by the Clark system (X? = 8.383, p = 0.020),
according to references [48].

PD-L1 (+) expression shows a higher incidence in cases with superficial spreading
melanoma, superficial spreading melanoma with vertical growth nodules, and a lower
incidence rate in lentigo maligna melanoma and nodular melanomas, in conformity with
references [49,50].

In the studies on melanomas, a high Breslow tumor thickness represents an indicator
of poor prognosis [51-53]. PD-L1 expression was observed often in melanoma cases with
more than 2—4 mm of Breslow tumor thickness [54,55]. According to the references, our
study shows a significant correlation between the PD-L1 expression and Breslow tumor
thickness in melanoma tumor cells (X? = 9.933, p = 0.014).

Tumor-infiltrating lymphocytes (TILs) infiltrate tumor cells. The degree of infiltration
is described by the TIL infiltrate’s extent and intensity. The most applied grading scheme
for assessing the presence of TILs is the Clark system, as follows: 1; absent TILs infiltrate.
2; non-brisk TILs infiltrate: focal areas of lymphocytic infiltration in the tumor. 3; brisk
TILs infiltrate: TILs infiltration of the entire tumor base or diffuse permeation of the tumor.
Other systems for grading TILs infiltrates have been proposed based on their density and
distribution but have not been validated [51-53]. TILs are an essential histopathological
feature in diagnosing melanocytic tumors, composed of a series of cells, including T
lymphocytes [56].

CD8+ cytotoxic and CD4+ T cells are important for the action of immune checkpoint
inhibitors [38]. PD-L1 (+/-) expression patterns were observed on both tumor and immune
cells. They were differentiated in the function of morphologic features, and tumors were
considered to be PD-L1 positive when >5% of tumor cells presented membrane stain-
ing [57,58]. The presence of CD8+ TILs was scored as 0 (negative), weak (1+, positive cells
focally at the edge of tumor or perivascular, 5% of tumor area), moderate (2+, infiltrating
tumor by extending away from intratumoral vessels, 5—50% of tumor area), or intense (3+,
broad infiltration by TILs, more than 50% of tumor area). Our study presented that PD-L1
expression was associated with CD8 TILs and CD4 TILs in the tumor immune microenvi-
ronment (X2 =11.238, p = 0.003; X2 =12.614, p = 0.001). These results are in accordance with
multiple previous studies showing how PD-L1 positive expression represents an adaptive
mechanism of expression induced by the host immune antitumor response [40,50,59,60].

In melanoma, PD-L1 is expressed by activated lymphocytes, presumably to decrease
inflammation [61,62]. PD-L1 in stromal cells interacts with PD-1 on effector T cells, inhibit-
ing their function. Moreover, in the tumor microenvironment, PD-L1 expression might be
induced by interferon-gamma secretion via effector T cells [12]. Responding to immune
checkpoint inhibitors may depend on active interaction between PD-1 on CDS8 cells and
PD-L1 in stromal cells [63].

PD-L1 plays an important role in the immune response regulation in the tumor mi-
croenvironment [64]. When PD-L1 binds to PD-1, it determines the T cell proliferation
inhibition and its secretion of cytokines [65]. PD-1/PD-L1 blockade represents an essential
strategy with therapeutic goals [66].

PD-L1 status was examined in TILs and MTCs cells, and cut-off values were calculated
by the ROC curve method. Sensitivities of methods for PD-L1, CD8, and CD4 biomarkers,
in patients with melanoma, were from 84.31% to 97.30%, and specificities of these analyzed
biomarkers in melanoma tumor microenvironment cells were from 86.67% to 96.97%,
offering the possibility to be biomarkers with predictive accuracy in melanomas. The area
under the curve (AUC) for PD-L1, CD4, and CD8 biomarkers was from 0.941 to 0.975, which
means a very good ability of the ROC test to discriminate the presence or absence of malign
tumoral melanoma cells. To obtain more accurate measurements of PD-L1 expression,
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an IHC quantitative method associated with TILs characterization by CD4 and CD8 TILs
expression was used, in conformity with other studies [67-69]. To verify antibody specificity,
we used quality negative and positive controls for PD-L1 containing placental and tonsil
tissue as previously described studies [57,67]. Many clinical assays develop predictive
biomarkers by comparing the expression of PD-L1 in the tumor microenvironment cells
in samples from patients treated with immune checkpoint inhibitors. Expressing these
biomarkers in the tumor microenvironment predicts a better response to therapy [39].

One of the challenges to assessing the potential role of PD-L1 expression as a pre-
dictive biomarker was the variation in assays used across studies. Most studies used
chromogenic IHC assays and obtained results of PD-L1 expression were interpreted by
pathologists by reporting the percentage of tumor cells and immune cells demonstrating
expression [14]. Other predictive biomarker studies involving PD-L1 expression used
standard immunohistochemistry (IHC) as references [63,70-72].

We assessed the PD-L1, CD4, and CD8 lymphocytes infiltrations expression patterns,
lymphovascular invasion, and perineural invasion in MTCs by multivariate analysis of
Cox-proportional hazard regression. We observed that PDL-1 represents a favorable prog-
nostic biomarker, being an independent predictor factor implied in the prognosis of the
melanoma patients.

The association between PD-L1 expression and prognosis in melanoma has been ex-
plored extensively in previous studies [32,33,40,57]. PD-L1 expression was an independent
predictor of good prognosis in patients with melanomas. In some studies, PD-L1 expression
was correlated with the treatment response, but other studies show it must be comple-
mented by additional biomarkers for immune profiling of the CD8+ T cells [32,40,50,58,73].

Other studies demonstrated that a high expression rate of PD-L1 with a dense and
diffuse T-cell inflammatory infiltrate is a characteristic feature of melanoma and represents
a good prognostic marker for metastatic melanoma [74-76]. Adaptive PD-L1 expression in
melanoma microenvironment pretreatment is associated with a good prognosis [57] and
biomarker predictive of response to anti-PD-1/PD-L1 therapies in melanoma [38,70,72].

It is unclear if the PD-L1 negative status in advanced melanoma determinates pheno-
typic differences in immune responses or is an intrinsic tumor quality, and PD-L1-negative
tumors are frequently associated with TILs. Melanoma with PD-L1-negative expression
has a worse prognosis and responds less frequently to immune checkpoint therapies [11].

Lymphovascular invasion represents the presence of melanoma cells within the lamina
of blood vessels or lymphatics, or both and is recorded as absent or present. Neurotropism
represents the presence of melanoma cells close to the nerve sheaths. It is best identified
at the periphery of the tumor and is associated with an increased local recurrence rate
or local persistence. The density of lymphatic vessels within or surrounding growing
tumors correlates with poor patient outcomes, being observed in many types of solid
tumors [77,78]. Our data shows that lymphovascular and perineural invasion, both reliable
morphologic prognostic features, did not correlate with PD-L1 expression and may not be
considered an unfavorable prognostic marker.

Many studies have investigated the impact of PD-L1 on the prognosis of solid tumors [79].
PD-L1 expression was an independent prognostic factor in renal cell carcinoma [80]. A
high PD-L1 expression was a poor prognostic biomarker in patients with non-Hodgkin
lymphoma [5,81].

Our results might have limitations such as a limited sampling, the lack of consensus
method in the evaluation of PD-L1 expression (only quantitative in our study), not consid-
ering more categories of positivity depending on the amount and distribution of positive
melanoma cells, and the fact that the immunohistochemical tests were performed on tissue
fragments prior to any treatment. Other study limitations in the association between PD-L1
and melanoma prognosis are the heterogeneity, patient ethnicity, and treatment, which
could influence patient survival. In further studies, we propose working with a larger co-
hort of melanoma patients to have meaningful results to validate the immuno-histochemical
PD-L1 expression with roles in diagnosis and prognosis.
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5. Conclusions

In this study, we used a melanoma patient cohort to characterize the PD-L1 expression
in melanoma in the context of T-cell infiltrates because the PD-1/PD-L1 blockade represents
the target in treating melanoma strategy. Most of the PD-L1 positive expressing tumors have
a moderate score of CD4+ TILs and CD8+TILs (5-50% of tumor area) in tumoral melanoma
environment cells. PD-L1 expression represents a predictive biomarker with very good
accuracy to discriminate the presence or absence of malign tumoral melanoma cells. PD-L1
expression was an independent predictor of good prognosis in patients with melanomas.
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Abstract: Oral squamous cell carcinoma (OSCC) is the most frequent oral malignancy, with a high
death rate and an inadequate response to conventional chemotherapeutic drugs. Medical research ex-
plores plant extracts’ properties to obtain potential nanomaterial-based anticancer drugs. The present
study aims to formulate, develop, and characterize mucoadhesive oral films loaded with Usnea
barbata (L.) dry acetone extract (F-UBA) and to investigate their anticancer potential for possible use
in oral cancer therapy. U. barbata dry acetone extract (UBA) was solubilized in ethanol: isopropanol
mixture and loaded in a formulation containing hydroxypropyl methylcellulose (HPMC) K100 and
polyethylene glycol 400 (PEG 400). The UBA influence on the F-UBA pharmaceutical characteristics
was evidenced compared with the references, i.e., mucoadhesive oral films containing suitable excipi-
ents but no active ingredient loaded. Both films were subjected to a complex analysis using standard
methods to evaluate their suitability for topical administration on the oral mucosa. Physico-chemical
and structural characterization was achieved by Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM),
and atomic force microscopy (AFM). Pharmacotechnical evaluation (consisting of the measurement
of specific parameters: weight uniformity, thickness, folding endurance, tensile strength, elongation,
moisture content, pH, disintegration time, swelling rate, and ex vivo mucoadhesion time) proved that
F-UBAs are suitable for oral mucosal administration. The brine shrimp lethality (BSL) assay was the
F-UBA cytotoxicity prescreen. Cellular oxidative stress, caspase 3/7 activity, nuclear condensation,
lysosomal activity, and DNA synthesis induced by F-UBA in blood cell cultures and oral epithelial
squamous cell carcinoma (CLS-354) cell line were investigated through complex flow cytometry
analyses. Moreover, F-UBA influence on both cell type division and proliferation was determined.
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Finally, using the resazurin-based 96-well plate microdilution method, the F-UBA antimicrobial po-
tential was explored against Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27353,
Candida albicans ATCC 10231, and Candida parapsilosis ATCC 22019. The results revealed that each
UBA-loaded film contains 175 ug dry extract with a usnic acid (UA) content of 42.32 ug. F-UBAs are
very thin (0.060 = 0.002 mm), report a neutral pH (7.01 &+ 0.01), a disintegration time of 146 + 5.09 s,
and an ex vivo mucoadhesion time of 85 £ 2.33 min, and they show a swelling ratio after 6 h of
211 £ 4.31%. They are suitable for topical administration on the oral mucosa. Like UA, they act on
CLS-354 tumor cells, considerably increasing cellular oxidative stress, nuclear condensation, and
autophagy and inducing cell cycle arrest in G0/G1. The F-UBAs inhibited the bacterial and fungal
strains in a dose-dependent manner; they showed similar effects on both Candida sp. and higher
inhibitory activity against P. aeruginosa than S. aureus. All these properties lead to considering the
UBA-loaded mucoadhesive oral films suitable for potential application as a complementary therapy
in OSCC.

Keywords: Usnea barbata (L.) FE. H. Wigg dry acetone extract; oral squamous cell carcinoma;
mucoadhesive oral films; usnic acid; CLS-354 cell line; blood cell cultures; oxidative stress; anticancer
potential; antimicrobial activity

1. Introduction

Approximately 3-10% of all cancer mortality is known to be contributed by oral can-
cer [1]. Oral cancer incidence increases due to environmental conditions and harmful
habits of the modern lifestyle: pollution, diet and nutrition, tobacco smoking [2], betel
quid chewing [3], and alcohol consumption [4,5]. These factors, associated with a hered-
itary predisposition, chronic inflammation, and infectious diseases, have contributed to
the increased risk of developing oral cavity malignancies [6]. Oral squamous cell carci-
noma (OSCC) represents 90% of oral neoplasia [7]; it is the sixth most common cancer
in the world [8] and has an overall 5-year survival rate below 50% [9] due to its modest
outcomes, tardive diagnosis, and inadequate response to chemoradiation therapy [10].
Furthermore, after the current treatment protocol [10], the quality of life of patients with
oral cancer is substantially diminished [11], and restrictions on food intake could lead to
malnutrition [12].

Consequently, global medical research focuses on discovering and developing alter-
native therapies against cancer, investigating the properties of plant extracts to obtain
potential nanomaterial-based anticancer drugs. According to Dehelean et al. [13], the
anticancer potential of natural products could be expressed as chemotherapeutic effects
(due to their innate antitumor activity), chemopreventive action (maintaining a low risk of
developing cancer or keeping it from coming back), and sensitizers in multidrug resistance.

In a recent comprehensive review, Prakash et al. [14] described various medicinal
plants with beneficial effects against oral cancer (Ocimum sanctum L., Curcuma longa L.,
Vaccinium corymbosum L., Vaccinium macrocarpon Aiton, Momordica charantia L., Azadirachta
indica A. Juss, Senegalia Catechu (L.f.) P.J.H. Hurter & Mabb., Dracaena cinnabari Balf.f.,
Piper nigrum L., and Zingiber officinale Roscoe) and their active secondary metabolites
(curcumin, nimbolide, resveratrol, anthocyanins, piperine, and eugenol). Their list could be
completed with Melissa officinalis L. [15], Gracilaria tenuistipitata C.E. Chang & B.M. Xia [16],
Cynara cardunculus L. [17], Imperata cylindrica (L.) P.Beauv. [18], Caesalpinia sappan L. [19],
Angelica gigas Nakai [20], Aloe barbadensis Miller [21], Padina gymnospora [22] and Usnea
barbata (L.) EH.Wigg [23-25]. The principal mechanism triggered in the OSCC tumor
cell line is oxidative stress, which induces DNA damage and cell cycle arrest, leading to
apoptotic cell death [16,17,23,24]. Moreover, these medicinal plants could also be helpful in
oral cancer chemoprevention due to other associated bioactivities (such as antimicrobial,
anti-inflammatory, antioxidant, and wound-healing effects).
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Numerous studies described plant-based oral formulations tested for their efficacy in
improving oral hygiene, salivary microbial flora, and gingival health. Pérez Zamora et al.
developed herbal buccal films with in vitro antibacterial and anti-inflammatory effects
containing Lippia turbinata Griseb. and Lippia alba (Mill.) Britton & P.Wilson extracts [26].
Pagano et al. [27] incorporated grape seed extract in bioadhesive patches with a combination
of acacia gum/PVP/cyclic dextrin, aiming for a wound dressing effect. Utama-ang et al. [28]
developed Thai rice films loaded with ginger extract for oral antimicrobial properties.

Other authors formulated fast-dissolving herbal films with Eclipta prostrata (L.) leaves
extract for mouth ulcers [29] and oral patches containing Glycyrrhiza complex herbal
extract [30], and Myrtus communis L. (Myrtle) [31] for aphthous stomatitis. Nam et al. [32]
proposed Angelica gigas Nakai extract-loaded fast-dissolving nanofiber based on poly(vinyl
alcohol) and Soluplus for oral cancer therapy. Recently, Chiaoprakobkij et al. [33] examined
in vitro anticancer and antibacterial effects of Garcinia mangostana L. extract incorporated in
bacterial cellulose-gelatin films.

The present study aimed to develop and characterize mucoadhesive oral films based
on HPMC and PEG 400 containing U. barbata dry acetone extract. Moreover, our work inves-
tigated in vivo cytotoxicity on an animal model and in vitro antitumor and antimicrobial
activities of F-UBA for potential application in oral cancer prevention and therapy.

2. Materials and Methods
2.1. Materials

All chemicals, reagents, and standards used in this study were of analytical grade.
Polyethylene glycol 400 (PEG 400), hydroxypropyl methylcellulose (HPMC), usnic acid
standard 98.1% purity, propidium iodide (PI) 1.0 mg/mL, dimethyl sulfoxide (DMSO), and
antibiotics mix solution 100 uL/mL with 10 mg streptomycin, 10,000 U penicillin, 25 ug
amphotericin B per 1 mL were provided by Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany). Annexin V Apoptosis Detection Kit and flow cytometry staining buffer (FCB)
were purchased from eBioscience™ (Frankfurt am Main, Germany) and RNase A 4 mg/mL
from Promega (Madison, WI, USA). Magic Red® Caspase-3/7 Assay Kit, Reactive Oxygen
Species (ROS) Detection Assay Kit, and EdU i-Fluor 488 Kit were supplied by Abcam
(Cambridge, UK).

The OSCC cell line (CLS-354) and the culture medium Dulbecco’s Modified Eagle’s
Medium (DMEM) High Glucose basic supplemented with 4.5 g/1 glucose and L-glutamine
and 10% fetal bovine serum (FBS) were provided by CLS Cell Lines Service GmbH (Ep-
pelheim, Germany). Trypsin-ethylenediamine tetra acetic acid (Trypsin EDTA) and the
media for blood cells Dulbecco’s phosphate-buffered saline with MgCl, and CaCl,, FBS,
and L-Glutamine (200 mM) solution were purchased from Gibco™ Inc (Billings, MT, USA).

The blood samples were collected from a non-smoker healthy donor (B Rh+ blood
type), according to Ovidius University of Constanta Ethical approval code 7080/10 June
2021 and Donor Consent code 39/30 June 2021.

Artemia salina eggs and Artemia salt (Dohse Aquaristik GmbH & Co. Gelsdorf, Ger-
many) were purchased online from https://www.aquaristikshop.com/ (accessed on 5
May 2022).

The microbial cell lines (S. aureus ATCC 25923, P. aeruginosa ATCC 27353, C. albicans
ATCC 10231, and C. parapsilosis ATCC 22019) were obtained from the Microbiology De-
partment, S.C. Synevo Romania SRL, Constanta Laboratory, under partnership agreement
No 1060/25 January 2018 with the Faculty of Pharmacy, Ovidius University of Constanta.
Culture medium Mueller-Hinton agar (MHA) was supplied by Thermo Fisher Scientific,
GmbH, Dreieich, Germany; RPMI 1640 Medium and Resazurin solution (from In Vitro
Toxicology Assay Kit, TOX8-1KT, Resazurin based) were purchased from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany).

U. barbata lichen was harvested in March 2021 from the forest localized in the Calimani
Mountains (47 °29’ N, 25 °12’ E, and 900 m altitude). It was identified by the Department of
Pharmaceutical Botany of the Faculty of Pharmacy, Ovidius University of Constanta, using
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standard methods. A voucher specimen is maintained in the Herbarium of Pharmacognosy
Department, Faculty of Pharmacy, Ovidius University of Constanta (Popovici 3/2021,
Ph-UOC).

2.2. Lichen Extract

The dried lichen was ground in an LM 120 laboratory mill (PerkinElmer, Waltham,
MA, USA) and passed through the no. 5 sieve [34]. The obtained moderately fine lichen
powder (particle size < 315 pm) was subjected to Soxhlet extraction in acetone at 55-60 °C
for 8 h, followed by solvent evaporation; the method is described in a previously published
study [34]. The U. barbata dry acetone extract (UBA) was preserved in a freezer (Sirge®
Elettrodomestici—SAC Rappresentanze, Torino, Avigliana, Italy) at —18 °C until used for
mucoadhesive oral films preparation [34].

2.3. Formulation and Manufacturing of Mucoadhesive Oral Films

Because the UBA-loaded mucoadhesive films are designated for oral administration
and residual amounts of acetone may be found in the final pharmaceutical product, it was
decided to select a more appropriate solvent for U. Barbata dry acetone extract. Thus, a
mix of 1:1 (w/w) ethyl alcohol and isopropyl alcohol was used for UBA solubilization. The
solubility of UBA in the previously mentioned combination was 2.5% (w/w); thus, UBA
dosage in the developed films was established. A Mettler Toledo AT261 balance (with
0.01 mg sensitivity) was used to weigh the ingredients.

HPMC K100 [35] with a viscosity of 100 mPa was chosen for the film matrix formation,
considering its high hydrophilic character, stability, and biocompatibility [36-38]. PEG 400
was used as a plasticizer because it offers excellent flexibility to the polymer base [39,40].

Without UBA, the references (R) were prepared to investigate the active ingredient’s
influence on the mucoadhesive oral films’ physicochemical and pharmacotechnical charac-
teristics and evaluate the extract’s efficacy. HPMC dispersion was prepared by adding the
weighted polymer to water at room temperature and stirring for 30 min at 700 rpm, using a
Heidolph MR 3001K magnetic stirrer (Schwabach, Germany). PEG 400 was incorporated
into the polymer matrix. The lichen extract solution was obtained by dissolving UBA in
the ethanol: isopropanol mixture and then poured over the polymer dispersion under
continuous stirring in the same conditions. The formed gel systems were left overnight for
deaeration in ambient conditions. The dispersions were placed in a thin layer on Petri glass
plates and dried for 24 h at room temperature. Next, the dried films were detached from
the glass plate surface and cut into patches of 1.5 x 2 cm sizes.

2.4. Physico-Chemical Characterization of the UBA-Loaded Mucoadhesive Oral Films
2.4.1. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) measurements were performed using a
NICOLET 6700 FTIR Spectrometer (Grayslake, IL, USA) with a Smart DuraSamplIR HATR
(Horizontal Attenuated Total Reflectance) accessory and a laminated—-diamond crystal
(Thermo Electron Corporation, Waltham, MA, USA). The FTIR spectra were assessed in the
range of 4000400 cm ™! using a DTGS KBr detector at a resolution of 4 cm~!. All spectra
were plotted in transmittance mode.

2.4.2. Powder X-ray Diffractometry

Powder X-ray diffraction (XRD) measurements were recorded using a Rigaku Ultima
IV diffractometer (Rigaku Corporation, Tokyo, Japan) in parallel beam geometry with a
step size of 0.02° and a speed of 2° /min over a range of 5-60°. A CuKo tube (A = 1.54056 A)
operating at 40 kV and 30 mA was the source of the X-rays.

2.4.3. TG/DTA Measurements

The conditions of both analyses—thermogravimetric analysis (TGA) coupled with
differential thermal analyses (DTA)—comprised a synthetic air atmosphere with a heating
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rate of 10 °C min~! and a flow rate of 80 mL/ min. Both films’ thermogravimetric curves
were carried out on a Mettler Toledo TGA /SDTA 851° thermogravimetric analyzer (Mettler-
Toledo GmbH, Greifensee, Switzerland).

2.4.4. Scanning Electron Microscopy (SEM)

Morphological analysis was made on a high-resolution scanning electron microscope
FEI Quanta3D FEG (Thermo Fisher Scientific, GmbH, Dreieich, Germany).

2.4.5. Atomic Force Microscopy (AFM)

AFM analysis was made using an XE-100 microscope from Park Systems (Suwon-
si, South Korea) in non-contact mode. Sharp tips, NCHR from NanosensorsTM, with
typically ~8 nm radius of curvature, ~125 mm mean length, 30 mm mean width, ~42 N/m
force constant, and ~330 kHz resonance frequency was used. The image processing and
roughness evaluation were performed using the XEI program (v 1.8.0) from Park Systems.
The detailed surface profile of the scanned films was presented in “enhanced contrast”
view mode.

2.5. Pharmacotechnical Analysis of the UBA-Loaded Mucoadhesive Oral Films
2.5.1. Weight Uniformity

The weight uniformity was achieved on 20 films of each type (F-UBA and R) that were
individually weighed, and the average was calculated.

2.5.2. Thickness

This parameter was assessed with a Yato Trading CO., Ltd., Shanghai, China, digital
micrometer with a 0-25 mm measurement range and 0.001 mm resolution on 20 films of
each formulation. The mean and the standard deviation were calculated.

2.5.3. Folding Endurance

To test folding endurance, 10 films of each formulation were folded and rolled repeat-
edly, at the same place, until they broke, or up to 300 times [41]. The folding times were
recorded and reported as folding endurance values.

2.5.4. Tensile Strength and Elongation Ability

Both parameters were determined using an LR 10K Plus digital tensile force tester for
universal materials (Lloyd Instruments Ltd., West Sussex, UK). For the test, 5 films of each
type (F-UBA and R) were placed in a vertical position between apparatus 2 braces, and
then the test was performed at a speed of 30 mm/min from a distance of 30 mm.

The tensile strength (kg/ mm?) and elongation at break (%) were calculated using the
following equations:

Force at breakage (k

: 2\ _ ge (kg)

Tensile strength (kg/mm ) ~ Film thickness (mm) x Film width (mm) @
Elongation % — Increase in film length (cm) 100 o)

Inital film length (cm)

2.5.5. Moisture Content

The moisture content was evaluated as the loss on drying using a thermogravimetric
method with an HR 73 Mettler Toledo halogen humidity analyzer (Mettler-Toledo GmbH,
Greifensee, Switzerland) [42]. Five films of each formulation (F-UBA and R) were tested.

2.5.6. Surface pH Value

For pH testing, 5 films of each formulation (F-UBA and R) were moistened for 5 min
at room temperature with 1 mL distilled water (pH 6.5 & 0.5). The pH was registered by
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touching the film surface with the electrode of a CONSORT P601 pH-meter (Consort bvba,
Turnhout, Belgium).

2.5.7. In Vitro Disintegration Time

This parameter was assessed on 6 films of each formulation (F-UBA and R) in simu-
lated saliva phosphate buffer pH 6.8 at 37 &= 2 °C [43], using an Erweka DT 3 apparatus
(Erweka® GmbH, Langen, Germany). The time required for both films’ total disintegration
was registered.

2.5.8. Swelling Ratio

The films were placed in Petri plates on a 1.5% agar gel and incubated at 37 £ 1 °C.
They were weighed every 30 min for 6 h, and the swelling ratio was calculated according
to the following equation:

Swelling ratio = w x 100 3)

where Wt is the film weight at time ¢ after the incubation and Wi is the initial weight [44—46].

2.5.9. Ex Vivo Mucoadhesion Time

The method used to determine the residence time on a detached porcine oral mucosa
was adapted to those described by Gupta et al. [47]. The fat layer and any tissue residue
were removed from the membrane surface, then rinsed with distilled water and a phosphate
buffer pH of 6.8 at 37 °C and fixed on a glass plate. Each film was hydrated in the center
with 15 uL phosphate buffer and pressed on the membrane surface for 30 s. The glass
plate was in a 200 mL phosphate buffer of pH 6.8 and kept at 37 °C for 2 min. The paddle
with a stirring rate of 28 rpm was operated to reproduce the oral cavity conditions. The
bioadhesion time was established by measuring the necessary time for each film to detach
from the oral mucosa. All tests were performed in triplicate.

2.6. Evaluation of the Cytotoxic Activity of UBA-Loaded Mucoadhesive Oral Films on
A. salina Larvae

2.6.1. Sample Preparation

The F-UBA was placed in a diluted buffer (1 mL) and incubated for 15 min at 37 °C;
then, its homogenous dispersion in the buffer solution was observed.

2.6.2. BSL Assay

Artemia salina (brine shrimp) was used as an animal model for the UBA-loaded mu-
coadhesive oral films’ cytotoxicity investigation, adapted from Nazir et al. [48]. The A. salina
larvae were obtained under continuous light and aeration conditions, at a temperature of
20 °C, by introducing the cysts of A. salina for 24-48 h in a saline solution of 0.35%. The
brine shrimp larvae in the first stage (instar I) were introduced in 0.3% saline solution into
experimental pots (with a volume of 1 mL) [49]. The analysis was compared with a blank
(untreated nauplii) to obtain accurate results regarding the F-UBA cytotoxic effects. The
nauplii were not fed during the test to not interfere with the tested extracts. Their evolution
was investigated after 24 h and 48 h; the larvae had embryonic energy reserves as lipids
throughout this period.

Morphological changes of brine shrimp larvae [50,51] after 24 and 48 h were observed
at VWR microscope VisiScope 300D (VWR International, Radnor, PA, USA).

2.6.3. Fluorescent Microscopy

After 48 h, the brine shrimp larvae were stained with 3% acridine orange (Merck
Millipore, Burlington, MA, USA) for 5 min. The samples were subjected to drying for
15 min in darkness and placed on the microscope slides.
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2.6.4. Data Processing

The microscopic images were achieved using a VWR microscope VisiScope 300D
(VWR International, Radnor, PA, USA) with a Visicam X3 camera (VWR International
Radnor, PA, USA) at 100x and 400 x magnifications and processed with VisiCam Image
Analyzer 2.13.

Using an OPTIKA B-350 microscope (Ponteranica, BG, Italy) blue filter (Aex = 450490 nm;
Aem = 515-520 nm) and green filter (Aex = 510-550 nm; Aem = 590 nm), fluorescent mi-
croscopy images were obtained [52]. The FM images at 200x and 400 x magnification were
processed with Optikam Pro 3 Software (OPTIKA S.R.L., Ponteranica, BG, Italy).

All observations were performed in triplicate.

2.7. In Vitro Analysis of the Effects of UBA-Loaded Mucoadhesive Oral Films on Human Normal
Blood Cells and OSCC CLS-354 Cell Line

2.7.1. Equipment

The Attune Acoustic focusing cytometer (Applied Biosystems, Bedford, MA, USA)
was the platform for the in vitro cytotoxicity analysis of UBA-loaded mucoadhesive oral
films. Before cell analysis, the flow cytometer was first set by using fluorescent beads
Attune performance tracking beads, labeling, and detection (Life Technologies, Europe BV,
Bleiswijk, Netherlands) [53], with a standard size (four intensity levels of beads population).
The cell amount was established by enumerating cells below 1 um [54]. Using forward
scatter (FSC) and side scatter (SSC), more than 10,000 cells per sample for each analysis
were gated.

2.7.2. Data Processing

Flow cytometry data were achieved using Attune Cytometric Software v.1.2.5, Applied
Biosystems 2010 (Bedford, MA, USA).

2.7.3. Human Blood Cells Cultures

The blood sample was collected into heparin vacutainers. Then, the heparinized blood
(1.0 mL) was added to untreated Nunclon Vita Cell culture 6-well plates (Kisker Biotech
GmbH & Co.KG, Steinfurt, Germany), together with 6.0 mL of Dulbecco’s phosphate-
buffered saline with MgCl, and CaCl, medium supplemented with 10% bovine fetal serum,
L-glutamine, and antibiotics mix solution. They were incubated in a Steri-Cycle™ i160
CO; Incubator (Thermo Fisher Scientific Inc., Waltham, MA, USA) with 5% CO, at 37 °C.
After 72 h, the blood cell cultures were treated with the samples and controls. Then, the
cells were subjected to 24 h of incubation in the same conditions [53]. All flow cytometry
analyses were performed after this incubation time.

2.7.4. CLS-354 Cell Line, Cells Culture

The CLS-354 tumor cells were cultured in DMEM high glucose supplemented with
antibiotic mix solution in humidity conditions of 5% CO; at 37 °C for 7 days [55]. Then,
the cells were dissociated with trypsin-EDTA, centrifugated at 3000 rpm for 10 min in a
Fisher Scientific GT1 centrifuge (Thermo Fisher Scientific Inc., Waltham, MA, USA), and
distributed in Millicell™ 24-Well Cell Culture Microplates (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). After treatment, the cells were incubated for 24 ore in the same
conditions [25]. All the flow-cytometry analyzes were performed after this incubation
period.

2.7.5. Samples and Control Solutions

The UBA-loaded mucoadhesive oral films were dissolved in the suitable culture
medium for both types of cells, with 1% DMSO. As a positive control, usnic acid (125 pg/mL
in 1% DMSO) was selected, and the negative control was 1% DMSO.
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2.8. Evaluation of Total ROS Activity

ROS assay stain solution (100 puL) was added to each 1 mL of cell culture in flow
cytometry tubes and well-mixed. Then, the cells were incubated in a 5% CO, atmosphere
at 37 °C for 60 min. After this process, the cells were analyzed by flow cytometry, using a
488 nm excitation and green emission for ROS (BL1 channel).

2.9. Evaluation of Caspase 3/7 Activity

Both cell cultures (300 pL) were transferred in flow cytometry tubes; then, 20 uL of a
Magic Red® Caspase-3/7 Substrate—MR-(DEVD)2-solution—was added and well-mixed
with the cells. Next, 20 uL. of PI was added. After incubation, 1 mL FCB was added. Then,
the early stages of cell apoptosis by activating caspases 3/7 (DEVD-ases) [56] were analyzed
through flow cytometry using a 488 nm excitation, red emission for MR-(DEVD)2—BL3
channel, and orange emission for PI—BL2 channel.

2.10. Evaluation of Nuclear Condensation and Lysosomal Activity

Magic Red® Caspase-3/7 Assay Kit contains Hoechst 33,342 stain (200 pg/mL) and
acridine orange (AO, 1.0 uM). Hoechst 33,342 is a cell-permeant nuclear stain [57]; when it
is linked to double-chain DNA, it emits blue fluorescence, highlighting condensed nuclei
in apoptotic cells. Acridine orange is a chelating dye that can be used to reveal lysosomal
activity [58]. Here, 300 uL of each cell culture was introduced in flow cytometry tubes; then,
2 uL of Hoechst 33,342 stain was added, and the cells were mixed well [53]. After these
operations, 50 pL of 1.0 uM AO was added; the cells were incubated at room temperature
into darkness for 30 min. After incubation, 1 mL FCB was added; the cells were examined
at the flow cytometer under the following conditions: an excitation of 488 nm, the UV
excitation, and blue emission for Hoechst 33,342 (VL2), and green emission acridine orange
(BL1 channel) [53].

2.11. Cell Cycle Analysis

A cell culture volume of 1 mL was washed in FCB, introduced in flow cytometry
tubes, and fixed with 50 puL ethanol for 30 min [53]. Next, the cells were treated with PI
(20 ng/mL) and RNase A (30 pg/mL) and incubated at room temperature, into darkness,
for 30 min [53]. Then, 1 mL FCB was added, and the cell cycle distribution was detected at
the flow cytometer in the following conditions: a 488 nm excitation and orange emission
for PI (BL2 channel) [53].

2.12. Annexin V-FITC Apoptosis Assay

The blood cells and CLS-354 tumor cells were incubated in flow cytometry tubes
with 2 L Annexin V-FITC and 2 pL PI (20 pg/mL) for 30 min, at room temperature, in
darkness. After incubation, 1 mL of FCB was added. All viable cells, early apoptotic
cells, late apoptotic cells, and necrotic cells were examined at a flow cytometer using the
following conditions: an excitation of 488 nm and two emission types: green for Annexin
V-FITC (BL1 channel) and orange for PI (BL2 channel) [53].

2.13. Evaluation of Cell Proliferation

Volumes of 1 mL of both cell cultures were incubated with 50 uM EdU (500 pL) at
37 °C for 2 h. Then, both cell types were fixed with 4% paraformaldehyde in PBS (100 uL)
and permeabilized with Triton X-100 (100 uL). After washing in 3% buffer sodium azide
(BSA) and centrifuging at 300 rpm for 5 min, at 4 °C, the cells were incubated with a
reaction mix (500 pL) for 30 min at room temperature into darkness. Then, they were
washed in permeabilization buffer and centrifuged at 300x g rpm for 5 min, at 4 °C. After
these procedures, 1 mL FCB was added, and the cells were examined by flow cytometry,
using a 488 nm excitation and green emission for EQU-iFluor 488 (BL1).
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2.14. Antimicrobial Activity Evaluation by Resazurin-Based 96-Well Plate Microdilution Method
2.14.1. Inoculum Preparation

The direct colony suspension method (CLSI) was used for preparing the bacterial
inoculum. First, bacterial colonies selected from a 24 h agar plate were suspended in
an MHA medium. The bacterial inoculum was accorded to the 0.5 McFarland standard,
measured at Densimat Densitometer (Biomerieux, Marcy-l’Etoile, France) with around
108 CFU/mL (CFU = colony-forming unit). The fungal inoculum was prepared using the
same method, adjusting the RPMI 1640 with fungal colonies to the 1.0 McFarland standard,
with 10° CFU/mL.

2.14.2. Samples and Standards

The F-UBA was dissolved in 1 mL of diluted phosphate buffer. As standards, Cef-
triaxone (Cefort 1 g Antibiotice SA Iasi, Romania) solutions 30 mg/mL and 122 mg/mL
in distilled water were used for bacteria. Cefort powder was weighted at Partner Ana-
lytical balance (Fink & Partner GmbH, Goch, Germany) and dissolved in distilled water.
Terbinafine solution 10.1 mg/mL (Rompharm Company S.R.L., Otopeni, Roménia) was
selected as standard for Candida sp.

2.14.3. Resazurin-Based 96-Well Plate Microdilution Method

All successive steps were performed in an Aslair Vertical 700, laminar flow, micro-
biological protection cabinet (Asal Srl, Cernusco (MI) Italy). In four 96-well plates, we
performed seven serial dilutions, adapting the protocol described by Fathi et al. [59] and
Elshikh et al. [60].

The 96-well plates were incubated for 24 h at 37 °C for bacteria and 35 °C for yeasts in
a My Temp mini Z763322 Digital Incubator (Benchmark Scientific Inc., Sayreville, NJ, USA).

2.14.4. Reading and Interpreting

After 24 h incubation, the colors from 96-well plates were examined to see the differ-
ences between standard and samples [61]. Moreover, they were evaluated at the Smart LED
uminator (Kaneka Eurogentec S.A., Seraing, Belgium) at the wavelength of 470 nm, and
the active sample concentrations were compared with the Standard antibiotic ones. The
F-UBA microdilutions whose color was similar to standard antibiotic ones were highlighted.
For yeasts, the color chart of the resazurin dye reduction method was used [62,63].

2.15. Data Analysis

All analyses were performed in triplicate, and the results were presented as means = stan-
dard deviations (SD). They are expressed as percent (%) of the cells for apoptosis, caspase
3/7 activity, nuclear condensation, autophagy, cell cycle, DNA synthesis, and count (x10*%)
of ROS for cellular oxidative stress. The flow cytometry data were collected with SPSS v.23,
2015 (IBM, Armonk, NY, USA). The Levene test was analyzed for the homogeneity of sam-
ple variances. The paired t-test was used (p < 0.05 was considered statistically significant) to
establish the differences between samples and controls. The principal component analysis
(PCA) was performed using XLSTAT 2022.2.1. by Addinsoft (New York, NY, USA) [34].

3. Results
3.1. Physico-Chemical Characterization of the UBA-Loaded Mucoadhesive Oral Films

The composition of R and F-UBA is illustrated in Table 1.
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Table 1. Composition, physico-chemical properties, and pharmacotechnical characterization of
mucoadhesive oral films (F-UBA and R).

Variable F-UBA R
Composition
UBA (g) 0.25 -
Ethyl alcohol 96% (v/v) (g) 5 5
Isopropyl alcohol (g) 5 5
PEG 400 (g) 5 5
HPMC 15% water dispersion (w/w) (g) 84.75 85
Physico-chemical properties-TG/DTA parameters
1st Step (%) TG (%) 2.50% 1.20%
2nd Step (%) TG (%)/Tmax (°C) 85.5%/355.2 °C 86.9%/360.5 °C
3rd Step (%) TG (%)/Tmax (°C) 12.1%/461.8 °C 11.9%/454.7 °C
Pharmacotechnical properties
Weight uniformity (mg) 70 £ 3.54 66 £4.18
Thickness (mm) 0.060 =+ 0.002 0.058 £ 0.003
Folding endurance value >300 >300
Tensile strength (kg/ mm?) 3.02 £2.39 2.88 +3.43
Elongation % 47.26 £2.16 49.25 £2.24
Moisture content % (w/w) 411£035 3.98 £1.02
pH 7.01 £ 0.01 7.04 £+ 0.02
Disintegration time (seconds) 146 £+ 5.09 138 4+ 4.67
Swelling ratio (% after 6 h) 211 £4.31 204 £ 3.29
Ex vivo bioadhesion time (minutes) 85 + 2.33 82 +2.61

F-UBA—mucoadhesive oral films loaded with U. barbata dry acetone extract; R—Reference (films without UBA);
UBA—U. barbata dry acetone extract; PEG 400—polyethylene glycol 400; HPMC—hydroxypropyl methylcellulose.

Both formulations (F-UBA and reference) led to thin, non-sticky, transparent, and
homogenous mucoadhesive with smooth and uniform surfaces; no cracks or air bubbles
were visible. UBA-loaded mucoadhesive oral films have a yellowish-greenish-faint brown
color (due to UBA), and R ones are colorless (Figure S1 from Supplementary Material). The
final F-UBA has 175 ug UBA, with 42.32 pg usnic acid, from a total phenolic content of
150.997 nug.

3.1.1. FTIR Spectra

The FTIR spectra of reference (R) and UBA-loaded mucoadhesive oral films are pre-
sented in Figure 1a.

The broad absorbance peak at 3443 cm ™! corresponds to the O-H stretching vibration
of HPMC [64]. The absorption peak at 2915 cm ™! is assigned to the stretching vibration
of the C-H band, and the peaks at 1455 cm™! correspond to the deformation vibration of
C-H; [65]. The absorption peaks at 1118 em ! and 940 cm ™! are attributed to the C-O-C
asymmetric stretching vibrations and -glycosidic linkages, respectively [66,67].

Instead, the FTIR spectrum of F-UBA (Figure 1a, magenta line) shows the presence of
the same peaks found in the reference (Figure 1a, black line), with a slight displacement and
lower intensities. These observations proved the dispersion of UBA in the polymer matrix.
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Figure 1. (a) FTIR spectra of mucoadhesive oral films R (black line) and F-UBA (magenta line); (b)
XRD pattern and (¢) TG/DTA curves; (d) swelling ratio over 6 h of both mucoadhesive films (F-UBA
and R). FFUBA—UBA-loaded mucoadhesive oral film; R—Reference (mucoadhesive oral film without
UBA); UBA—U. barbata dry acetone extract.



Antioxidants 2022, 11, 1934

12 of 37

3.1.2. XRD Analysis

The X-ray diffraction patterns of reference and F-UBA are shown in Figure 1b. The
diffraction patterns obtained for the UBA-loaded polymer matrix (F-UBA) are similar
to that of the reference, with a change in intensity. The reference shows the diffraction
pattern of HPMC film with two vast diffraction peaks at 7.94° and 20.55°, which indicate
its semi-crystalline nature [68,69].

These peaks are characteristic of planes (101) and (002). The UBA incorporation does
not affect the parent HPMC matrix.

3.1.3. TG/DTA Measurements

The thermogravimetric method was performed in a linear heating program under an
air atmosphere to study the films’ thermal behavior. Thermal analysis of the films shows
several steps of mass loss (Table 1 and Figure 1c).

The first step, similar for both films (reference and F-UBA), occurs up to 100 °C and
is mainly due to the dehydration process (the used solvent and physisorbed water). The
reference lost about 1.2%, while F-UBA lost about 2.5%.

In the second step, R lost about 86.9% of the mass, while F-UBA lost about 85.5%. The
decomposition of the organic compounds occurs between 200 and 400 °C (in the films, the
thermal degradation of HPMC polymer) [70].

The third step, between 400 and 500 °C, is due to the thermal decomposition of the
other more stable organic groups.

The thermodynamic parameters (mass losses and maximum decomposition tem-
peratures obtained from DTA curves) associated with the three decomposition steps are
registered in Table 1.

3.1.4. SEM Analysis

SEM images of reference (R) and UBA-loaded mucoadhesive oral films are shown in
Figure 2a,b. The reference (Figure 2a) shows a smooth surface morphology with some small
round particles. When UBA was added to the reference, a difference could be observed in
the F-UBA’s morphology. Compared with the reference, a rougher surface was noted for
the mucoadhesive film with UBA incorporated (Figure 2b).

3.1.5. AFM Measurements

The reference (Figure 2c) exhibits a surface with smaller features, particle-like, as can
be observed mainly in the lower part of Figure 2c, in the dashed circle surrounding such
an area of particles. Nevertheless, some large pits (surface cavities) are observed on the
reference’s surface. The arbitrary lines plotted below the AFM images of the R film suggest
a similar Z-scale (oscillations level) of about 120 nm. (Figure 2e)

Figure 2d shows the UBA-loaded mucoadhesive oral film. Its morphology is less
uniform than the reference, exhibiting small protuberances. F-UBA roughness and peak-to-
valley parameters increase compared with R (Figure 2f).

Calculating the corrugation parameters using the whole scanned area, i.e., 8 x 8 um?,
highlights the rougher morphology of F-UBA (Figure 2h). Using the scale of 3 x 3 pm?
(Figure 2g,h), it was observed that the roughness shows the same trend for the small areas:
from the morphological point of view, the films are relatively uniform. The AFM images
accord with the SEM analysis regarding both films” morphology.
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Figure 2. SEM and AFM images of mucoadhesive oral films. SEM micrographs (a,b) of both
mucoadhesive oral films: (a) reference (R); (b) F-UBA. 2D AFM images (c,d) in enhanced contrast
view at the scale of (8 x 8) um? together with representative line scans for films: (c) R, (d) F-UBA;
Roughness (Rq), and peak-to-valley (Rpv) parameters (e) along the line-scans and (f) for the whole
scanned areas; and at the scale of (3 x 3) um? together with representative line-scans for films
(g) R and (h) F-UBA. R—Reference (mucoadhesive oral film without UBA); F-UBA—UBA-loaded
mucoadhesive oral film; UBA—U. barbata dry acetone extract.

3.2. Pharmacotechnical Characterization of UBA-Loaded Mucoadhesive Oral Films

The pharmacotechnical properties of both films—F-UBA and reference (R)—are dis-
played in Table 1.

Reference has around 66 mg, while F-UBA shows an average weight of 70 mg, con-
taining 175 mg UBA with a usnic acid content of 42.32 ug.

Both films are very thin, between 0.058 and 0.060 mm.

The folding endurance values were above 300 for both types of films.

F-UBA has a tensile strength of 3.02 kg/mm? and a 47.26% elongation, while the R
values were 2.88 kg/mm? and 49.25%, respectively.

F-UBA has a moisture content of 4.11%, while R presents a 3.98% loss on drying.

Both films present a neutral pH (7.01 for F-UBA and 7.04 for R), indicating good
biocompatibility with the buccal mucosa and high tolerability.

The F-UBA displayed an in vitro disintegration time in a simulated saliva medium of
146 s, compared to R one of 138 s.

All data obtained reported no significant differences between F-UBA and R (p > 0.05).

The swelling ratio registered for mucoadhesive oral films (F-UBA and R) over the 6 h
is shown in Figure 1d.

The swelling behavior of the two films (F-UBA and R) was similar, with a higher
swelling rate in the first 150 min. The hydration process continued with a much slower
profile, with erosion occurring after 6 h. The swelling index of F-UBA was 211% after 6 h,
and that of R, 204% (Table 1, Figure 1d)

Both mucoadhesive films exhibited good retention times on the oral mucosa: 85 min
for F-UBA and 82 min for R; it could be observed that UBA incorporation slightly increased
the bioadhesion time by 3 min (Table 1).
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3.3. BSL Assay

After 24 h, all the larvae were alive, swimming, and showing normally visible move-
ments. After 48 h, 68.88% of larvae were active, and 4.44% were in the sublethal stage; the
registered mortality was 26.66%. We investigated them under a microscope to observe
the changes after 24 and 48 h of exposure. All these microscopic images are presented in
Figure 3a—p.

Figure 3 shows that A salina larvae are progressively affected by lipid metabolism
disturbances, which begin to be visible after 24 h of exposure to F-UBA, compared with
blank (Figure 3a-h). Lipid accumulation in the digestive tract and penetration into the
neighboring tissues can be observed (Figure 3e-g). In the lower extremity, a slight detach-
ment of the external cuticle from larval tissues is also observed (Figure 3h). After 48 h
of exposure, the larval tissues are massively invaded, and the damage continues with
digestive blockage and significant tissue destruction (Figure 3m-p) that lead to larvae
death. In addition, at the intracellular level, activated lysosomes in cell death processes
could be observed using AO staining (Figure 3t-v).

)

Figure 3. Cont.
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Figure 3. (a—p) A. salina larvae after the exposure period of 24 and 48 h to F-UBA—microscopic
images at 100x (a,e,i,;m) and 400x (b-d,f-h,j-1,n—p). After 24 h: blank (a-d) and F-UBA (e-g); after
48 h: blank (i-1) and F-UBA (m—p). The following changes after 24 h can be observed compared with
blank: (f-g) lipids accumulation in the digestive tract (1), lipids penetration into the neighboring
tissues (2); (h) a low detachment of the cuticle from larval tissues (1); (n) cell damage with large
intercellular spaces and tissue destruction (1) and considerable detachment of the cuticle from larval
tissues (2); (o) detachment of the membrane that separates the digestive tube from the neighboring
tissues (1), lipid penetration in the adjacent tissues (2), and considerable detachment of the external
cuticle from larval tissues (3); (p) digestive blockage (1) with massive tissue destruction (2) and high
detachment of the external cuticle from larval tissues (3). (q—v) FM images of A. salina larvae after
48 h of exposure at F-UBA—stained with Acridine Orange 400 x (q-s) and 200 x (t-v); (g-s)—blank;
(t-v)—F-UBA. The red fluorescence shows intracellular lysosomes activated in cell death processes
(t-v). FF-UBA—UBA-loaded mucoadhesive oral film; UBA—U. barbata dry acetone extract.

3.4. In Vitro Analysis of the Effects of UBA-Loaded Mucoadhesive Oral Films on Human Normal
Blood Cells and OSCC CLS-354 Cell Line

The effects of F-UBA on biological processes represented by oxidative stress, caspase
3/7 activity, nuclear shrinkage, autophagy, cell cycle, apoptosis, and DNA synthesis and
fragmentation were investigated in blood cell cultures and CLS-354 tumor cell line. All
these flow-cytometry analyses follow our preliminary studies about the effects of U. barbata
dry acetone extract on normal and tumor cells [24,25,53].

3.4.1. ROS Levels

The F-UBA induced cellular oxidative stress in blood cell cultures and CLS-354 tumor
cell lines. Total ROS levels were determined through flow cytometry (Figure 4).
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Figure 4. Reactive oxygen species (ROS) in blood cells (a) and CLS-354 tumor cells (b) after 24 h
treatment with F-UBA; C1—1% DMSO negative control; C2—125 ug/mL UA positive control;
Statistical analysis of reactive oxygen species (ROS) in blood cell cultures (c¢) and CLS-354 tumor
cell line (d), after 24 h treatment with F-UBA; ** p < 0.01 represents significant statistical differences
between controls and sample made by paired samples f-test. C1—negative control with 1% dimethyl
sulfoxide (DMSO); C2UA—positive control with 125 pg/mL usnic acid (UA); FFUBA—UBA-loaded
mucoadhesive oral film; UBA—U. barbata dry acetone extract.

In the blood cells treated with F-UBA, ROS levels were substantially higher (543.33 x 10*
=+ 40.41) than 1% DMSO negative control (242.00 x 10* +2.00, p < 0.01) and significantly
lower than 125 ng/mL of UA positive control: 846.66 x 10* + 5.77; p < 0.01 (Figure 4a,c)

Oxidative stress appreciably increased in the CLS-354 tumor cell line treated with F-UBA
(510.00 x 10* + 10.00) compared with negative control (15.66 x 10* 4 4.04; p < 0.01). However,
C3UA positive control induced the highest ROS production: 966.66 x 10* 4+ 57.73, p < 0.01

(Figure 4b,d).
3.4.2. Caspase 3/7 Activity

Effector caspase 3/7 enzymatic activity implied in apoptosis was observed after F-UBA
treatment for 24 h in normal blood cells and OSCC tumor cells (Figure 5).
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Figure 5. Activity of 3/7 effector caspases in blood cells (a—c,g) and CLS-354 tumor cells (d—f,h) after
24 h treatment with F-UBA. MR-DEVD/PI patterns of F-UBA (a,d), 1% DMSO negative control (b,e);
125 ug/mL UA positive control (¢ f). Statistical analysis of 3/7 caspases activity in blood cells (g) and
CLS-354 tumor cells (h) after 24 h treatment with F-UBA; * p < 0.05 and ** p < 0.01 represent significant
statistical differences between controls and film made by paired samples ¢-test. V—viability; EA—
early apoptosis; C1—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control
with 125 pg/mL usnic acid (UA); F-UBA—UBA-loaded mucoadhesive oral film; UBA—U. barbata
dry acetone extract.

In blood cell cultures, after 24 h treatment with F-UBA, we observed significantly
decreased values of caspase-3/7 activation mechanisms compared with negative and
positive controls: 22.54 £ 1.57 vs. C1: 29.26 £ 1.97, p < 0.05; C2UA: 44.74 + 0.41, p < 0.01
(Figure 5a—c,g).

Proapoptotic signal after F-UBA treatment in CLS-354 tumor cell line had significant
increasing relative to 1% DMSO negative control and 125 ug/mL UA positive control:
1.79 £ 0.45; vs. 21.88 £ 5.09, p < 0.05; 27.02 & 1.64, p < 0.01 (Figure 5d-f,h).
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3.4.3. Nuclear Shrinkage and Autophagy

The presence of pyknotic nuclei (stained with Hoechst 33342) and lysosomal activity
(evidenced with AO) in blood cells and CLS-354 tumor cells after 24 h treatment with
F-UBA is displayed in Figure 6.
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Figure 6. Nuclear shrinkage (a—f) and lysosomal activity (g-1) in blood cells (a—c,g—i) and CLS-354
tumor cells (d—£,j—1) after 24 h treatment with F-UBA. Hoechst patterns of F-UBA (a,d); acridine range
patterns of F-UBA (g,j); 1% DMSO negative control (b,eh k); 125 ng/mL UA positive control (¢ f,i1).
F-UBA—UBA-loaded mucoadhesive oral film; UBA—U. barbata dry acetone extract. Statistical
analysis of nuclear shrinkage and autophagy in normal blood cells (m) and CLS-354 tumor cells (n)
after 24 h treatment with F-UBA; * p < 0.05 and ** p < 0.01 represent significant statistical differences
between controls and sample made by paired samples ¢-test. NS—nuclear shrinkage; A—autophagy;
Cl—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control with 125 pg/mL
usnic acid (UA); F-UBA—UBA-loaded mucoadhesive oral film; UBA—U. barbata dry acetone extract.

In normal blood cells, F-UBA remarkably diminished the nuclear condensation (4.94 £ 0.39,
p <0.01) compared to 1% DMSO negative control (24.50 £ 2.21), as shown in Figure 6a,b,m.
However, NS are higher than 125 ug/mL UA positive control (3.19 £ 0.30, p < 0.01). The
levels of lysosomal activity were considerably lower than the controls: 5.22 + 0.77; vs. C1:
51.30 & 3.25; C2UA: 27.05 £ 1.52, p < 0.01 (Figure 6g—i,n).

In CLS-354 tumor cells, after F-UBA treatment, the chromatin shrinkage (NS), and
autophagy (A) by Hoechst 33342/ A0 dual stain, recorded a substantial augmentation
compared to C1DMSO negative control: NS: 33.31 £ 2.69 vs. 16.11 &+ 3.11, p < 0.05; A:
50.07 & 2.89 vs. 12.57 £ 0.92, p < 0.01 (Figure 6d,e,j,k,n). However, the nuclear condensation
induced by F-UBA was significantly lower than C2UA positive control: 33.31 £ 2.69 vs.
44.03 £ 0.36; p < 0.05 (Figure 6d,f,n).

3.4.4. Cell Cycle Analysis

Cell cycle analysis was performed by PI/RNase stain (Figure 7) to explore the effects
of UBA-loaded mucoadhesive oral films in normal blood cells and CLS-354 tumor cells.

In blood cells (Figure 7a,b,g,i) F-UBA induced a lower cell cycle arrest in G1/G0 phase
(85.87 £ 1.30, p < 0.05) and DNA synthesis (1.40 £ 0.65, p < 0.05) than C1DMSO negative
control (88.52 & 0.54, respectively 4.76 £ 0.68).

In CLS-354 tumor cells, F-UBA treatment reported slowly higher values of cell cycle
arrest in G0/G1 than negative control: 93.33 4= 2.42 vs. 92.13 + 1.61, p > 0.05 (Figure 7d,e,h,j).
However, DNA synthesis significantly decreased compared to 1% DMSO: 1.05 £ 0.14 vs.
5.47 + 0.83, p < 0.05 (Figure 7d,e h,j).
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Figure 7. Cell cycle analysis in normal blood cells (a—c) and CLS-354 tumor cells (d—f) after 24 h treat-
ment with F-UBA; PI/RNase patterns of F-UBA (a,d); 1% DMSO negative control (b,e); 125 ug/mL
UA positive control (¢ f); F-UBA and both controls extrapolated on PI axis (g,h). AP—apoptosis
(subG0/G1); PI—propidium iodide; S—synthesis of cell cycle phases. Statistical analysis of G0/G1,
synthesis (S), and G2/M phases of cell cycle in normal blood cell cultures (i) and CLS-354 tumor
cell line (j) after 24 h treatment with F-UBA; * p < 0.05 and ** p < 0.01 represent significant statisti-
cal differences between controls and sample made by paired samples t-test. C1—negative control
with 1% dimethyl sulfoxide (DMSO); C2UA—positive control with 125 ug/mL usnic acid (UA);
F-UBA—UBA-loaded mucoadhesive oral film; UBA—U. barbata dry acetone extract.
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3.4.5. Apoptosis

Morphology and cell membrane integrity examination with annexin V-FITC/ PI
staining after 24 h treatment with F-UBA in normal blood cells and CLS-354 tumor cells are

presented in Figure 8.
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Figure 8. Cell apoptosis in normal blood cells (a—c) and CLS-354 tumor cells (d—f) after 24 h treat-
ment with F-UBA; Annexin V-FITC/PI patterns of F-UBA (a,d); 1% DMSO negative control (b,e);
125 pg/mL UA positive control (cf). Statistical analysis of cell apoptosis in normal blood cell cultures
(g) and CLS-354 tumor cell line (h) after 24 h treatment with F-UBA; ** p < 0.01 represents significant
statistical differences between controls and sample made by paired samples t-test. V—viability;
EA—early apoptosis; Cl—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive
control with 125 pug/mL usnic acid (UA); F-UBA—UBA-loaded mucoadhesive oral film; UBA—U.
barbata dry acetone extract.
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The F-UBA treatment did not induce early cell apoptosis (EA) in normal blood
cells compared to C2UA positive control, which determined a considerable level of EA:
37.04 & 0.66, p < 0.01. Therefore, cell viability after F-UBA treatment is significantly higher
than 125 pg/mL UA positive control: 94.52 &+ 3.85 vs. 61.43 + 0.88, p < 0.01 (Figure 8a,c,g).

The CLS-354 tumor cell viability after F-UBA treatment remained substantially aug-
mented than positive control C2UA: 98.77 &= 1.15 vs. 54.05 £ 1.68, p < 0.01 (Figure 8d,f,h).
In the CLS-354 tumor cell line, only C2UA determined early apoptosis. EA level is lower
than normal blood cells but significantly higher than F-UBA and 1% DMSO (12.92 £ 1.35

vs. 0.00 £ 0.00 p < 0.01).

3.4.6. Cell Proliferation

The effects of F-UBA in normal blood cells and CLS-354 tumor cells (DNA synthesis

and fragmentation) by EdU incorporation were displayed in Figure 9.

350 1 DhA Bl
o200 AR Gf ||I G2/H ang AP M:G% 5 G2/
2504 g !
T 2904 ]‘ | —5: -"flf ] r|l
5 130 g o i
a0 : f | 1004 !
E i | 1 J ey
= ! k | |
k. i = .-‘r 1] e .
= T - J J 1 sy 4 A gl
! aed a0? ot s 1ob 1o’ oot 10t 107 10
Ezl-Fluor 488 EdL-iFuor <55
(a) (b)
F-EA Dty EdL 1 DA EdU
120 T = T S id : T
e T 174 AP| GOjgE1 8| e2/M
i {
_ BO f e
3 &0 l 3 i
J 861 I|
40 fl'l i ]
20 o "1"1[’_ | l lH.
R T (S| i 0 i
to* 1 ot et 10 ||:J TradT T
Foll-iFucr 483 Ed-Fluor 428
(d) (e)
F-Li & DRA EdU
F-UBA DA EdL
7 UA DR Edu
250 N&
200 3 f"
E 1m0 3 1
§ 180 _ d 5\
100 3 J.,-"
S0 3 flj" III'
o 3 ~.~M"":”"'d ﬁ@*‘“‘t
i 1 et an® af

EdU-IFuor 488

(8)

Figure 9. Cont.

Count

G2 UA DNA B
3o
o AP G0/E1 (| 5162/M
201 Iy
" ff.\
I [
10
: i
L
Wt . ﬁ 0
- Fhor 88
(0)
22 A, DR EdL)
103
. ap anjel |5 Gam
|'1! i
o HIZ l. hil
:'= : .r || |I'||'|
8 a0 )
] ' \F
e I |
] At i
- ""’f" T T L"1
T VI S 1 11
el -Firr 4FF

(f)

F-UEA Dra Bdl

F-LIEA Diklis EcfLY

o1 DiMa B

120 3

100

60 3
T

40 4 F-'I )L‘/Lh

20 3 H I]IIWD"\*

o 3 .,.hn"fll Wuﬂmﬂ“n:-.-w.'

TV T O T BT 1 T

EdU-Fhor 483
(h)



Antioxidants 2022, 11, 1934 24 of 37
:5-! o, E 10,
= =
ES £
g 5
£ oAl
) -
o i)
® o
Z F ol
Ed %
a a
E B
b Eow
~ 3 )
£ g
H £
] I -
" " .
2 ! 2 A .
H 5 .
v >
':j ':j ek I - i - ﬁ —_ - =
- =
o
B
a5 .1&5 ;.\5" H7 \;f 'F:" .,’1':= “
i & )"’
Ll B P :4‘ UEA 376 somm s fu =l Conzemramets o F UES ot somm s Ju gl
(i) @)

Figure 9. Synthesis (S) and fragmentation of DNA (subG0/G1) in normal blood cells (a—c) and CLS-
354 tumor cells (d—f) after 24 h treatment with F-UBA; EdU-iFluor 488 patterns of F-UBA (a,d); 1%
DMSO negative control (b,e); 125 ug/mL UA positive control (c,f). F-UBA and controls extrapolated
on EdU-iFluor 488 axis (g,h). AP—apoptosis (subG0/G1). Statistical analysis of cell proliferation in
blood cell cultures (i) and CLS-354 tumor cell line (j) after 24 h treatment with F-UBA; * p < 0.05 and
**p < 0.01 represent significant statistical differences between controls and sample made by paired
samples t-test. C1—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control
with 125 pg/mL usnic acid (UA); F-UBA—UBA-loaded mucoadhesive oral film; UBA—U. barbata
dry acetone extract.

Levels of DNA synthesis, after 24 h of F-UBA treatment in normal blood cells, were
considerably diminished than both controls (0.59 + 0.05 vs. C1: 10.36 £ 1.21; p < 0.01; C2UA:
6.49 £ 1.25, p < 0.05). Fractional DNA implied in apoptosis, reported significantly higher
values compared to positive control: 2.11 = 0.56 vs. 0.00 = 0.00, p < 0.05 (Figure 9a—c,g,i).

On the other hand, in CLS-354 tumor cells, UBA-loaded mucoadhesive oral films deter-
mined slowly lower levels of DNA synthesis than 1% DMSO negative control (8.55 & 0.96
vs. C1: 12.44 £ 2.80, p > 0.05) and significantly higher than positive control with 125 pug/mL
usnic acid (8.55 £ 0.96 vs. 3.14 £ 0.50, p < 0.05). However, fractional DNA (subG0/G1) sub-
stantially decreased compared to negative control with 1% dimethyl sulfoxide: 4.49 + 0.87
vs. 15.18 £ 2.17, p < 0.05 (Figure 9d—f,h,j).

3.4.7. Principal Component Analysis

Principal component analysis (PCA) was performed for UBA-loaded mucoadhesive
oral patches and both controls (C1-DMSO and C2UA) and variable parameters determined
in both cell types (blood cells and CLS-354 tumor cells) according to the correlation matrix
and the PCA—correlation circle in the Supplementary Material.

Two principal components explained the total data variance, with 69.38% attributed to
the first (PC1) and 30.62% to the second (PC2). PC1 is associated with controls (C1-DMSO
and C2UA), caspase 3/7 activity in both cell types (blood cells and CLS-354 tumor cells),
and ROS levels in CLS-354 cells. At the same time, PC2 related to F-UBA mucoadhesive
oral films and ROS levels in normal blood cells (Figure 10).
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Figure 10. PCA-Correlation biplot between mechanisms (caspase 3/7 activity and cellular oxidative
stress) and processes induced by F-UBA and both controls (C1-DMSO and C2UA) in blood cells (bc)
and CLS-354 tumor cells (oscc). V—viability, EA—early apoptosis, LA—Iate apoptosis, N—necrosis,
NC—nuclear condensation, A—autophagy, DNAs—DNA synthesis, G0/G1—cell cycle arrest in
G0/G1, ROS—oxidative stress, C3/7—caspase 3/7 activity, F-UBA—UBA-loaded mucoadhesive
oral films.

Figure 10 shows that in normal blood cells, caspase 3/7 activation (C3/7) highly
positively correlates with early and late apoptosis (r = 0.955, p > 0.05) and cell cycle arrest
in GO/G1 (r =0.930, p > 0.05). C3/7 is also moderately correlated with oxidative stress
(r=0.681, p > 0.05). It shows a strong negative correlation with subG0/G1 (r = —0.966,
p > 0.05) and a moderate one with necrosis (r = —0.764, p > 0.05). Oxidative stress in
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normal cells is considerably positively correlated with EA and LA (r = 0.867, p > 0.05) and
negatively correlated with nuclear condensation and subG0/G1 (r = —0.900 and —0.848,
p > 0.05).

In CLS-354 tumor cells, ROS level is substantially positively correlated with nuclear
condensation, autophagy, necrosis, and early and late apoptosis (7 = 0.994, 0.919, 0.886, and
0.854, p > 0.05), and negatively correlated with DNA synthesis and subG0/G1 (r = —0.993
and —0.951, p > 0.05). It shows a moderate negative correlation with cell cycle arrest in
G0/G1 (r = —0.610, p > 0.05) and a minimal positive one with C3/7 (r = 0.170, p > 0.05). Cas-
pase 3/7 activity is highly negatively correlated with cell cycle arrest in GO/G1 (r = —0.884,
p > 0.05) and moderately positively correlated with necrosis and early and late apoptosis
(r =0.608 and 0.658, p > 0.05).

Therefore, the placement of F-UBA and both controls (C1-DMSO and C2UA) in the
PCA-biplot (Figure 10) was explained, highlighting the corresponding processes triggered
in the CLS-354 cancer cell line and normal blood cell cultures.

3.5. Antimicrobial Activity

Minimum inhibitory concentrations (MICs) are defined as the lowest concentration
of an antimicrobial that will inhibit the visible growth of a microorganism after overnight
incubation [71]. According to Phe et al. [72], regarding S. aureus, MIC of CTR is 4-8 pg/mL.
On P. aeruginosa, MIC is substantially higher, varying from 16 ug/mL to over 256 pug/mL
(for the highest resistant strains) [73].

The results are displayed in Table 2.

The first data from Table 2 show the standard antibiotic (CTR), antifungal drug (TRF),
and F-UBA microdilutions used.

The following data from Table 2 show that the colors of standard antibiotics correlate
with their inhibiting power and are directly proportional to their concentration. We can
observe that CTR microdilutions are over MIC for both tested bacteria. However, S. aureus
sensibility at CTR is higher than P. aeruginosa.

The inhibitory activity of UBA-loaded mucoadhesive oral films is higher on P. aerugi-
nosa than on S. aureus. Therefore, the inhibitory activity of F-UBA of [3.497-0.055] mg/mL
against S. aureus is similar to CTR of [0.755-0.023] mg/mL. On P. aeruginosa, F-UBA of 3.487
mg/mL acts similarly with CTR of 1.603 mg/mL; lower film concentrations of [1.749-0.055]
mg/mL have similar effects with CTR of [1.511-0.023] mg/mL.

Data from Table 2 show TRF fungicidal effect on both Candida sp. [63] in the entire
microdilutions domain.

The F-UBA acts similarly on both Candida sp. in a dose-dependent manner. After 24
h incubation with 3.497 mg/mL F-UBA, both Candida sp. strains are partially dead [63].
After contact with 1.749 mg/mL F-UBA both fungal strains are alive but do not prolifer-
ate. The following F-UBA concentrations [0.874-0.055] mg/mL induced low to moderate
proliferation in both Candida sp. (Table 2).
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Table 2. Initial concentrations and microdilutions of standard antibacterial and antifungal drugs and
sample (F-UBA) and antimicrobial activity of UBA-loaded mucoadhesive oral films.

. o CTR (mg/mL) TRF (mg/mL) F-UBA (mg/mL)

Micro-Dilution 3453 4 ¢ 630 122.330 =+ 0.850 10.050 + 0.180 70 + 3.540
1 1.511 + 0.043 6.117 4 0.042 0.500 + 0.009 3.497 + 0.172
2 0.755 + 0.022 4.893 + 0.034 0.250 + 0.004 1.749 + 0.086
3 0.377 4+ 0.011 3.914 + 0.027 0.125 + 0.002 0.874 4+ 0.043
4 0.188 + 0.005 3.131 + 0.021 0.061 + 0.001 0.438 4+ 0.022
5 0.094 + 0.002 2.505 + 0.017 0.031 + 0.001 0.219 4+ 0.011
6 0.047 + 0.002 2.004 + 0.014 0.015 + 0.001 0.110 & 0.006
7 0.023 + 0.001 1.603 & 0.011 0.007 + 0.001 0.055 4 0.003

S. aureus P. aeruginosa
F-UBA F-UBA CTR
A* B** A* B** A* B** A* B**

TR% albzc%;fim A TR% pampszlosz;_UB A Color *** Sig:e Signification ***
0 Blue—
I cells are dead
1 Violet-blue—
I cells are partially dead
2 Violet—
I cells are alive; no proliferation
3 Light-violet—
I low proliferation
I 4 Dark pink—
moderate proliferation
5 Pink—
fast proliferation
6 Light pink—

very fast proliferation

* Interpretation of obtained results adapted from Madushan et al. [61] (A); blue: excellent; light blue—very good,
violet—good, purple pink—moderate, light pink—low, pink—very low, white—no effect; CTR—Ceftriaxone,
F-UBA—Mucoadhesive film with U. barbata dry extract in acetone. ** Well plates examined at a wavelength of
470 nm (B). *** Results interpreting adapted from Bitacura et al. [63]. TRE—Terbinafine.
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4. Discussion

In the plant kingdom, lichens are promising sources of antimicrobial and anticancer
drugs [74], and Usnea sp. is one of the most known representatives as a potent phy-
tomedicine [75]. For almost 6 years, our team studied U. barbata from the Calimani moun-
tains. Obtaining various U. barbata extracts, quantifying their secondary metabolites, and
investigating their pharmacological potential, we aimed to select suitable ones for phar-
maceutical formulations. HPLC-DAD analysis of U. barbata dry acetone extract (obtained
with a yield of 6.36%) shows 282.78 pg/g of usnic acid from a total phenolic content of
862.843 pg/g. Using a complex UHPLC-ESI-OT-MS-MS analysis, Salgado et al. [76] identi-
fied other phenolic secondary metabolites which would be extracted in acetone: depsides
(e.q., atranorin, lecanoric acid, barbatolic acid) and depsidones (e.q., salazinic acid, norstic-
tic acid). Due to its phenolic constituents, UBA has significant antiradical properties [34,77].
The pharmacological potential of U. barbata dry acetone extract was investigated first on
A. salina larvae as cytotoxicity prescreen and then on the tongue squamous cell carcinoma
(CAL-27 cell line) [24,25,77]. Compared to normal fibroblasts (V-79 cell line) [25], UBA
cytotoxic effects quantified by MTT assay were higher on CAL-27 tumor cells. The wound
healing action was noticeable on tumor cells and minimal on normal cells; the colony for-
mation was substantially inhibited in tumor cells and considerably induced in normal ones.
The dry acetone extract acted as a pro-oxidant, causing intense ROS production, and thus
stimulating the enzymatic activity of SOD, CAT, and GPx in CAL-27 tumor cells. On V-79
fibroblasts, it acted as an antioxidant, diminishing the levels of antioxidant defense (SOD
and CAT) and lipid peroxidation (expressed as MDA levels) [25]. Numerous studies from
the scientific literature described in vitro and in vivo studies on liver cells, highlighting the
usnic acid hepatotoxicity; therefore, we examined the UBA effects on blood cell cultures
due to their various cell types, nucleate white blood cells (WBC), and nucleus-free platelets
and red blood cells (RBC) containing neither mitochondria nor nucleus. The U. barbata dry
acetone extract displayed dose-dependent cytotoxicity; high doses promoted apoptosis and
DNA damage in human blood cells by enhancing ROS levels [53]. Only WBC are related to
DNA damage.

Moreover, we evaluated the UBA antimicrobial potential on bacterial and fungal
strains responsible for opportunistic oral cavity infections in elderly and/or immunocom-
promised patients [78-80]: S. aureus, S. pneumoniae, S. pyogenes, Enterococcus sp., other
Gram-positive bacteria isolated from oral cavity and pharynx (S. epidermidis, S. oralis, S.
intermedius) and P. aeruginosa [34,81-83]. It was also tested on C. albicans and C. parapsilo-
sis [83]. Usnic acid and all phenolic compounds extracted in acetone have antibacterial and
antifungal properties and could act synergistically in UBA, and its inhibitory effects are
dose-dependent.

All UBA pharmacological activities could have promising applications in oral medicine;
therefore, it was incorporated into mucoadhesive oral films. Through physico-chemical
and pharmacotechnical analyses, F-UBA properties were compared with reference ones
to evaluate their suitability for application to the oral mucosa. A slight weight difference
was observed due to the UBA load in the R formulation, and an appropriate uniformity
of the films belonging to the same batch was registered, proving that a homogenous
drug loading was achieved. The F-UBA thickness allows application on the oral mucosa,
being easily acceptable by patients, and its values are included in the optimal range of
0.005-0.200 mm [84]. This property correlates to UBA loaded and is influenced by the type
and amount of plasticizer used because the polymer can occasionally increase the film
thickness [85]. The folding endurance (expressed as the number of folds needed to break
the films or develop visible cracks) is a brittleness indicator [86]. The obtained values
over 300 evidence excellent flexibility and hardness due to PEG 400 and HPMC used in
the formulations, confirming that UBA incorporation did not modify the film resistance.
Pandey and Chauhan [87] developed fast-dissolving sublingual films with Zolmitriptan,
and Winarty et al. [88] optimized buccal films with Diltiazem with a similar folding en-
durance. Tensile strength is the force required to break the oral films [89], while elongation
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is the film length maximal deformation without damaging it [90]. The mean tensile strength
and elongation are also very close between the F-UBA and R, indicating that mucoadhesive
oral films exhibit good elastic properties due to HPMC as a matrix-former. The plasticizer
increases the flexibility of polymer macromolecules (or macromolecular segments) by loos-
ening the strength of intermolecular tensions [91,92]. Both F-UBA parameters are included
in the range of 2.27-4.59 kg/mm? tensile strength and 31.85-54.64% elongation, reported
by Kraisit et al. [93] for their buccal films with propranolol nanoparticles, displaying a solid
film structure associated with substantial mechanical resistance and flexibility.

The efficiency of a plasticizer agent in mucoadhesive film formulations is primarily
determined by the amount used and the polymer—plasticizer interaction. When it comes
to an aqueous dispersion, the proportion and amount of partition are influenced by the
plasticizer’s solubility in water and its affinity for the polymer. The moisture content affects
the mucoadhesive film’s physical stability, preventing them from being brittle. The film has
retained water due to the plasticizer hygroscopic attributes, and less than 5% moisture loss
is required for better physical strength [94]. As expected, UBA inclusion in the polymer
matrix does not considerably change the humidity content of the film.

The neutral pH confirms that mucoadhesive oral films should not irritate the oral
mucosa [95]. In addition, a fast disintegration performance was registered for both formu-
lations, resulting from the intense hydrophilicity of HPMC used as a film-forming polymer.
The presence of UBA in the film’s structure delayed the disintegration time by only 8 s
compared to the References. The measured swelling rate agreed with the expectations, and
no significant difference between both films was assessed. Hashemi et al. [31] optimized
oral mucoadhesive patches containing M. communis had a disintegration time from 3 h to
over 24 h and a swelling ratio between 136-272%.

The presence of hydroxyl groups in the HPMC molecule ensures the matrix stability
of the swollen hydrophilic polymer [96]. Soon after swelling starts, the bioadhesion occurs,
but the link created is not very strong. Optimal swelling and mucoadhesion only happen
at the polymer’s specific hydration level [97,98] and the amount of film-forming polymer
and plasticizer strongly influences the retention time over mucosa [99]. It rises with the
hydration degree [100], but overhydration causes a rapid decline of mucoadhesive strength
due to disentanglement at the polymer/tissue interface. Vasantha et al. [101] developed
Eudragit-based mucoadhesive buccal patches of salbutamol sulfate with a mucoadhesion
time of 101-110 min.

All pharmacotechnical parameters indicated no substantial differences between F-UBA
and R, confirming that UBA-loaded mucoadhesive oral films are suitable for application to
the oral mucosa.

Numerous authors, knowing the bioactivities of plant extracts incorporated in various
polymeric films, described only their physico-chemical and pharmacotechnical proper-
ties [29,31,102].

In our study, UBA-loaded mucoadhesive oral films have neutral pH, and fast disinte-
gration permitted pharmacological potential evaluation through in vivo and in vitro studies.

The F-UBA investigation was performed using similar studies evaluating U. barbata
dry acetone extract. Thus, the cytotoxicity prescreen was performed on A. salina larvae.
Anticancer activity was assessed on a similar OSCC cell line (CLS-354, mouth epithelial
squamous cell carcinoma). Blood cell cultures were used as normal cells because buccal
mucosa has a substantial blood supply and is permeable for most blood cells [103]. The two
structural layers of the oral mucosa are the outer epithelium and the underlying lamina
propria (LP). The buccal epithelium is a physical and chemical barrier, but WBCs pass
through the epithelium to LP, constituting the immunological defense of the oral cavity.
Conventionally, resident cells in the oral mucosa are the ones of stromal origin, such as
gingival keratinocytes, fibroblasts, and periodontal ligament cells [104]. Migratory cells are
lymphocytes (with T cells) and segmented cells (polymorphonuclear, including neutrophils
and eosinophils). In oral cancer, the lymphocytes number decreases [105].
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In addition, various substances go through the oral mucosa by simple diffusion,
reaching the capillary area under normal conditions. The UBA-loaded mucoadhesive films
are projected to remain on oral mucosa different lesions for 85 min. Therefore, it is essential
to know their effects on blood cells because sensitization and bleeding are much more
frequent in the buccal mucosa. The blood samples were collected from a single donor (the
same as previously described in UBA biological studies).

The UBA has a considerable UA content, and F-UBA action is expected to be similar
to that of the positive control (C2UA). Data analysis shows that F-UBA selectively affected
tumor cells. Compared with C1IDMSO negative control, it increased ROS levels, nuclear
condensation, autophagy, and cell cycle arrest in GO/G1 and diminished DNA synthesis
in the CLS-354 (oral epithelial squamous cell carcinoma) tumor cell line. Inducing high
oxidative stress, F-UBA triggered the previously mentioned processes that lead to CLS-
354 cancer cells’ death. The F-UBA exhibited a protective effect on normal blood cells,
diminishing the apoptotic processes due to 1% DMSO: caspase 3/7 activation, cell cycle
arrest in G0/G1, nuclear condensation, and autophagy.

Usnic acid, the main bioactive metabolite in the Usnea lichens, is soluble in acetone
and is found in a significant amount in the U. barbata dry acetone extract [34]. Assessing
the effects of UA (100-300) mg/kg on adult male rats, Alahmadi et al. [106] reported that
hepatocytes had an increased lipid droplet, swollen mitochondria, and fragmented rough
endoplasmic reticulum and cell membrane damage. These harmful effects induced by
UA on the cellular level are similar to the present study’s results on A. salina larvae, used
as an animal model. After 24 h of exposure to F-UBA, the lipids accumulation in the
digestive tube and their progressive penetration in neighboring tissues lead to massive
cellular damage and brine shrimp larvae death after 48 h.

Nevertheless, UA exhibits beneficial bioactivities (antimicrobial, anticancer, antiox-
idant), displaying a dual redox behavior (pro-oxidant in tumor cells and antioxidant,
protective, in normal cells [107], and the present results confirmed it. Andania et al. also
proved the usnic acid antitumor effect on the OSCC cell line (HSC-3). In Usnea sp. extracts,
the primary quantified metabolite is usnic acid; the others are not commonly determined
individually and are quantified as total phenolic content. The dry acetone extract loaded in
F-UBA contains total phenolic compounds of 862.84 mg PyE/g, from which 241.83 mg/g
is usnic acid [34]. The action of F-UBA on CLS-354 tumor cells through high cellular
oxidative stress was similar to usnic acid of 125 mg/mL; it had a lower intensity due to the
significant difference in UA content. The usnic acid phenolic structure is responsible for all
bioactivities at the cellular level [108-110].

The antimicrobial activity of oral films containing plant extracts is evaluated through
various methods. For example, Gajdziok et al. [111] applied a microbial suspension (S.
aureus and C. albicans) on the surface of their mucoadhesive oral patches. After incubation,
the patches were examined by direct imprinting on a solid culture medium; the growth of
bacteria and yeast strains was observed and expressed as the number of colony-forming
units (CFU) on the surface of the imprint. Chiaoprakobkij et al. [33] performed antibacterial
studies on S. aureus and E. coli, counting the living bacterial cells on the films loaded
with Garcinia mangostana L. extract. Other authors also selected S. aureus and E. coli for
antibacterial activity evaluation of their poly(vinyl alcohol) /plant extracts films [112]. They
measured the inhibition zone diameter (IZD), and the interpretation of the results used
Poly (vinil alcohol) as a reference. It had no inhibitory activity (IZD = 0 cm) and was noted
with (—)—no action. The highest values were registered as (++++ and +++)—Very good
activity, followed, in decreasing order, by (++)—good activity and (+)—weak activity. The
appreciation of their inhibitory activity was the most part, proving in qualitative mode this
property of the films with plant extracts without using a standard antibiotic drug [112].

In a great measure, these qualificatives are similar to the resazurin dye chart for a
rapid evaluation of antibacterial [61] and antifungal [63] activities. Our study examined the
F-UBA inhibitory effects against the most common bacterial and fungal species implicated
in oral infections in immunocompromised patients.
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Directly applied to the oral malignant lesion, the UBA-loaded mucoadhesive oral
films could exert a topical anticancer effect, reducing the progression of oral squamous cell
carcinoma. This formulation could also help through other mechanisms [113]. Because
OSCC decreases immune defense, the oral cavity becomes more susceptible to bacterial and
fungal infections. Therefore, UBA-loaded mucoadhesive oral films could inhibit S. aureus, P.
aeruginosa, and Candida sp., which are responsible for opportunistic oral infectious diseases
in immunocompromised patients [78,79]. These results proved the chemotherapeutic effect
of UBA-loaded mucoadhesive oral films. F-UBA could also display a chemopreventive ac-
tion. Due to their cytoprotective effect and inhibitory activity against C. albicans, FE-UBA can
maintain a low risk because this fungal species is implied in OSCC generation, according
to Prakash et al. [14]. The third condition, sensitizing in multidrug resistance, according
to Dehelean et al. [13], could be supported by usnic acid’s powerful effect-enhancing and
toxicity-reducing in ascitic tumor-bearing mice treated with bleomycin [114]; usnic acid
inhibits angiogenesis in vascular endothelial growth factor (VEGF) model and chick em-
bryo [115]. Dar et al. [82] consider combination therapy in cancer essential for declining
drug resistance, reducing tumor development, blocking mitotic cells, and inducing apop-
tosis. At the same time, the toxicity of monotherapy could be minimized. The results
suggest that UBA-loaded in mucoadhesive oral films could be considered a combination in
oral squamous cell carcinoma therapy due to the synergic action of usnic acid and other
secondary phenolic metabolites.

None of the numerous analyzed mucoadhesive film compositions included lichen
extracts, even though lichens are known for their antitumor, antibacterial, antifungal, an-
tiviral, and enzyme inhibitory properties. Recognized in Traditional Chinese Medicine
(TCM) as “Song Lo,” Usnea lichens were consumed as tea or decoction for liver detoxifica-
tion [116]. The typical TCM dosages are 6-9 g of dried lichen, corresponding to approxi-
mately 60-120 mg of usnic acid per day. Usnic acid was included in fat-burning products
such as UCP-1 (BDC Nutrition, Richmond, Kentucky, which contains usnic acid, L-carnitine,
and calcium pyruvate) and Lipo Kinetix (Syntrax Innovations Inc., Cape Girardeau, Mis-
souri, containing norephedrine hydrochloride, sodium usniate, 3,5-diiodothyronine, yohim-
bine hydrochloride, and caffeine) [117] and associated with severe hepatotoxicity. In the
present study, each F-UBA evaluated for potential therapeutic application contains 175 pg
UBA, corresponding to a usnic acid content of 42.32 pg, a value more than 1400 times lower
than the minimal dose allowed by TCP.

5. Conclusions

In this study, mucoadhesive oral films containing U. barbata dry acetone extract were
manufactured using HPMC K100 as a polymer matrix and PEG 400 as a plasticizer. Com-
plex physico-chemical and pharmacotechnical analyses proved their suitability for oral
administration.

The pharmacological evaluation confirmed F-UBA in vitro anticancer activity on oral
squamous cell carcinoma based on high oxidative stress induced in CLS-354 cells. The
results also revealed F-UBA cytoprotective action on normal cells and the dose-dependent
growth inhibition of bacterial and fungal pathogens involved in immunosuppressed pa-
tients” oral infections.

Therefore, the present study suggests that UBA-loaded mucoadhesive oral films
could be a helpful phytotherapeutic formulation in the complementary treatment of oral
squamous cell carcinoma. Further in vivo and clinical research could be following steps in
the F-UBA analysis, aiming to confirm their medical benefits.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox11101934/s1, Figure S1. Bioadhesive films: (a) Loaded
with UBA (F-UBA); (b) References (R).
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Abstract: The oral cavity’s common pathologies are tooth decay, periodontal disease, and oral cancer;
oral squamous cell carcinoma (OSCC) is the most frequent oral malignancy, with a high mortality
rate. Our study aims to formulate, develop, characterize, and pharmacologically investigate the
oral mucoadhesive patches (F-UBE-HPMC) loaded with Usnea barbata (L.) FH. Wigg dry ethanol
extract (UBE), using HPMC K100 as a film-forming polymer. Each patch contains 312 pg UBE,
with a total phenolic content (TPC) of 178.849 pg and 33.924 pug usnic acid. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM) were performed for their morphological
characterization, followed by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
and thermogravimetric analysis (TGA). Pharmacotechnical evaluation involved the measurement
of the specific parameters for mucoadhesive oral patches as follows: weight uniformity, thickness,
folding endurance, tensile strength, elongation, moisture content, pH, disintegration time, swelling
rate, and ex vivo mucoadhesion time. Thus, each F-UBE-HPMC has 104 &+ 4.31 mg, a pH =7.05 & 0.04,
a disintegration time of 130 &= 4.14 s, a swelling ratio of 272 & 6.31% after 6 h, and a mucoadhesion
time of 102 £ 3.22 min. Then, F-UBE-HPMCs pharmacological effects were investigated using brine
shrimp lethality assay (BSL assay) as a cytotoxicity prescreening test, followed by complex flow
cytometry analyses on blood cell cultures and oral epithelial squamous cell carcinoma CLS-354
cell line. The results revealed significant anticancer effects by considerably increasing oxidative
stress and blocking DNA synthesis in CLS-354 cancer cells. The antimicrobial potential against
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Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27353, Candida albicans ATCC 10231,
and Candida parapsilosis ATCC 22019 was assessed by a Resazurin-based 96-well plate microdilution
method. The patches moderately inhibited both bacteria strains growing and displayed a significant
antifungal effect, higher on C. albicans than on C. parapsilosis. All these properties lead to considering
F-UBE-HPMC suitable for oral disease prevention and therapy.

Keywords: Usnea barbata dry ethanol extract; oral mucoadhesive patches; physico-chemical properties;
pharmacotechnical properties; oral health; oral cancer; anticancer activity; ROS; antimicrobial activity

1. Introduction

Oral health consists of the health of the oral mucosa, gums, teeth, and the whole system
that allows us to speak, chew, taste, swallow, smile, and communicate with confidence
various emotions through facial expressions. It is an essential component of general health,
implying physiological, social, and psychological attributes fundamental to the quality
of life [1]. The oral cavity’s common pathologies group includes dental decays, gums
and periodontia diseases, and oral cancer; oral squamous cell carcinoma (OSCC) is a
substantially frequent oral malignancy (over 80-90% of all oral cavity’s neoplasms) [2].

Oral diseases are caused by different infectious pathogens [3,4] and modifiable risk
factors, including poor hygiene, sugar consumption, tobacco use, alcohol use, and other
damaging habits [5]; various social and commercial determinants influence their impact.
According to a World Health Organization (WHO) resolution [6], numerous oral health
conditions could be preventable or treated in the early stages. In addition to conventional
therapy, many phytotherapeutic products are made, especially for prophylaxis and early
treatment of oral cavity diseases [7]. These products have various pharmaceutical for-
mulations, as follows: concentrated mouthwashes, sprays, badinages, and mucoadhesive
patches with antimicrobial and anti-inflammatory activities. Recently, Kumar et al. [8]
detailed the benefits of apitherapy in periodontal diseases based on in vitro, in vivo, and
clinical studies. They also profoundly analyzed the significant role of plant secondary
metabolites with antioxidant potential in maintaining oral health [9]. Prakash et al. [10] ex-
tensively reviewed plant-based antioxidant extracts and compounds to manage oral cancer.

In the plant world, lichens represent a promising source of anticancer and antibiotic
drugs [11]. Numerous studies have analyzed the cytotoxic and anticancer properties
of Usnea sp. extracts [12-20], isolated metabolites, and their derivatives [21-28]. Some
authors explored the potential pharmaceutical applications of usnic acid as an anticancer
drug, aiming to increase its biodisponibility and simultaneously diminish its most known
toxicity [29]. The usnic acid medicinal application limits, such as low solubility in water,
hepatotoxicity, and reduced therapeutical index, have led to innovative pharmaceutical
formulations [30] with antitumor effects. Thus, Alpsoy et al. [31] developed stable usnic
acid (UA)-conjugated superparamagnetic iron oxide nanoparticles (SPIONSs) as a potential
drug carrier for in vitro analysis of MCF-7 (breast cancer), HeLa (cervix cancer), L-929
(mouse fibroblast), U-87 (glioblastoma), and A-549 (human lung cancer) cell lines. Pereira
da Silva Santos et al. [32] investigated the antitumor activity of usnic acid encapsulated into
nanocapsules prepared with lactic-co-glycolic acid polymer. Garg et al. [33] formulated
usnic acid (UA) loaded heparin-modified gellan gum (HAG) nanoparticles (NPs), proving
their substantial antitumor potential on A-549 cancer cells. However, data regarding the
anticancer activity of different pharmaceutical formulations with Usnea sp extracts found
in the accessed scientific literature are very rare; Isik et al. reported the anticancer activity
of Usnea sp. extract-based synthesized Ag@ZnO bimetallic nanocomposite on the H-SY5Y
human neuroblastoma cell line [34].

Most lichen-based nanoparticles (NPs) have antibacterial effects [35]. Few researchers
designed different pharmaceutical formulations with Usnea lichens and evaluated their
antibacterial effects. Thus, Siddiqi et al. [36] described the biogenic fabrication and charac-
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terization of silver nanoparticles using U. longissima aqueous-ethanolic extract and analyzed
their antibacterial activity. They reported the nanoparticles’ inhibitory effect on S. aureus,
P. aeruginosa, and other Gram-positive and Gram-negative bacteria due to silver ions re-
leased from Ag NPs. Moreover, they suggested the following four possible bactericidal
mechanisms: interference during cell wall synthesis, protein biosynthesis suppression,
disruption of the transcription processes, and major metabolic pathways. Abdolmaleki
et al. [37] obtained silver nanoparticles from two lichens (U. articulata and R. sinensis) with
effective antibacterial activity against S. aureus and P. aeruginosa. Balaz et al. [38] recently
proposed a bio-mechanochemical synthesis of silver nanoparticles using U. antarctica and
other lichen species. Using AgNO3 (as a silver precursor) and lichens (as reduction agents),
they performed techniques of mechanochemistry (ball milling) and obtained nanoparticles
with an intense antibacterial effect against S. aureus. This described procedure overcomes
the lichen secondary metabolites” low solubility in water [38].

Tadic et al. [39] performed an oral product formulated as compressed tablets based on
plant extracts/essential oils. It contains U. barbata supercritical CO, extract, O. heracleoticum L.
and Sideritis scardica L. water-alcohol extracts, and Satureja montana L. essential oil. The
stated oral formulation is intended for topical application (local treatment of the inflam-
mation of oropharyngeal mucosa), comprising a combination of herbal preparations with
antimicrobial activity against causative agents. We aim to formulate and develop mu-
coadhesive oral patches loaded with Usnea barbata (L.) F. H. Wigg dry ethanol extract and
evaluate their cytotoxicity and in vitro anticancer and antimicrobial activities. Our results
suggest that this lichen-based pharmaceutical formulation is suitable for potential use in
various oral disease therapies.

2. Materials and Methods
2.1. Materials

Our study’s chemicals, standards, and reagents were of analytical grade. Usnic acid
standard 98.1% purity, Propidium Iodide (PI) 1.0 mg/mL, Dimethyl sulfoxide (DMSO),
Polyethylene Glycol 400 (PEG 400), and Hydroxypropyl methylcellulose (HPMC) and
Antibiotics mix solution—100 pL/mL with 10 mg Streptomycin, 10,000 U Penicillin, 25 ng
Amphotericin B per 1 mL—were provided by Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany). Annexin V Apoptosis Detection Kit and flow cytometry staining buffer (FCB)
were purchased from eBioscience™ (Frankfurt am Main, Germany) and RNase A 4 mg/mL
from Promega (Madison, WI, USA). Magic Red® Caspase-3/7 Assay Kit, Reactive Oxygen
Species (ROS) Detection Assay Kit, and EdU i-Fluor 488 Kit were supplied by Abcam
(Cambridge, UK).

The OSCC cell line (CLS-354) and the culture medium—Dulbecco’s Modified Eagle’s
Medium (DMEM) High Glucose, basic supplemented with 4.5 g/L glucose, L-glutamine
and 10% Fetal Bovine Serum (FBS) were provided by CLS Cell Lines Service GmbH
(Eppelheim, Germany). Trypsin-ethylenediamine tetra acetic acid (Trypsin EDTA) and
the media for blood cells—Dulbecco’s phosphate-buffered saline with MgCl, and CaCl,,
FBS and L-Glutamine (200 mM) solution—were purchased from Gibco™ Inc (Billings,
MT, USA).

From a non-smoker healthy donor (BIII, Rh+), the blood samples were collected
according to Ethical approval code 7080/10.06.2021 from Ovidius University of Constanta
and Donor Consent code 39/30.06.2021.

U. barbata was harvested in March 2021 from the forest in the Calimani Mountains
(47°29' N, 25°12’ E, and 900 m altitude) and identified by the Department of Pharmaceuti-
cal Botany of the Faculty of Pharmacy, Ovidius University of Constanta, using standard
methods. A voucher specimen is deposited in the Herbarium of Pharmacognosy Depart-
ment, Faculty of Pharmacy, Ovidius University of Constanta (Popovici 3/2021, Ph-UOC).
The 96% ethanol for U. barbata dry extract preparation was provided by Chimreactiv SRL
Bucharest, Romania.
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Artemia salina eggs and Artemia salt (Dohse Aquaristik GmbH & Co. Gelsdorf, Germany)
were purchased online from https:/ /www.aquaristikshop.com/ (accessed on 5 May 2022).

Bacterial and fungal cell lines (S. aureus ATCC 25923, P. aeruginosa ATCC 27353,
C. albicans ATCC 10231, and C. parapsilosis ATCC 22019) for antimicrobial activity evalua-
tion were obtained from Microbiology Department, S.C. Synevo Romania S.R.L., Constanta
Laboratory according to agreement of partnership No 1060/25.01.2018 with the Faculty of
Pharmacy, Ovidius University of Constanta. Thermo Fisher Scientific (GmbH, Dreieich,
Germany) provided culture medium Mueller-Hinton agar (MHA); Resazurin solution
(from in vitro Toxicology Assay Kit, TOX8-1KT, Resazurin based), and RPMI 1640 Medium
were purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).

2.2. Formulation and Development of Mucoadhesive Oral Patches

The U. barbata dry extract in ethanol (UBE) was obtained through a method described
in a previous study [40]. The dried lichen was ground in a laboratory mill, LM 120 (Perkin
Elmer, Waltham, MA, USA) [41], and extracted for eight hours with 96% ethanol in a Soxhlet
continuous reflux system. The Soxhlet extraction was performed at the ethanol boiling
point (65-70 °C). The rotary evaporator TURBOVAP 500 Caliper was used for solvent
evaporation. Next, the extract was kept for 16 h in a chemical exhaust hood for optimal
solvent evaporation. The obtained dry extract was transferred to a sealed glass bottle and
stored in the freezer (Sirge FREEZER) at —24 °C until processing [40].

To develop the mucoadhesive oral patches containing U. barbata dry extract in 96%
ethanol (F-UBE-HPMC), we used HPMC K100 with a viscosity of 100 mPa as a film-forming
polymer and PEG 400 as an external plasticizer for its high hydrophilic character and non-
toxicity [42].

To prove the UBE activity and influence on the F-UBE-HPMC patches’ pharmaceutical
characteristics, we prepared mucoadhesive oral patches containing suitable excipients but
no active ingredient load. We used them as References (R).

The UBE amount was selected to achieve a suitable dosage between the formulations.
HPMC was weighed using a Mettler Toledo AT261 balance (Marshall Scientific, Hampton,
NH, USA) with 0.01 mg sensitivity for the polymeric matrix system. Then, it was dispersed
in water by stirring at 700 rpm and room temperature, using an MR 3001K magnetic stirrer
(Heidolph Instruments GmbH & Co. KG, Schwabach, Germany); PEG 400 was added and
mixed. UBE was dissolved in ethanol, and the solution was slowly added to the previously
prepared matrix and stirred in the same conditions. Reference products were realized by
mixing the 96% ethanol with the base system.

The formed gels were left overnight at room temperature for deaeration. The viscous
dispersions were poured in a thin layer into Petri glass plates and dried in ambient con-
ditions for 24 h. Finally, the dried patches were peeled off the plate surface and cut into
(1.5 x 2) cm patches.

2.3. Physico-Chemical Analysis of Mucoadhesive Oral Patches
2.3.1. SEM Morphology

The mucoadhesive patches morphology was investigated by scanning electron mi-
croscopy (SEM) in a high-resolution scanning electron microscope Quanta3D FEG (Thermo
Fisher Scientific, GmbH, Dreieich, Germany).

2.3.2. Atomic Force Microscopy

The atomic force microscopy (AFM) measurements were carried out with AFM XE-100
(Park Systems Corporate, Suwon, Korea). AFM images were obtained in non-contact mode
to minimize the tip-sample interaction; the microscope was equipped with flexure-guided,
crosstalk-eliminated scanners. They were registered with sharp tips (PPP-NCLR, from
NANOSENSORS™, Neuchatel, Switzerland) with less than 10-nm radius of curvature,
225 mm mean length, 38 mm mean width, ~48 N/m force constant, and a resonance
frequency of 190 kHz. The AFM image processing was performed with an XEI program
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(v 1.8.0—Park Systems Corporate, Suwon, Korea) to display purpose and to evaluate
roughness. Representative line scans are presented below the images in so-called “enhanced
contrast” mode, showing the surface profile of the scanned samples (the dimensions of the
selected particles are indicated with red arrows along the fixed line).

2.3.3. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra of both patches were recorded using a Nicolet
Spectrometer 6700 FTIR (Thermo Electron Corporation, Waltham, MA, USA) apparatus
with a Smart DuraSamplIR HATR (Horizontal Attenuated Total Reflectance) accessory and
a laminated—diamond crystal in the range of 400-4000 cm~ 1, in transmittance mode.

2.3.4. X-ray Diffraction

X-ray Diffraction (XRD) patterns were registered using a Rigaku Ultima IV diffrac-
tometer (Rigaku Corporation, Tokyo, Japan) in parallel beam geometry with a step size
of 0.02 and a speed of 2° (20)/min over a range of 5-60°. A CuK« tube (A = 1.54056 A)
operating at 40 kV and 30 mA was the source of the X-rays.

2.3.5. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) coupled with differential thermal analyses (DTA)
was performed using a Mettler Toledo TGA /SDTA851e thermogravimetric analyzer (Mettler-
Toledo GmbH, Greifensee, Switzerland), at a heating rate of 10 °C min~!, under 80 mL min~!
synthetic air atmosphere.

2.4. Pharmacotechnical Analysis of Mucoadhesive Oral Patches
2.4.1. Weight Uniformity

The weight uniformity was evaluated on 20 patches of both formulations (F-UBE-
HPMC and Reference). They were individually weighed, and the average weight
was determined.

2.4.2. Thickness

This parameter was also measured on 20 patches of each formulation (F-UBE-HPMC
and Reference) using a Yato digital micrometer (Yato China Trading Co., Ltd., Shanghai,
China) with a 0-25 mm measuring range and 0.001 mm resolution. The mean value
was calculated.

2.4.3. Folding Endurance

The F-UBE-HPMC patches were repeatedly folded and rolled until they broke, or up
to 300 [43]. The folding times were registered and expressed as folding endurance values.

2.4.4. Tensile Strength and Elongation Ability

The tensile strength and elongation ability were determined using an LR 10K Plus
digital tensile force tester for universal materials (Lloyd Instruments Ltd., West Sussex,
UK). The analysis was performed from a 30 mm distance with a speed of 30 mm/min. The
patch was placed vertically between the two braces, and the breakage force was registered.
The measurement was executed in triplicate.

The following equations (Equations (1) and (2)) were used to calculate the tensile
strength and the elongation at break:

M

. Force at breakage (kg)
2\ _ &€ (X8
Tensile strength (kg/mm ) ~ Patch thickness (mm) x Patch width (mm)

Increase in patch length (cm)

Initial patch length (cm) <100 @)

Elongation % =
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2.4.5. Moisture Content

The moisture content was assessed as the loss on drying by the thermogravimetric
method using an HR 73 halogen humidity analyzer (Mettler-Toledo GmbH, Greifensee,
Switzerland) [6]. Five patches of each formulation were analyzed.

2.4.6. Surface pH

Five patches of each formulation were moistened with 1 mL of distilled water (pH 6.5 = 0.5)
for 5 min at room temperature. The pH value was determined by touching the electrode of
the CONSORT P601 pH-meter (Consort bvba, Turnhout, Belgium) with the patch surface.

2.4.7. In Vitro Disintegration Time

The time required to disintegrate the patches, with no residual mass thoroughly, was
measured in simulated saliva phosphate buffer pH of 6.8 at 37 & 2 °C, using an Erweka DT
3 apparatus (Erweka® GmbH, Langen, Germany) [44].

2.4.8. Swelling Ratio

Six patches of each formulation were placed on 1.5% agar gel in Petri plates and
incubated at 37 & 1 °C. Every 30 min, for 6 h, the patches were weighed. The swelling ratio
was calculated according to Equation (3) as follows:

Wi

. . Wt —
Swelling ratio = Wi x 100 3)

Wt—the patch’s weight at “t” time after incubation and Wi—the initial weight [43,45-47].

2.4.9. Ex Vivo Mucoadhesion Time

The study was performed by the method described by Gupta et al. [48] on a detached
porcine buccal mucosa; then, the fat layer and any tissue residue were removed. The
membrane was washed with ultrapure water and a phosphate buffer pH 6.8 at 37 °C, then
fixed on a glass plate. Each F-UBE-HPMC patch was hydrated in the center with 15 uL
phosphate buffer and brought to the mucosa surface by pressing it for 30 s. The glass plate
was placed in 200 mL phosphate buffer pH 6.8 and maintained at 37 °C for 2 min. A paddle
with a stirring rate of 28 rpm was operated to ensure the appropriate simulation of the oral
cavity conditions.

The mucoadhesion time was expressed as the time needed by each patch to detach
over the oral mucosa. All tests were realized in triplicate.

2.5. Evaluation of the Cytotoxic Activity of Mucoadhesive Oral Patches on A. salina Larvae
2.5.1. Sample Preparation

F-UBE-HPMC was placed in a diluted buffer (1 mL) and incubated for 15 min at 37 °C;
then, its homogenous dispersion in the buffer solution was observed.

2.5.2. BSL Assay

Artemia salina (brine shrimp) was used as an animal model for the F-UBE-HPMC
cytotoxicity investigation, adapted from Nazir et al. [49]. The A. salina larvae were obtained
under continuous light and aeration conditions at a temperature of 20 °C by introducing
the cysts for 24-48 h in a saline solution of 0.35%. The brine shrimp larvae in the first stage
(instar I) were introduced in 0.3% saline solution into experimental pots (with a volume of
1 mL) [50]. The analysis was compared to a blank (untreated nauplii) to obtain accurate
results regarding the F-UBE-HPMC cytotoxic effect. The nauplii were not fed during the
test to not interfere with the tested extracts. Their evolution was evaluated after 24 h and
48 h; the larvae had embryonic energy reserves as lipids throughout this period.
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2.5.3. Fluorescent Microscopy

The brine shrimp larvae were stained with 3% acridine orange (Merck Millipore,
Burlington, MA, USA) for 5 min. The samples were subjected to drying for 15 min in
darkness and placed on the microscope slides.

2.5.4. Data Processing

The microscopic images were achieved using a VWR microscope VisiScope 300D
(VWR International, Radnor, PA, USA) with a Visicam X3 camera (VWR International
Radnor, PA, USA) at 40, 100, and 400x magnifications and processed with VisiCam
Image Analyzer 2.13.

Fluorescent microscopy images were obtained using an OPTIKA B-350 microscope
(Ponteranica, BG, Italy) blue filter (Aex = 450490 nm; Aem = 515-520 nm) and green filter
(Aex = 510-550 nm; Aem = 590 nm) [41]. The FM images at 100x and 400 x magnification
were processed with Optikam Pro 3 Software (OPTIKA S.R.L., Ponteranica, BG, Italy).

All observations were performed in triplicate.

2.6. In Vitro Analysis of the Biological Effects of Mucoadhesive Oral Patches on Human Blood Cell
Cultures and Oral Cancer Cell Line CLS-354

2.6.1. Equipment

Our study platform for in vitro cytotoxicity analysis of F-UBE-HPMC was the Attune
Acoustic focusing cytometer (Applied Biosystems, Bedford, MA, USA). Before cell anal-
ysis, the flow cytometer was first set by using fluorescent beads—Attune performance
tracking beads, labeling, and detection (Life Technologies, Europe BV, Bleiswijk, The Nether-
lands) [51], with a standard size (four intensity levels of beads population). The cell number
was established by enumerating cells below 1 pm [52]. Using Forward Scatter (FSC) and
Side Scatter (SSC), more than 10,000 cells per sample for each analysis were gated.

2.6.2. Data Processing

Flow cytometry data were achieved using Attune Cytometric Software v.1.2.5, Applied
Biosystems 2010 (Bedford, MA, USA).

2.6.3. Human Blood Cells Cultures

The blood sample was collected into heparin vacutainers. The heparinized blood
(1.0 mL) was added to untreated Nunclon Vita Cell culture 6-well plates (Kisker Biotech
GmbH & Co.KG, Steinfurt, Germany), together with 6.0 mL of Dulbecco’s phosphate-
buffered saline with MgCl, and CaCl, medium supplemented with 10% bovine fetal serum,
L-glutamine, and antibiotic mix solution. They were incubated in a Steri-Cycle™ i160 CO,
Incubator (Thermo Fisher Scientific Inc, Waltham, MA, USA) with 5% CO, at 37 °C. After
72 h, the blood cell cultures were treated with the samples and controls. Then, the cells
were subjected to 24 h of incubation under the same conditions [51]. All flow cytometry
analyses were performed after this incubation time.

2.6.4. CLS-354 Cell Line, Cells Culture

The CLS-354 tumor cells were cultured in DMEM High Glucose with 10% FBS sup-
plemented with antibiotic mix solution in humidity conditions of 5% CO, at 37 °C for
7 days [53]. Then, the cells were dissociated with Trypsin-EDTA and centrifugated at
3000 rpm for 10 min in a Fisher Scientific GT1 Centrifuge (Thermo Fisher Scintific Inc,
Waltham, MA, USA). Then, the cells were distributed in Millicell™ 24-Well Cell Culture
Microplates (Termo Fisher Scientific Inc, Waltham, MA, USA). After treatment, the cells
were incubated for 24 hours in the same conditions [54]. All the flow-cytometry analyses
were performed after this incubation period.
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2.6.5. Samples and Control Solutions

The F-UBE-HPMC were dissolved in the suitable culture media for both types of cells
with 1% DMSO. As a positive control, usnic acid (125 pg/mL in 1% DMSO) was selected,
and the negative control was 1% DMSO.

2.7. Evaluation of Total ROS Activity

In total, 100 L of ROS Assay Stain solution was added to each 1 mL of cell culture
in flow cytometry tubes and well mixed. Then, the cells were incubated in a 5% CO,
atmosphere at 37 °C for 60 min. After this process, the cells were analyzed by flow
cytometry, using a 488 nm excitation and green emission for ROS (BL1 channel).

2.8. Evaluation of Caspase 3/7 Activity

In total, 300 uL of both cell cultures were transferred in flow cytometry tubes; then,
20 puL of a Magic Red® Caspase-3/7 Substrate—MR-(DEVD),—solution was well-mixed
with the cells. Next, 20 uL. of PI was added. After incubation, 1 mL FCB was added.
Then, the early stages of cell apoptosis by activating caspases 3/7 (DEVD-ases) [55,56]
were analyzed through flow cytometry using a 488 nm excitation, red emission for MR-
(DEVD),—BL3 channel, and orange emission for PI—BL2 channel.

2.9. Cell Cycle Analysis

A cell culture volume of 1 mL was washed in FCB, introduced into flow cytometry
tubes, and fixed with 50 uL ethanol for 30 min [51]. Next, the cells were treated with PI
(20 pg/mL) and RNase A (30 pg/mL) and incubated at room temperature, in darkness, for
30 min [51]. Then, 1 mL FCB was added, and the cell cycle distribution was detected at the
flow cytometer in the following conditions: a 488 nm excitation and orange emission for PI
(BL2 channel) [51].

2.10. Evaluation of Nuclear Condensation and Lysosomal Activity

Magic Red® Caspase-3/7 Assay Kit contains Hoechst 33342 stain (200 pg/mL) and
acridine orange (AO, 1.0 uM). Hoechst 33342 is a cell-permeant nuclear stain [57]; when it
is linked to double chain DNA, it emits blue fluorescence, highlighting condensed nuclei
in apoptotic cells. Acridine orange is a chelating dye that can be used to reveal lysosomal
activity [58,59]. Therefore, 300 uL of each cell culture was introduced in flow cytometry
tubes; then, 2 uL. of Hoechst 33342 stain was added, and the cells were mixed well [51].
After these operations, 50 uL of AO (1.0 uM) was added; the cells were incubated at room
temperature in darkness for 30 min. After incubation, 1 mL FCB was added; the cells were
examined at the flow cytometer under the following conditions: an excitation of 488 nm,
the UV excitation, and blue emission for Hoechst 33342 (VL2), and green emission acridine
orange (BL1 channel) [51].

2.11. Annexin V-FITC Apoptosis Assay

The normal blood cells and CLS-354 tumor cells were incubated in flow cytometry
tubes with 2 pL. Annexin V-FITC and 2 pL PI (20 ug/mL) for 30 min, at room temperature,
in darkness. After incubation, 1 mL of FCB was added. All viable cells, early apoptotic
cells, late apoptotic cells, and necrotic cells were examined at a flow cytometer using
the following conditions: an excitation of 488 nm and the following two emission types:
green—for Annexin V-FITC (BL1 channel) and orange—for PI (BL2 channel) [51].

2.12. Evaluation of Cell Proliferation

Volumes of 1 mL of both cell cultures were incubated with 50 uM EdU (500 pL) at
37 °C for 2 h. Then, both cell types were fixed with 4% paraformaldehyde in PBS (100 uL)
and permeabilized with Triton X-100 (100 uL). After washing in 3% buffer sodium azide
(BSA) and centrifuging at 300 rpm for 5 min at 4 °C, the cells were incubated with a reaction
mix (500 pL) for 30 min at room temperature in darkness. Then, they were washed in
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permeabilization buffer and centrifuged at 300 rpm for 5 min at 4 °C. After these procedures,
1 mL FCB was added, and the cells were examined by flow cytometry, using a 488 nm
excitation and green emission for EdU-iFluor 488 (BL1).

2.13. Antimicrobial Activity Evaluation by Resazurin-Based 96-Well Plate Microdilution Method
2.13.1. Inoculum Preparation

The direct colony suspension method (CLSI) was used for preparing the bacterial
inoculum. Thus, bacterial colonies selected from a 24 h agar plate were suspended in
an MHA medium. The bacterial inoculum was accorded to the 0.5 McFarland standard,
measured at Densimat Densitometer (Biomerieux, Marcy-l’Etoile, France) with around
108 CFU/mL (CFU = colony-forming unit). The fungal inoculum was prepared using the
same method, adjusting the RPMI 1640 with fungal colonies to the 1.0 McFarland standard,
with 10° CFU/mL.

2.13.2. Samples and Standards

F-UBE-HPMC was dissolved in 1 mL of diluted phosphate buffer. As standards, Ceftri-
axone (Cefort 1g Antibiotice SA, Iasi, Romania) solutions 30 mg/mL and 122 mg/mL
in distilled water were used for bacteria. The Cefort powder was weighted at Part-
ner Analytical balance (Fink & Partner GmbH, Goch, Germany) and dissolved in dis-
tilled water. Terbinafine solution 10.1 mg/mL (Rompharm Company S.R.L., Otopeni,
Romania) was selected as standard for Candida sp2.13.3. Resazurin-Based 96-Well Plate
Microdilution Method.

All successive steps were performed in an Aslair Vertical 700, laminar flow, micro-
biological protection cabinet (Asal Srl, Cernusco, M1, Italy). In four 96-well plates, we
performed seven serial dilutions, adapting the protocol described by Fathi et al. [60] and
Elshikh et al. [61].

The 96-well plates were incubated for 24 h at 37 °C for bacteria and 35 °C for yeasts in
a My Temp mini 2763322 Digital Incubator (Benchmark Scientific Inc., Sayreville, NJ, USA).

2.13.3. Reading and Interpreting

After 24 h incubation, the colors that appeared in 96-well plates were examined to see
the differences between the standard and samples [62]. Moreover, they were examined at
the Smart LED Illuminator (Kaneka Eurogentec S.A., Seraing, Belgium) at 470 nm in blue
light. The sample’s active concentrations were compared with the standard antibiotic ones.
For yeasts, the color chart of the Resazurin dye reduction method was used [63,64].

2.14. Data Analysis

All analyses were performed in triplicate, and the obtained results were presented
as means values + standard deviation (SD). Our results are presented as percent (%) of
cell and nuclear apoptosis, caspase 3/7 activity, autophagy, cell cycle, DNA synthesis, and
count (x10%) of oxidative cellular stress after flow cytometry analyses were performed
with SPSS v. 23 software, 2015 (IBM, Armonk, NY, USA). The Levene test was analyzed for
homogeneity of variances of samples. Paired t-test was used to establish the differences
between samples and controls, and p < 0.05 was considered statistically significant. The
principal component analysis (PCA) was performed using XLSTAT 2022.2.1. by Addinsoft
(New York, NY, USA) [65].

3. Results
3.1. Organoleptic Characteristics of Mucoadhesive Oral Patches

The composition and properties of the developed F-UBE-HPMC and R mucoadhesive
oral patches are displayed in Table 1.
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Table 1. Composition and properties of mucoadhesive oral patches loaded with U. barbata dry extract
in 96% ethanol (F-UBE-HPMC) versus References (R).

Variable F-UBE-HPMC R
Ingredients
UBE (g) 0.30 -
Ethyl alcohol 96% (v/v) (g) 10.00 10.00
PEG 400 (g) 5.00 5.00
HPMC 15% water dispersion (w/w) (g) 84.70 85.00
Thermal parameters
Solvent Mass Loss (%) 24 1.8
T (°C)/Mass Loss 1st Decomposition Step (%) 351.7°C/84.2 466.2°C/13.4
T (°C)/Mass Loss 2nd Decomposition Step (%) 352.3°C/85.2 456.8 °C/13.0
Pharmacotechnical Parameters *
Weight uniformity (mg) 104 4+ 4.31 102 £+ 2.55
Thickness (mm) 0.082 £+ 0.003 0.081 £ 0.002
Folding endurance value >300 >300
Tensile strength (kg/ mm?) 2.55+1.31 2.83 £1.25
Elongation % 51.26 + 1.77 4947 £2.13
Moisture content % (w/w) 6.24 + 0.26 6.02 +0.14
pH 7.05 + 0.04 7.03 £+ 0.02
Disintegration time (seconds) 130 +4.14 131 4+ 3.27
Swelling ratio (% after 6 h) 272 +6.31 286 +4.93
Ex vivo mucoadhesion time (minutes) 102 £ 3.22 106 + 3.35

UBE—U. barbata dry ethanol extract, F-UBE-HPMC—mucoadhesive oral patches with U. barbata dry ethanol extract;
R—Reference (mucoadhesive oral patches containing the suitable excipients, without UBE); PEG—polyethylene
glycol; HPMC—hydroxypropyl methylcellulose; T—temperature; * Expressed as mean value =+ SD.

The manufacturing process led to defined concentrations of UBE in mucoadhesive
oral patches formulation, each F-UBE-HPMC enclosing 312 pug UBE, with total phenols
content of 178.849 ug and 33.924 pg usnic acid.

Both formulations lead to a homogenous, thin, easy-to-peel, with a uniform, smooth,
and glossy surface patch (Figure S1, Supplementary Material).

The Reference (R, Figure Sla) are colorless; F-UBE-HPMC has a green-faint brown
color (Figure S1b); both R and F-UBE-HPMC are transparent (Figure S1a,b).

The patches’ organoleptic characteristics are highly dependent on the active ingredient
state. F-UBE-HPMC maintains the characteristic color of UBE and withstands normal
handling and cutting processes without air bubbles, cracks, or imperfections.

3.2. Physico-Chemical Analysis of the Mucoadhesive Oral Patches
3.2.1. SEM Morphology

Scanning electron microscopy (SEM) was performed to achieve the patch morphology.
Figure 1 shows their surface morphology. The R surface is denser, containing a few small
elongated-shaped protrusions (Figure 1a), and the F-UBE-HPMC one is relatively smooth
(Figure 1b).

3.2.2. Atomic Force Microscopy

The AFM images are displayed in Figure 1c,d.

The Reference (R) is flat and uniform (repetitive surface features), as pointed out by
the arbitrary line scan (surface profile line) depicted below the AFM image (Figure 1c) with
a vertical height of ~10 nm (see the Y-axis of the line scan from —5 to 5 nm). Due to the
presence of small agglomerations (in the form of “hills”-see the black arrows in Figure 1le),
not exceeding 70 nm in the vertical direction, the peak-to-valley parameter (Rpv) is 86.5 nm
(Figure 1c,f). In comparison, the global root mean square (RMS) roughness of the same
area is 3.2 nm (Figure le). Random superficial nanometric-sized pores, visible as dark blue
spots, are also seen in Figure 1c.
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The UBE incorporation changes the Reference morphology (Figure 1d). The F-UBE-
HPMC surface becomes more compact; the superficial pores are covered at the nanometric
scale. Instead, a few larger pits (see the red arrows in Figure 1d) appeared on the surface,
with more than 100 nm in diameter. The RMS roughness of the image from Figure 1d,e
is 20.2 nm, while the peak-to-valley global parameter is 240.3 nm, three times more than
Reference (Figure 1f). The Rpv and RMS roughness along the line scans are illustrated in

Figure 1g,h.

3.2.3. FTIR Spectra

The FTIR spectra for both mucoadhesive oral films (Reference and F-UBE-HPMC) are
displayed in Figure 2a,b.
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Figure 1. SEM images of R (a) and F-UBE-HPMC (b); 2D-AFM images (enhanced contrast view) at the
scale of (8 x 8) um? together with representative line scans for R (c) and F-UBE-HPMC (d). Roughness
(Rq) and peak-to-valley (Rpv) parameters for the whole scanned areas at (8 x 8) um? and (3 x 3) pm? (e,f)
and along the line scans over 8 pum and 3 pum (g/h). F-UBE-HPMC—mucoadhesive oral patches loaded
with UBE; UBE—U. barbata dry ethanol extract; R—Reference (mucoadhesive oral patches without UBE).
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Figure 2. FTIR Spectra of mucoadhesive oral patches (a,b): Reference (red line) and F-UBE-HPMC
(black line) in the range 4000-2200 cm ! (a) and 2000-400 cm ! (b); X-ray Diffractograms of Reference
and F-UBE-HPMC oral mucoadhesive patches (c); Thermogravimetric analysis coupled with differen-
tial thermal analysis of the mucoadhesive oral patches (d). Swelling rate% over 6 h of F-UBE-HPMC
versus R (e). R—Reference (patch without UBE); F-UBE-HPMC—mucoadhesive oral patches loaded
with UBE; UBE—U. barbata dry ethanol extract.

In Figure 2a, the R spectrum shows an absorption band at 3460 cm ! assigned to the

stretching frequency of the HPMC’s hydroxyl (-OH) group. Another band at 1345 cm ™~ is
due to the bending vibration of -OH. Other stretching vibration bands related to C-H and
C-O were observed at 2926 cm~! and 1058 cm ™1, respectively. The characteristic vibration
peaks associated with HPMC appeared at 1455 cm ! related to the methoxy (-OCH3) group
and at 946 cm~!, corresponding to the pyranose ring [66].

On the other hand, the FTIR spectrum of the F-UBE-HPMC (Figure 2b) shows some
peaks found in Reference one, with lower intensities. The peaks are shifted to a lower
frequency due to UBE interaction with the polymer matrix.

3.2.4. X-ray Diffractograms

The X-ray diffractograms of R and F-UBE-HPMC are presented in Figure 2c. The
X-ray diffraction patterns of the Reference and F-UBE-HPMC (Figure 2c) show that both
mucoadhesive oral patches exhibited the characteristic diffraction peaks of HPMC at 20 = 8°
and 20 = 20° [67]. A careful analysis of their XRD patterns indicates that the amorphous
region peak (20 = 8°) and crystalline region (26 = 20°) decrease in their intensities due to
the UBE blending in the polymer matrix in the case of F-UBE-HPMC (Figure 2c).

3.2.5. Thermogravimetric Analysis

Thermogravimetric and differential thermal analysis aimed to characterize the patch’s
thermal behavior and stability. Both patches (Reference and F-UBE-HPMC) exhibit a
similar behavior upon heating from 25 to 600 °C (Figure 2d). A 0.8-2.5% weight mass
loss occurs on heating up to ~100 °C, which can be associated with the loss of residual
solvent and physisorbed water. The decomposition process of the organic compounds
occurs in two distinct steps, between 200400 °C and 400-550 °C. Each decomposition step
is accompanied by an exothermic thermal effect (Figure 2d). The mass losses associated
with the solvent loss and first and second organic decomposition steps are presented in
Table 1 (thermal parameters).

Figure 2d and Table 1 (thermal parameters) indicate that the first stage of both R and
F-UBE-HPMC starts at a temperature below 100 °C and is due to the loss of solvent and
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adsorbed water. The second stage begins from 220 °C to 390 °C, and this stage corresponds
to ~85% for R and ~84% for F-UBE-HPMC patches” weight loss. The third stage, with a
maximum at Tax = 456.8 °C for R and Tax = 466.2 °C for F-UBE-HPMC, was due to the
decomposition of the different organic components. The F-UBE-HPMC thermal stability is
higher than the Reference one.

3.3. Pharmacotechnical Evaluation of Mucoadhesive Oral Patches

The results of the pharmacotechnical evaluation of F-UBE-HPMC and Reference are
presented in Table 1 (pharmacotechnical properties).

The mucoadhesive oral patches’” weight varies depending on the state of the active
ingredient and its dispersion method. No significant differences were registered between
F-UBE-HPMC and R. Moreover, considering the variability between the patches of the
same series, a remarkable uniformity is noticed.

The F-UBE-HPMC thickness (mm) is similar to Reference one: 0.082 4 0.003 vs.
0.081 £ 0.002, p > 0.05. Low SDs in thickness indicate no significant differences within each
patch type.

Both formulations exhibited a great folding endurance, with values above 300, proving
suitable flexibility. Their flexibility is induced by the plasticizer used in the formulation
and the patch-forming polymer [68].

Regarding the mechanical properties of the F-UBE-HPMC and Reference, it can be
noticed that the differences between the formulations are not so significant; this could be
predictable as they contain identical amounts of HPMC and PEG 400. Also, it is remarked
that the UBE-loaded mucoadhesive oral patches display a higher elongation (51.26%)
and a lower tensile strength (2.55 kg/mm?) than their References (49.47%, respectively
2.83 kg/mm?), proving the influence of the active ingredients on their resistance and
elasticity. F-UBE-HPMC elongation and tensile strength are adequate to resist during
handling [69].

The F-UBE-HPMC moisture content was 6.24%, with minor differences compared
to Reference (6.02%). Both patches present suitable humidity. The moisture is due to
the solvent system used in the formulation or to the ingredients” hygroscopic properties,
especially the plasticizer [70]. A moderate amount of moisture is needed in mucoadhesive
oral patches to ensure their elasticity and protection from being brittle, dry, and easy to
break [71].

F-UBE-HPMC has a neutral pH value close to the oral cavity, ensuring good tolerability
with no possible irritation of the buccal mucosa. It can be noticed that the active ingredients
did not modify the pH of the matrix system, as the tested UBE-loaded formulation displayed
a similar pH value to the Reference one.

F-UBE-HPMC reveals an in vitro disintegration time in a simulated saliva medium of
130 s. There are no differences between F-UBE-HPMC and R, suggesting that the UBE load
does not influence the patches’ disintegration performance. However, these results offer
only orientation data considering that when applied to the oral mucosa, the patches are
immobilized, and the fluid medium is secreted in low quantity.

The swelling rate over the 6 h of the study is presented in Figure 2e.

No significant differences between the UBE-loaded patch and Reference are revealed
regarding the swelling ratio. The F-UBE-HPMC (272%) displays a lower swelling behavior
than R (286%); the UBE state and dispersion determine it. We can observe that the swelling
index increases more in the first 4 h, then the growth is slower, the differences between 330
and 360 min being insignificant. It is noticeable that the swelling rate increases linearly
in the first 4 h, with around 20% every 30 min. The equilibrium state of swelling was
reached at 240 min, and then the swelling was minor. The use of UBE does not considerably
influence the swelling ability. No patch eroded after 6 h, and no swelling could be detected
after this time.

Regarding the mucoadhesion time, F-UBE-HPMC has a retention time of 102 min
on the oral mucosa, the Reference one being 106 min. Generally, the active ingredient
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dispersion in the polymer base significantly influences the bioadhesive behavior. The
retention time depends on the film-forming polymer’s and the plasticizer’s retention
properties; it is also highly controlled by the ratio between them [72].

3.4. BSL Assay

After 24 h, all the larvae were alive, swimming, and showing normally visible move-
ments. After 48 h, 35.89% of larvae were active, and 12.82% were in the sublethal stage;
the registered mortality was 51.28%. We investigated them under a microscope to observe
the changes after 24 and 48 h of exposure. All these microscopic images are presented in
Figure 3a—p.

Figure 3. Cont.
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Figure 3. A. salina larvae after the exposure to F-UBE-HPMC (a—p)—microscopic images at
100 % (a,e,i,m) and 400 (b—d,f-h,j-1,n—p). After 24 h: blank (a-d) and F-UBE-HPMC (e-g); after 48 h:
blank (i-1) and F-UBE-HPMC (m—p). The following changes can be observed compared to blank:
(f-g,n—p) a low quantity of food in the digestive tract (1), (p) a low detachment of the cuticle from
larval tissues (2), the cell damage with large intercellular spaces (3). FM images of A. salina larvae
after 48 h of exposure at F-UBE-HPMC (q—x) stained with acridine orange 100 (q,u) 200X (r—t,w,x)
and 400x (f). (q—t)—blank; (u—x)—F-UBE-HPMC. Intracellular lysosomes activated in cell death
processes were revealed by the red fluorescence (w,x). F-UBE-HPMC—mucoadhesive oral patches
loaded with U. barbata dry ethanol extract.

The brine shrimp larvae could not feed; after exposure for 24 h to F-UBE-HPMC they
have a lower amount of food in the digestive tract (Figure 3e-h) than the negative control
(Figure 3a—d). Because of this, they have not even passed to a higher larval stage. After
48 h, the high mortality rate recorded is due to starvation. Compared to blank (Figure 3i-1),
the exposed larvae have an empty digestive tract (Figure 3m—p). The lack of nutrients leads
to cell and tissue destruction, finalized with the death of Artemia nauplii.

In addition, at the intracellular level, FM images (Figure 3q—x) show activated lyso-
somes in cell death processes (Figure 3w,x).

3.5. In Vitro Analysis of the Biological Effects of Mucoadhesive Patches on Human Blood Cell
Cultures and Oral Cancer Cell Line CL5-354

Our work continues the preliminary studies of U. barbata (L) dry extracts on normal
and tumor cells [51,54]. In the present study, U. barbata dry extract in 96% ethanol was
loaded into mucoadhesive patches (F-UBE-HPMC). Thus, we aim to explore the F-UBE-
HPMC biological mechanisms implied in oxidative stress, caspase 3/7 activity, cell cycle,
nuclear shrinkage, autophagy, apoptosis, and DNA synthesis in blood cells and CLS-354
tumor cells.

3.5.1. Evaluation of Total ROS Activity

F-UBE-HPMC induced oxidative cellular stress (expressed as total ROS) in blood cell
cultures and CLS-354 tumor cell lines (Figure 4).
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Figure 4. Reactive oxygen species (ROS) levels models in normal blood cells (a—c) and CLS-354
tumor cells (d—f) after 24 h treatment with F-UBE-HPMC. UBE-loaded mucoadhesive patches and
controls extrapolated on ROS axis (gh) in blood cells (g) and CLS-354 tumor cells (h); F-UBE-
HPMC—mucoadhesive oral patch loaded with U. barbata dry ethanol extract (a,d); C1—1% DMSO
negative control (b,e); C2—125 pug/mL UA-positive control (c,f). Statistical analysis of reactive
oxygen species (ROS) in normal blood cells (i) and CLS-354 tumor cells (j). ** p < 0.01 evidence
of significant statistical differences between controls and F-UBE-HPMC made by paired samples
t-test; F-UBE-HPMC—mucoadhesive oral patches loaded with U. barbata (L.) dry ethanol extract;
Cl—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control with 125 pg/mL
usnic acid (UA).

Significant elevations of ROS levels were reported in the blood cells treated with
F-UBE-HPMC compared to both controls as follows: 863.33 x 10* + 32.14; vs. Cl:
242.00 x 10* £ 2.00; p < 0.01; C2UA: 846.66 x 10* £ 5.77, p > 0.05 (Figure 4a—c,g,i).

The F-UBE-HPMC induced an intense ROS production in OSCC cells, compared to
1% DMSO and 125 ug/mL UA as follows: 1516.66 x 10* + 105.98; vs. 15.66 x 10* + 4.04;
966.66 x 10* 4 57.73, p < 0.01 (Figure 4d-f h,j).



Antioxidants 2022, 11, 1801 18 of 36

3.5.2. Evaluation of Caspases 3/7 Activity

Caspase 3 controls DNA fragmentation and morphological changes in apoptosis. In
contrast, caspase 7 appears to be more important to the loss of cellular viability. Thus,
the combined role of both caspases is essential in mitochondrial apoptotic events [73].
To examine the pro-apoptotic effects of F-UBE-HPMC through the caspase 3/7 signaling
pathway in normal blood cells and CLS-354 tumor cells, we have determined the enzymatic
activity of caspase 3/7 by flow cytometry (Figure 5).
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Figure 5. Caspases 3/7 activity models in normal blood cells (a-c) and CLS-354 tumor cells (d—f) after
24 h treatment with F-UBE-HPMC. MR-DEVD patterns of F-UBE-HPMC (a,d), 1% DMSO negative
control (b,e), and 125 pg/mL UA-positive control (c,f); Statistical analysis of 3/7 caspases activity
in normal blood cells (g) and CLS-354 tumor cells (h). * p < 0.05 and ** p < 0.01 evidence significant
statistical differences between controls and F-UBE-HPMC made by paired samples t-test; V—viability;
EA—early apoptosis; F-UBE-HPMC—mucoadhesive oral patches loaded with U. barbata (L.) dry
ethanol extract; C1—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control
with 125 ug/mL usnic acid (UA).
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Caspase 3/7 activity in blood cell cultures after 24 h of treatment with F-UBE-HPMC
reported significantly lower values compared to both controls: 16.16 & 2.40 vs. C1: 29.26 + 1.97;
C2UA: 44.74 £ 041, p < 0.01 (Figure 5a—c,g).

In CLS-354 tumor cells, the biochemical cascade of reactions implied in the proapop-
totic signal induced by F-UBE-HPMC is slowly higher than the negative control and lower
than positive control: 24.84 £ 3.65; vs. 21.88 & 5.09; 27.02 & 1.64, p > 0.05 (Figure 5d—f,h).

3.5.3. Cell Cycle Analysis

Using propidium iodide/RNase stain for DNA content allowed us to explore the
effects of F-UBE-HPMC on cell cycle distribution in normal blood cells and CLS-354 tumor
cells (Figure 6).

The F-UBE-HPMC induced a cell cycle arrest in the G1/G0 phase (90.60 £ 0.79)
compared to negative control (88.52 & 0.54, p < 0.05) and decreased DNA synthesis
(1.91 £ 0.65 vs. 4.76 = 0.68, p < 0.01) in normal blood cells (Figure 6a—c,g,i).

In CLS-354 tumor cells, F-UBE-HPMC determined a higher cell cycle arrest in the G0/G1
phase than the positive control: 93.03 £ 3.13 vs. 90.05 £ 345, p < 0.01 (Figure 6d—£h,j).
Significantly lower values of DNA synthesis were registered in CLS-354 tumor cells after
treatment with F-UBE-HPMC compared to 1% DMSO: 3.58 & 0.80 vs. 5.47 £ 0.83, p < 0.01
(Figure 6d,eh,j).

F-LIBE-HPMC DA PL C1DMART C2 UADNA PI
] T’ ; —
it | G051 !5 G2/M E00 S ap |Gofeil s |Gzm 4004 | ap |GO/G s R2/M
S 500 4 i
] f ' 300
£ 200 ] | 5 400 3 |I :
0 ] i B 300 ! 2 200 -
e 200 \
100 4 ] [ ]
= ond [ 1o
o a1 - 1 0 - T = T 0 i T T L T
o} 102 167 g% 105 108 IR (5o AR T ST w oot ot
7l Fl Fl
(a) (b) (c)
F-LBE-HPMIC g PI C1DnA Pl C2 UADNAPT
120 3 300 240
| A Gﬂfﬁﬁl 5|G2/M ~ AP ﬁrbms G2/M 1| AP 0/G1 s |G2/M
100 4 A 250 4 1 200
&0 ] F 200 3 ]
T | ¥ T [Ih £ 150
g 603 T £ 1460 3 ]
| I = 1] © 100 4
40 4 3 f 04 .‘
20 oo ZE I A "
0 4 . ﬁl“ e L R et e 0 SR S
ol 1ot 10 1ot 10f qof TSR T A Ts S T 13 R s LT ST S 1 A 11 BET1
FI Fl FI
(d) (e) €9

Figure 6. Cont.



Antioxidants 2022, 11, 1801

20 of 36

F-UBE-HPMC DA PI

F-UBE-HFMC DiNA P

F-UBE-HFMC DA FI F-UBE-HFMC DMNA Pl
1 DMA P
2 LIA DNA PI _I_ I
600 St '
500 i - )m
i |
: 400 1 # 150 !
& 300 E .-"h-, < 100 3 O
200 3 ' 5 |
E 'J,.-' Lllll I"'. . ] F I1IH',
100 3 g \ 20 J T,
1 et - e i A ks
o T e o £ < R
0 1o 4ot 0 wd o o1t 1% 1

FI

00—

CRll o n (3 aw FLERNasa & 33N

(8) (h)
00—
H
b
o
3
3
=
[
o
&
:
<
&,
=
2
&7
Caoncertraions of - 2z HRPMC and corbrals cogamill Concertraions cf - Jsz HEMOC ad corbrals (agamls
(i) )

Figure 6. Cell cycle analysis in normal blood cells (a—c) and CLS-354 tumor cells (d—f) after 24 h
treatment with F-UBE-HPMC. PI/RNase patterns of F-UBE-HPMC (a,d); 1% DMSO negative
control (b,e); 125 ug/mL UA-positive control (c,f); F-UBE-HPMC and controls extrapolated on
PI axis (g/h); AP—apoptosis (sub G0/G1); Statistical analysis (i,j) of GO/G1, synthesis (S), and G2/M
phases of the cell cycle in normal blood cells (i) and CLS-354 tumor cells (j). * p < 0.05 and ** p < 0.01
represents significant statistical differences between controls and F-UBE-HPMC made by paired sam-
ples t-test; F-UBE-HPMC—mucoadhesive oral patches loaded with U. barbata (L.) dry ethanol extract;
Cl—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control with 125 pg/mL
usnic acid (UA).PI-propidium iodide; S-synthesis of cell cycle phases; F-UBE-HPMC—mucoadhesive
oral patches loaded with U. barbata (L.) dry ethanol extract.

3.5.4. Nuclear Condensation and Lysosomal Activity

Apoptotic cells display highly condensed pyknotic nuclei, stained with Hoechst 33342.
Acridine orange highlighted the lysosomal activity after F-UBE-HPMC treatment on normal
blood cells and CLS-354 tumor cells, as shown in Figure 7.
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Figure 7. Nuclear shrinkage models (a—f) in normal blood cells (a—c) and CLS-354 tumor cells (d—f), after
24 h treatment with F-UBE-HPMC. Hoechst patterns of F-UBE-HPMC (a,d); 1% DMSO negative
control (b,e); 125 ug/mL UA-positive control (c,f); Lysosomal Activity (g-1) in normal blood cells (g—i)
and CLS-354 tumor cells (j-1). Acridine orange patterns of F-UBE-HPMC (g,j); 1% DMSO negative
control (h,k); 125 ug/mL UA-positive control (il); Statistical analysis of nuclear shrinkage and
lysosomal activity (m,n) in normal blood cells (m) and CLS-354 tumor cells (n). * p < 0.05 and
** p < 0.01 reveal significant statistical differences between controls and F-UBE-HPMC made by
paired samples -test; NS—nuclear shrinkage; A—autophagy; F-UBE-HPMC—mucoadhesive oral
patches loaded with U. barbata (L.) dry ethanol extract; Cl1—negative control with 1% dimethyl
sulfoxide (DMSO); C2UA—positive control with 125 pg/mL usnic acid (UA).

After 24 h of treatment, the influence of the F-UBE-HPMC on nuclear shrinkage in
normal blood cells was substantially lower (7.70 &= 0.80) reported to 1% DMSO: 24.50 £ 2.21,
p < 0.01 (Figure 7a,b,m). However, they are significantly higher than the 125 pg/mL UA:
3.19 £ 0.30, p < 0.05 (Figure 7a,c,m).

The F-UBE-HPMC-induced autophagy had considerably diminished values in normal
blood cells, compared to controls: 8.32 £ 0.61; vs. C1: 51.30 & 3.25; C2UA: 27.05 &+ 1.52,
p <0.01 (Figure 7g—i,m).

By flow cytometry examination, Hoechst 33342 /acridine orange dual stained cells
revealed chromatin condensation (NS) and autophagy (A) in OSCC cell lines exposed
to F-UBE-HPMC for 24 h. Both processes were significantly intensified compared to 1%
DMSO. The NS values were 25.29 4 1.35 vs. 16.11 £ 3.11, p < 0.05 (Figure 7d,e,n) and A
levels of 29.75 £ 1.12 vs. 12.57 £ 0.92, p < 0.01 (Figure 7j,k,n).

However, F-UBE-HPMC had significantly lower effects on nuclear shrinkage and
lysosomal activity than 125 pg/mL UA: NS: 25.29 + 1.35 vs. 44.03 &+ 0.36, p < 0.01; A:
29.75 £ 1.12 vs. 53.35 + 2.63, p < 0.01 (Figure 7d,fj,Ln).

3.5.5. Annexin V-FITC Apoptosis Assay

Cell apoptosis by externalizing phosphatidyl serine—as evidenced by annexin V-
FITC/PI stain—triggered by F-UBE-HPMC was determined by flow cytometry based on
morphology and cell membrane integrity in normal blood cells and CLS-354 tumor cells
(Figure 8).
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Figure 8. Cell apoptosis models in normal blood cells (a—c) and CLS-354 tumor cells (d—f) after
24 h treatment with F-UBE-HPMC. Annexin V-FITC/PI patterns of F-UBE-HPMC (a,d); 1% DMSO
negative control (b,e); 125 ng/mL UA-positive control (¢, f); F-UBE-HPMC—mucoadhesive oral
patches loaded with U. barbata (L.) dry ethanol extract. Statistical analysis of cell apoptosis in
normal blood cell cultures (g) and CLS-354 tumor cell lines (h). ** p < 0.01 highlights significant

statistical differences between controls and F-UBE-HPMC made by paired samples t-test; V—viability;
EA—early apoptosis; F-UBE-HPMC—mucoadhesive oral patches loaded with U. barbata (L.) dry
ethanol extract; C1—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control
with 125 ug/mL usnic acid (UA).
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After 24 h of treatment, in normal blood cells, F-UBE-HPMC did not induce early
cell apoptosis (EA); the cell viability (V) had significant differences compared to C2UA.
The following values were registered: EA—0.00 £ 0.00 vs. 37.04 £ 0.66, p < 0.01;
V—98.76 £ 1.13 vs. 61.43 £ 0.88, p < 0.01 (Figure 8a,c,g).

Similar results were obtained at F-UBE-HPMC compared to 125 ug/mL UA regarding
EA of tumor cells: 0.00 £ 0.00 vs. 12.92 £ 1.35, p < 0.01. Only UA induced EA in OSCC
cells. Generally, the viability of tumor cells exposed to F-UBE-HPMC had considerably
higher values than positive control: 99.36 & 0.61 vs. 54.05 & 1.35, p < 0.01 (Figure 8d,{,h).

3.5.6. Cell Proliferation

EdU (5-ethynyl-2’-deoxyuridine) directly measured DNA synthesis in normal blood
cells and CLS-354 tumor cells treated with F-UBE-HPMC. Simultaneously, this test permit-
ted the evaluation of DNA fragmentation as a sub G0/G1 phase corresponding to apoptotic
cell fraction [74]. The obtained results are presented in Figure 9.
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Figure 9. Synthesis (S) and fragmentation of DNA models in normal blood cells (a—c) and
CLS-354 tumor cells (d—f) after 24 h treatment with F-UBE-HPMC. EdU-iFluor 488 patterns of
F-UBE-HPMC (a,d); 1% DMSO negative control (b,e); 125ug/mL UA-positive control (c,f). F-UBE-
HPMC and controls extrapolated on EdU-iFluor 488 axis (g,h); AP—apoptotic cell fraction (sub
G0/G1); F-UBE-HPMC—mucoadhesive oral patches loaded with U. barbata (L.) dry ethanol extract.
Statistical analysis (i,j) of DNA synthesis (S) and fragmentation (AP—apoptotic cell fraction, sub
GO0/G1 phase) in normal blood cell cultures (i) and CLS-354 tumor cell lines (j). * p < 0.05 and
** p < 0.01 underlines significant statistical differences between both controls and F-UBE-HPMC made
by paired samples ¢-test; F-UBE-HPMC—mucoadhesive oral patches loaded with U. barbata (L.) dry
ethanol extract; Cl—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control
with 125 ug/mL usnic acid (UA).

In normal blood cells, F-UBE-HPMC considerably diminished DNA synthesis com-
pared with both controls as follows: 2.75 + 0.21 vs. 10.36 £ 1.21 (C1) and 6.49 £ 1.25 (C2UA),
p < 0.05. DNA fragmentation implied in apoptosis significantly increased compared to
125 pg/mL UA: 2.49 £ 0.50 vs. 0.00 £ 0.00, p < 0.05 (Figure 9a—c,g,i).

On the other hand, in CLS-354 tumor cells, F-UBE-HPMC blocked DNA synthesis
compared to both controls as follows: 0.00 & 0.00 vs. 12.44 + 2.80 (C1) and 3.14 &+ 0.50
(C2UA), p < 0.05. However, the apoptotic cell fraction represented by fractional DNA (sub
GO0/G1 phase) [74] had lower values reported to 1% DMSO: 1.54 £ 0.70 vs. 15.18 + 2.17,
p < 0.05 (Figure 9d—£,h,j).

3.5.7. Principal Component Analysis

The principal component analysis (PCA) [75] was realized for F-UBE-HPMC and both
controls (C1-DMSO and C2UA) and variable parameters measured in normal blood cells
and CLS-354 OSCC tumor cells, according to the correlation matrix and PCA-correlation
circle from Supplementary Material.

The PCA results are illustrated in Figure 10.

The two principal components explained the total data variance, with 64.26% at-
tributed to the first (PC1) and 35.74% to the second (PC2). The PC1 was associated with
controls (C1-DMSO and C2UA), caspase 3/7 activity in CLS-354 tumor cells, and ROS
levels in normal blood cells. PC2 was related to F-UBE-HPMC mucoadhesive oral patches,
ROS levels in CLS-354 tumor cells, and caspase 3/7 activity in normal blood cells.
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Figure 10. PCA-Correlation biplot between mechanisms (caspase 3/7 activity and cellular oxidative
stress) and processes induced by F-UBE-HPMC and both controls (C1-DMSO and C2UA) in normal
blood cells (bc) and CLS-354 tumor cells (oscc). F-UBE-HPMC—mucoadhesive oral patches loaded with
U. barbata (L.) dry ethanol extract; V—viability, EA—early apoptosis, LA—late apoptosis, N—necrosis,
NC—nuclear condensation, A—autophagy, DNAs—DNA synthesis, sub G0/G1—apoptotic cell fraction
G0/Gl—cell cycle arrest in G0/G1 phase, ROS—oxidative stress, C3/7—caspase 3/7 activity.

In normal blood cells, caspase 3/7 activity shows a high positive correlation with
autophagy (r = 0.998, p < 0.05), DNA synthesis (r = 0.999, p < 0.05) and necrosis (r = 0.970,
p > 0.05) and a moderate one with nuclear condensation (r = 0.758, p > 0.05). This pathway is
highly negatively correlated with oxidative stress and cell cycle arrest in GO/G1 (r = —0.885,
respectively r = —0.970, p > 0.05). Figure 10 also indicates that ROS level highly positively
correlates with cell cycle arrest in GO/G1 (v = 0.972, p > 0.05); it reports a low correlation
with (r = 0.479, p > 0.05). Oxidative stress shows a high negative correlation with DNA
synthesis (r = —0.882, p > 0.05), necrosis (r = —0.971, p > 0.05), nuclear condensation
(r=—0.975, p > 0.05), and autophagy (r = —0.911, p > 0.05).

In CLS-354 tumor cells, the effector caspase 3/7 activity is substantially positively
correlated with autophagy (r = 0.984, p > 0.05), nuclear condensation (¥ = 0.960, p > 0.05),
early apoptosis (r = 0.819, p > 0.05), late apoptosis (r = 0.819, p > 0.05) and necrosis (r = 0.826,
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p > 0.05) and moderately correlated with ROS levels (r = 0.692, p > 0.05). This previously
mentioned mechanism negatively correlates with DNA fragmentation in the sub G0/G1
phase (high, r = —0.896, p > 0.05), DNA synthesis (moderate, r = —0.776, p > 0.05), and
cell cycle arrest in GO/G1 (low, r = —0.371, p > 0.05). The oxidative stress is considerably
negatively correlated with DNA synthesis (r = —0.992, p > 0.05) and sub G0/G1 phase
(r=—0.940, p > 0.05), and low positively correlated with early and late apoptosis, necrosis,
nuclear condensation, and autophagy (r = 0.152-0.553, p > 0.05).

A general data analysis for the good visualization of F-UBE-HPMC and controls
activity on normal and tumor cells is illustrated in Figure S2, Supplementary Material.
Figure S2 shows that F-UBE-HPMC and the positive control (UA of 125 ng/mL) exhibit a
higher activity on tumor cells than on normal blood cells (Figure S2A,C-E). The UBE-loaded
mucoadhesive oral patches and UA diminish the blood cell damage induced by 1% DMSO
through caspase 3/7 activity, nuclear condensation, and autophagy which trigger necrotic
processes (Figure S2D). Moreover, F-UBE-HPMC has a higher protective action on normal
cells than UA. On CLS-354 tumor cells, the UBE-loaded mucoadhesive patches induced the
most elevated oxidative stress and complete inhibition of DNA synthesis (Figure S2A,E).
Usnic acid, the main phenolic secondary metabolite of Usnea sp., exhibited the highest
antitumor activity. These data correlation and interpretation established the places of
F-UBE-HPMC and both controls (C1-DMSO and C2UA) in the PCA-biplot (Figure 10),
highlighting the corresponding processes triggered in CLS-354 cancer cells and normal
blood cells.

3.6. Antimicrobial Activity

Data registered in Table 2 display the used in microdilutions of standard antibiotic
(CTR) and antifungal (TRF) drugs and F-UBE-HPMC. Data from Table 2 show that the colors
of standard antibiotics correlate with their inhibiting power and are directly proportional
to their concentration. We can observe CTR dose-dependent inhibitory activity on both
tested bacteria. However, S. aureus sensibility at CTR is higher than P. aeruginosa.

Contrariwise, the inhibitory activity of F-UBE-HPMC is higher on P. aeruginosa than on
S. aureus. Therefore, the inhibitory activity of F-UBE-HPMC of [5.2-0.65] mg/mL against
S. aureus is similar to CTR of [0.75-0.093] mg/mL. On P. geruginosa, F-UBE-HPMC of
[5.2-0.325] mg/mL acts similarly with CTR of [1.998-1.599] mg/mL; lower concentrations
of [0.162-0.081] mg/mL have a similar effect with CTR of [0.093-0.046] mg/mL.

Data from Table 2 shows that TRF had a fungicidal effect on both Candida sp. [64] and
in the entire microdilutions domain.

On C. albicans, the F-UBE-HPMC of [5.2-0.65] mg/mL acts similarly to TRFE. The lower
dilutions of [0.325-0.081] mg/mL exhibit a significantly diminished effect, inducing a
moderate to fast proliferation of C. albicans colonies (Table 2).

After 24 h of incubation with the first two dilutions of F-UBE-HPMC [5.2-2.6] mg/mL,
C. parapsillosis fungal cells were partially dead [64]. The following F-UBE-HPMC concentra-
tions of [1.3-0.081] mg/mL progressively induced low to moderate cell proliferation.

Table 2. Antibacterial and antifungal activity of UBE-loaded mucoadhesive oral patches.

Microdilutions

CTR TRF F-UBE-HPMC
Microdilution
30 mg/mL 122 mg/mL 10.1 mg/mL 104 mg/mL
1 1.5 6.1 0.5 52
2 0.75 4.88 0.25 2.6
3 0.375 3.904 0.125 1.3
4 0.187 3.123 0.062 0.65
5 0.093 2.498 0.031 0.325
6 0.046 1.998 0.015 0.162
7 0.023 1.599 0.007 0.081
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Table 2. Cont.

Antibacterial activity

S. aureus P. aeruginosa
Dil. CTR F-UBE-HPMC CTR F-UBE-HPMC
A B A B A B A B
1
2
3
4
5
6
7
Antifungal activity
C. albicans C. parapsilosis
Dil. TRF F-UBE-HPMC TRF F-UBE-HPMC Color ** Score ** Signification **
A B A B A B A B
1 I 0 Blue—cells are death
2 1 Violet-blue—cells
I are partially dead
Violet—cells are alive;
3 2 . -
I no proliferation
Light-violet—low
4 3 . .
proliferation
I Dark pink—mode-rate
5 4 ) .
proliferation
6 5 Pink—fast proliferation
7 6 Light pink—very fast

proliferation

CTR—ceftriaxone; TRE—Terbinafine; F-UBE-HPMC—mucoadhesive oral patch loaded with UBE; UBE—U. barbata
dry ethanol extract; * Resazurin dye chart adapted from Madushan et al. [62] as follows: blue—"excellent”; light
blue—"very good”; violet—"good”; purple-pink—"moderate”; light pink—“low”; pink—"very low”; white—"no
effect”; A. well plates examined by using Resazurin dye chart; B. well plates examined at a wavelength of 470 nm;
** Results interpreting adapted from Bitacura et al. [64]. TRF—Terbinafine, F-UBE-HPMC—mucoadhesive oral
patches loaded with UBE (U. barbata dry ethanol extract), A—well plates examined through Resazurin color;
B—well plates read at a wavelength of 470 nm.
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4. Discussion

Until the pharmaceutical formulation, our team studied U. barbata from the Calimani
mountains for almost 6 years, according to current medicinal plant legislation [76-78]. In
the present work, mucoadhesive oral patches containing U. barbata dry ethanol extract
were manufactured and analyzed, compared to References (the same formulation without
UBE). HPMC in a 15% aqueous dispersion ensured suitable patch toughness. PEG 400—in
a 5% concentration of the patch mass—provided an elegant, glossy, smooth appearance
and high flexibility. The F-UBE-HPMC homogeneity proved that the active ingredient was
adequately incorporated into the polymer matrix due to the miscibility of the vehicles.

Weight and thickness low variations guarantee the efficiency of the formulation and
applied method and provide a certain content uniformity. F-UBE-HPMCs have suitable
weight and thickness for application to the oral mucosa [45,79,80], and our results are
similar to other developed studies on HPMC patches [79].

The patches’ flexibility is essential for easy handling and administration. Semalty et al. [81]
proved that mixing HPMC with PEG in 30% of the polymer weight leads to low folding
endurance. Thus, PEG used in low concentrations represents the optimal plasticizer. In the
present study, PEG 400 in a 5% proportion confirms the excellent flexibility of both patches.
The plasticizer reduces patch rigidity by minimizing intermolecular forces [82]. High
amounts of plasticizer, due to over-hydration, might diminish the patches’ mucoadhesive
properties [83].

In F-UBE-HPMC, UBE is dissolved in the base, thus maintaining its natural struc-
ture. The polymer molecular chain disruption induces higher chain mobility, increasing
flexibility, and decreased rigidity. Maher et al. [84] proved the influence of the polymer
type on the patch tensile strength. Also, it was confirmed that the tensile strength in-
creases with the film-forming polymer concentration. The HPMC 15% dispersed in water
leads to developing a strong matrix with a suitable network density. The results show the
film-forming agent and the plasticizer’s substantial influence on the patches” mechanical
properties. Their strength is affected by the active ingredient’s nature, concentration, and
dispersion type.

The amount of moisture influences the patches’ friability; as proven, both ones display
good resistance. Thus, the contained humidity could offer suitable mechanical properties.
PEG 400 highlights a substantial hygroscopicity due to its hydrophilic hydroxyl groups
interacting with water [35], providing numerous sites for interactions and leading to the
patches” moisture retention. However, HPMC has hydrophilic hydroxypropyl substituents
but contains hydrophobic methoxyl groups and does not maintain excessive moisture [85].

All the ingredients influence the patches’ pH values. We aimed to properly select them
to obtain a surface pH similar to the buccal one, and F-UBE-HPMCs are biocompatible with
the oral mucosa, having a neutral pH.

The disintegration time displayed by both patches intensely depends on the polymer
matrix. Shen et al. [86] demonstrated that the patch disintegration time rises with increasing
HPMC concentration. The patches’ in vitro behavior was typical for rapid disintegration
systems, allowing a fast release of the active ingredient.

The swelling properties are essential for patches” mucoadhesion. They considerably
depend on the diffusivity of water into the polymer [87]. Therefore, it was proven that the
disturbance of the polymer chains by including active ingredients in the matrix decreases
the water content [88].

The values registered for ex vivo retention time help predict the patches’ in vivo
mucoadhesive performance. The obtained results proved to be satisfactory for the stud-
ied formulations. Adhesion is enhanced with the hydration increase until an optimal
point; overhydration determines the polymer/tissue interface damage and diminishes the
bioadhesive force.

The neutral pH and rapid disintegration of F-UBE-HPMC permitted in vitro and
in vivo investigation. The U. barbata dry ethanol extract was previously studied and proved
to have significant pharmacological potential. Its secondary phenolic metabolites were
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quantified through HPLC-DAD; UBE has a total phenolic content of 573.234 & 42.308 mg
PyE/g, of which 108.742 £ 0.703 mg/g usnic acid, 0.605 £ 0.007 mg/g ellagic acid, and
0.870 £ 0.008 mg/g gallic acid [65]. Moreover, using UHPLC/ESI/MS/MS in negative
mode, Salgado et al. [89] identified other secondary metabolites with phenolic structures
(depsides, depsidones, diphenyl ethers). We investigated the cytotoxic activity of UBE on
brine shrimp larvae [40], normal blood cells [51], and OSCC cancer cells CAL-27 [54], and
its antimicrobial activity on various bacterial and fungal strains [90-92].

To compare the F-UBE-HPMC bioactivities with the UBE ones, we opted for similar
studies: BSL assay for cytotoxicity prescreening, blood cell cultures from the same donor
(a member of our research team), and another OSCC cell line (CLS-354).

The brine shrimp lethality assay is a significant and low-cost antitumor prescreening
in anticancer drug discovery [49]. The effects of F-UBE-HPMC on A. salina nauplii can be
extrapolated to the analysis of their activity on tumor cells [93]. After 24 h of exposure,
the brine shrimp larvae were alive with normal movements. However, the microscopic
examination of A salina nauplii showed that they could not feed. Compared to the control,
there is a low food amount in the digestive tract of the exposed larvae for 24 h to the
F-UBE-HPMC; therefore, they have not even passed to a higher larval stage. After 48 h, a
high level of larvae mortality was registered; it could be extrapolated to tumor cells as a
blockage of DNA synthesis and cell cycle arrest in G0/G1 [93,94].

After 24 h of F-UBE-HPMC treatment, the viability of tumor cells was over 99%,
similar to BSL assay results. However, the flow-cytometry analyses have shown that
UBE-loaded mucoadhesive oral patches trigger apoptotic mechanisms in OSCC cells by a
massive increase in ROS level and stimulation of effector caspases 3/7 enzymatic activity.
Both mechanisms lead to DNA synthesis blockage, cell cycle arrest in G0/G1, nuclear
condensation, and autophagy. Through the pro-oxidant activity, f-UBE-HPMC exhibits a
higher activity on tumor cells than on normal blood cells. In normal blood cells, the patches
highlighted a substantially lower ROS production. Their protective effects on normal cells
diminish the blood cell damage induced by 1% DMSO through necrotic processes and
reduce caspase 3/7 enzymatic activity, nuclear condensation, and autophagy. All these
results could be explained by the dual redox behavior of usnic acid and other phenolic
secondary metabolites (pro-oxidant in tumor cells and antioxidant in normal cells), as
proved by numerous studies from the scientific literature [54,95-103]. Compared to the
patches, the UBE effects were faster, with the larvae and cell viability diminished after
24 h [40,51,54]. Moreover, its activity on tumor cells was noticeable. UBE also proved an
effective in vitro wound-healing potential, higher on normal cells than tumor ones [54].

In their previous studies, Jardon-Romero et al. [104], Rafey et al. [105], and Thiyahud-
din et al. [106] considered S. aureus, P. aeruginosa, C. albicans, and C. parapsillosis as the
most frequent pathogens responsible for opportunistic oral cavity infections in immuno-
compromised and older people; we previously examined UBE inhibitory activity against
these microbial species [90]. Our results showed that oral mucoadhesive patches loaded
with U. barbata dry ethanol extract have a dose-dependent inhibitory activity against these
microorganisms. Usnic acid and other phenolic constituents from UBE underlie these
antimicrobial effects through various mechanisms, acting on many sites at the cellular
level [107-109]. The results of the F-UBE-HPMC pharmacological potential investigation
proved that this pharmaceutical formulation preserved all the properties of UBE as an
active ingredient. Moreover, the manufacturing process and polymers used for obtaining
UBE-loaded mucoadhesive oral patches did not affect the bioactive secondary metabolites
of U. barbata dry ethanol extract, being optimal for its therapeutic purposes.

It is known that usnic acid, the main secondary metabolite of Usnea sp., displays
severe hepatotoxicity. It caused fulminant liver failure when it was used as a fat burner
in a complex dietary supplement (LipoKinetix, Syntrax, Cape Girardeau, MO, USA) [110],
associated with a recommended daily dose of 300-600 mg. Usnea sp is also known in
Traditional Chinese Medicine as a liver detoxifier. The common TCM dosages were 6-9 g
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of dried lichen, corresponding to around 60-120 mg of usnic acid per day [111]; thus,
1768 patches cover the minimal used daily dose.

5. Conclusions

In this study, the mucoadhesive oral patches loaded with U. barbata dry ethanol extract
were prepared using HPMC and PEG 400 for their formulation. The F-UBE-HPMCs were
compared to References (the same patches without active lichen extract) through complex
physico-chemical and pharmacotechnical procedures, proving their suitability for oral
topical administration.

Moreover, F-UBE-HPMC pharmacological potential investigation confirmed an in vitro
anticancer activity on oral squamous cell carcinoma and dose-dependent inhibitory effects
against the most common bacterial and fungal pathogens implicated in immunosuppressed
patients’ oral infections.

The results suggest that the mucoadhesive oral patches loaded with U. barbata dry
ethanol extract could be a promising phytotherapeutic formulation with potential applica-
tion in oral medicine.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox11091801/s1, Figure S1. Mucoadhesive oral patches: (a) Reference,
(b) F-UBE-HPMC; Figure S2. Comparative activity on normal blood cells and CLS-354 tumor cells of
F-UBE-HPMC and both controls. A. F-UBE-HPMC; B. 1% DMSO (negative control); C. UA of 125 ug/mL
(positive control); D,E. An overview of F-UBE-HPMC films’ activity and controls on normal blood cells
(D) and OSCC tumor cells (E). V—viability, EA—early apoptosis, LA—late apoptosis, N—necrosis,
NC—nuclear condensation, A—autophagy, DNAs—DNA synthesis, sub G0/G1—apoptotic cell fraction,
G0/G1—=cell cycle arrest in G0/G1 gap, ROS—oxidative stress, C3/7—caspase 3/7 activity. File SI:
Principal component analysis processes induced by F-UBE-HPMC and both controls (C1-DMSO and
C2UA) in normal blood cells (bc) and CLS-354 tumor cells (oscc).
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The present study aims to formulate, develop, and characterize the bioadhesive oral films containing
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the oral mucosa. They displayed in vitro anticancer activity on CLS-354 tumor cells. By considerably

Pharmaceutics 2022, 14, 1808. https://doi.org/10.3390 /pharmaceutics14091808 https:/ /www.mdpi.com/journal /pharmaceutics


https://doi.org/10.3390/pharmaceutics14091808
https://doi.org/10.3390/pharmaceutics14091808
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0001-9696-5728
https://orcid.org/0000-0002-8554-7739
https://orcid.org/0000-0003-4372-4335
https://orcid.org/0000-0001-8876-1901
https://orcid.org/0000-0002-2259-647X
https://orcid.org/0000-0002-6935-8065
https://orcid.org/0000-0001-6969-2832
https://orcid.org/0000-0002-4865-2652
https://doi.org/10.3390/pharmaceutics14091808
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics14091808?type=check_update&version=2
ROCCAS
Evidenţiere

ROCCAS
Evidenţiere

ROCCAS
Evidenţiere


Pharmaceutics 2022, 14, 1808

2 of 34

increasing cellular oxidative stress and caspase 3/7 activity, they triggered apoptotic processes in
oral cancer cells, inducing high levels of nuclear condensation and lysosomal activity, cell cycle arrest
in G0/G1, and blocking DNA synthesis. All these properties lead to considering the UBE-loaded
bioadhesive oral films suitable for potential application as a complementary therapy in oral cancer.

Keywords: Usnea barbata (L.) F. H. Wigg dry ethanol extract; oral squamous cell carcinoma; bioad-
hesive oral films; usnic acid; antimicrobial activity; CLS-354 cell line; blood cell cultures; oxidative
stress; anticancer potential

1. Introduction

Oral cancer belongs to the head and neck cancers group, which includes the larynx,
throat, lips, mouth, nose, and salivary glands malignancies [1]. It is the sixth most common
neoplastic disease worldwide [2]. Tobacco or/and alcohol use, betel-quid chewing, and
human papillomavirus (HPV) infection are adequately evidenced as risk factors associated
with oral cancer [3]. These confirmed factors, associated with pollution, diet and nutrition,
poor oral hygiene, chronic inflammation, infectious diseases (i.e., with C. albicans [4]), and a
hereditary predisposition, have contributed to the increased risk of developing oral cavity
malignancies [5]. The conventional treatment of oral cancer consists of surgical intervention
and radiotherapy; in an advanced stage, they could be combined with chemotherapy
after clinical trials. Radiation exposure makes oral tissues more easily damaged, and
physiological repair mechanisms are compromised due to permanent cellular damage [6];
thus, radiotherapy-induced oral complications occur (i.e., oral mucositis, bacterial and
fungal infections, saliva change, mucosal fibrosis, sensory dysfunctions, dental caries,
periodontal disease, and osteoradionecrosis) [6,7]. The optimal combination with high
benefits for oral cancer patients is still unknown, and 5-year survival is around 52% [3] due
to its invasive character and late diagnosis.

The National Cancer Institute also accepts non-conventional products and practices of
Complementary and Alternative Medicine (CAM) https://www.cancer.gov /about-cancer/
treatment/cam/patient (accessed on 30 July 2022). Numerous conventional medical care
practitioners are also CAM ones [8] and support global research investigating plant extracts’
properties to obtain potential anticancer drugs. The rate of patients using CAM in addition
to the standard therapy regime is 40-90% [9], and plant-based products could help them to
prevent and recover from oral complications.

Many in vitro, in vivo, and clinical studies proved the benefits of various plant-based
formulations for oral cancer patients. Thus, a recently published review highlights the
promising effects of milk thistle extracts in oral pathology, i.e., oral cancer, oral mucositis
(OM), periodontal disease, dental caries, and oral candidiasis [10]. Other authors evi-
denced topically applied chamomile’s effectiveness in OM—the most painful acute oral
complication of radio and chemotherapy [11,12]. A previous clinical study revealed the
benefits of SAMITAL® (Indena S.p.A.), a phytopharmaceutical combination of three highly
standardized botanical drug extracts (Vaccinium myrtillus fruits, Macleaya cordata fruits, and
Echinacea angustifolia roots) in OM treatment [13].

Choi et al. [14] recommend the mixture of Momordica charantia Linn., Pistacia lentiscus,
and Commiphora myrrha supercritical extracts as a preventive and therapeutic agent for oral
mucosa inflammation and oral cancer, supported by an in vitro and in vivo evaluation. The
present study suggests U. barbata dry ethanol extract for the previously mentioned applica-
tions, based on animal model cytotoxicity prescreen and in vitro studies. Moreover, recent
studies proposed pyroligneous extracts films of Eucalyptus grandis and chitosan [15] and
mucoadhesive buccal films with Aloe barbadensis dry extract [16] for oral cancer prevention
and treatment. In this work, U. barbata (L.) EH. Wigg dry ethanol extract (UBE) was incor-
porated in bioadhesive oral films. Then, UBE-loaded films were analyzed through complex
physicochemical, pharmacotechnical, and biological studies, aiming to investigate their
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suitability for oral administration and pharmacological activities for potential application
as a complementary therapy in oral cancer.

2. Materials and Methods
2.1. Materials

This study’s chemicals, reagents, and standards were of analytical grade. Usnic acid
standard 98.1% purity, Propidium Iodide (PI) 1.0 mg/mL, Dimethyl sulfoxide (DMSO),
Polyethylene Glycol 400 (PEG 400), and Hydroxypropyl cellulose (HPC) and Antibiotics mix
solution—100 pL/mL with 10 mg Streptomycin, 10,000 U Penicillin, 25 ug Amphotericin B
per 1 mL—were provided by Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). An-
nexin V Apoptosis Detection Kit and flow cytometry staining buffer (FCB) were purchased
from eBioscience™ (Frankfurt am Main, Germany) and RNase A 4 mg/mL from Promega
(Madison, WI, USA). Magic Red® Caspase-3/7 Assay Kit, Reactive Oxygen Species (ROS)
Detection Assay Kit, and EAU i-Fluor 488 Kit were supplied by Abcam (Cambridge, UK).

The OSCC cell line (CLS-354) and the culture medium—Dulbecco’s Modified Eagle’s
Medium (DMEM) High Glucose, basic supplemented with 4.5 g/L glucose, L-glutamine, and
10% Fetal Bovine Serum (FBS) were provided by CLS Cell Lines Service GmbH (Eppelheim,
Germany). Trypsin—ethylenediamine tetra acetic acid (Trypsin EDTA) and the media for blood
cells—Dulbecco’s phosphate-buffered saline with MgCl, and CaCly, FBS, and L-Glutamine
(200 mM) solution—were purchased from Gibco™ Inc. (Billings, MT, USA).

The blood samples were collected from a non-smoker healthy donor (B Rh+ blood
type), according to Ovidius University of Constanta Ethical approval code 7080/10.06.2021
and Donor Consent code 39/30.06.2021.

U. barbata lichen was harvested in March 2021 from the branches of conifers in the
forest localized in the Calimani Mountains (47°29’ N, 25°12’ E, and 900 m altitude). It was
identified by the Department of Pharmaceutical Botany of the Faculty of Pharmacy, Ovidius
University of Constanta, using standard methods. A voucher specimen is deposited in
the Herbarium of Pharmacognosy Department, Faculty of Pharmacy, Ovidius University
of Constanta (Popovici 3/2021, Ph-UOC). The 96% ethanol for U. barbata dry extract
preparation was provided by Chimreactiv SRL Bucharest, Romania.

Artemia salina eggs and Artemia salt (Dohse Aquaristik GmbH & Co., Gelsdorf, Germany)
were purchased online from https:/ /www.aquaristikshop.com/ (accessed on 5 May 2022).

Bacterial and fungal cell lines (S. aureus ATCC 25923, P. aeruginosa ATCC 27353,
C. albicans ATCC 10231, and C. parapsilosis ATCC 22019) for antimicrobial activity evalua-
tion were obtained from Microbiology Department, S.C. Synevo Romania S.R.L., Constanta
Laboratory, in partnership agreement No 1060/25.01.2018 with the Faculty of Pharmacy,
Ovidius University of Constanta. Culture medium Mueller-Hinton agar (MHA) was sup-
plied by Thermo Fisher Scientific, GmbH, Dreieich, Germany; RPMI 1640 Medium and
Resazurin solution (from In Vitro Toxicology Assay Kit, TOX8-1KT, Resazurin based) were
purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).

2.2. The Development of UBE-Loaded Bioadhesive Oral Films

Bioadhesive films with the same excipients but no active ingredient load were ob-
tained and utilized as References to show the lichen extract’s efficacy and influence on the
pharmacotechnical properties.

The composition of the developed bioadhesive films is displayed in Table 1.

The UBE dosage was established considering its solubility in ethanol (3% w/w). HPC
was dispersed in water using a Heidolph MR 3001K magnetic stirrer at 750 rpm and room
temperature; then, PEG 400 was added and blended. UBE was dissolved in ethanol, and
the obtained solution was slowly poured into the polymer matrix while stirring under
the same conditions. The final hydrogels were left overnight at room temperature for
deaeration, then poured into Petri glass plates in a thin layer and let to dry for 24 h at
ambient temperature. Dry films were peeled away from the plate surface and cut into
1.5 cm X 2 cm patches.
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Table 1. Bioadhesive oral film formulations.

Quantity (g)
Ingredients
F-UBE-HPC R
UBE 0.30 -
Ethyl alcohol 96% (v/v) 10.00 10.00
PEG 400 5.00 5.00
HPC 20% water dispersion (w/w) 84.70 85.00

F-UBE-HPC—Dbioadhesive oral film loaded with U. barbata dry ethanol extract; R—bioadhesive oral film without
active lichen extract.

2.3. Physico-Chemical Characterization of the UBE-Loaded Bioadhesive Oral Films
2.3.1. SEM Analysis

A high-resolution scanning electron microscope Quanta3D FEG (Thermo Fisher Scientific,
GmbH, Dreieich, Germany) was used to evaluate both films (R and F-UBE-HPC) morphology.

2.3.2. Atomic Force Microscopy (AFM)

AFM investigations were performed in non-contact mode, using decoupled, flexure-
guided crosstalk eliminated scanners with an XE-100 microscope from Park Systems. In
all AFM measurements, sharp tips were used, NCHR from Nanosensors™, with typically
~8 nm radius of curvature, ~125 pm mean length, 30 pm mean width, ~42 N/m force
constant, and ~330 kHz resonance frequency. XEI program (v 1.8.0) from Park Systems was
used for image processing and roughness evaluation. Below the AFM images, presented as
“enhanced contrast” view mode, representative line scans are plotted, showing in detail the
surface profile of the scanned samples.

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR)

Bioadhesive oral films were characterized by Fourier Transform Infrared (FTIR) using
a Nicolet Spectrometer 6700 FTIR and a Smart DuraSamplIR HATR (Horizontal Attenuated
Total Reflectance) accessory with a laminated-diamond crystal (Thermo Electron Corpora-
tion, Waltham, MA, USA). FTIR spectra were achieved in the spectral range from 4000 to
400 cm !, using a DTGS KBr detector, in transmittance mode. The spectra were the average
of 32 scans recorded at 4 cm ™! resolution.

2.3.4. Powder X-ray Diffractometry

The powder X-ray diffractometry (XRD) patterns were recorded using a Rigaku Ultima
IV diffractometer (Rigaku Corporation, Tokyo, Japan) in parallel beam geometry. A Cu
tube (A = 1.54056 A) operating at 40 kV voltage and 30 mA current was used. The scanning
rate employed was 2°/min over a diffraction angle of 20, with a step size of 0.02 and a
range of 5-60°.

2.3.5. Thermogravimetric Analysis

The thermal curves of both bioadhesive oral films were recorded using a Mettler
Toledo TGA /SDTA 851¢ thermogravimetric analyzer (Mettler-Toledo GmbH, Greifensee,
Switzerland). All experiments were conducted in a synthetic air atmosphere with a heating
rate of 10 °C min~! and a flow rate of 80 mL min~".
2.4. Pharmacotechnical Properties of the UBE-Loaded Bioadhesive Oral Films
2.4.1. Weight Uniformity

Twenty films from each series (F-UBE-HPC and R) were separately weighed, and the
mean weight was calculated.
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2.4.2. Thickness

Thickness was measured on 20 films of each batch using a digital micrometer (Yato
Trading CO., LTD, Shanghai, China) with a 0-25 mm measurement range and 0.001 mm
resolution. The average values were calculated for both films.

2.4.3. Folding Endurance

The films were folded and rolled repeatedly, at the same place, until they broke, or up to
300 times [17]. The folding times were recorded and reported as folding endurance values.

2.4.4. Tensile Strength and Elongation Ability

A digital tensile force tester for universal materials was used to determine the tensile
strength and elongation behavior of a Lloyd Instruments Ltd., LR 10K Plus, West Sussex,
United Kingdom digital tensile force tester for universal materials. The analysis was
carried out at a speed of 30 mm/min from a distance of 30 mm. The breaking force was
measured by placing the patch in a vertical position between the two bracing. The tests
were performed on five patches of each batch.

The tensile strength and elongation at break were calculated using the following equations:

. Force at breakage (kg)
Tensil h ) = 1
ensile strengt (kg/mm ) Film thickness (mm) x Film width (mm) @
Elongation % — Increase in film length < 100 o)

Inital film length

2.4.5. Moisture Content

A thermogravimetric method was used to determine the drying loss using an HR 73
Mettler Toledo halogen humidity (Mettler-Toledo GmbH, Greifensee, Switzerland) [18].
Five films of each formulation were tested.

2.4.6. Surface pH

Five films of each formulation were moistened for 5 min at room temperature with
1 mL distilled water (pH 6.5 &£ 0.5). The pH value was registered by touching the film sur-
face with the electrode of a CONSORT P601 pH-meter (Consort bvba, Turnhout, Belgium).

2.4.7. In Vitro Disintegration Time

Using an Erweka DT 3 apparatus (Erweka® GmbH, Langen, Germany), the time
necessary for both films’ disintegration was determined in a simulated saliva phosphate
buffer with a pH of 6.8 at 37 &2 °C [19].

2.4.8. Swelling Ratio

Six films of each series were placed in Petri plates on a 1.5% agar gel and incubated at
37 £ 1 °C. The films were weighed every 30 min for 6 h. The swelling ratio is calculated
through the following equation:
Wt — Wi

Swelling ratio = Wi x 100 3)

Wtis the patch weight at time t after the incubation, and Wi is the initial weight [20-22].

2.4.9. Ex Vivo Bioadhesion Time

This determination was assessed using the technique described by Gupta et al. [23] on
a detached porcine oral mucosa. The fat layer and any tissue residue were removed from
the membrane surface; then, it was fixed on a glass plate after being rinsed with distilled
water and a phosphate buffer pH of 6.8 at 37 °C. Each film was hydrated in the center with
15 puL phosphate buffer and pressed onto the mucosa surface for 30 s. The glass plate was
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submerged in 200 mL phosphate buffer (pH 6.8) and kept at 37 °C for 2 min. A paddle set
at a 28 rpm stirring rate simulated the oral cavity conditions, and the time requested for
each film to detach from the oral mucosa was measured. This registered time is known as
residence time or bioadhesion time. All tests were carried out in triplicate.

2.5. Antimicrobial Activity
2.5.1. Inoculum Preparation

The direct colony suspension method (CLSI) was used to prepare the bacterial inocu-
lum. Thus, bacterial colonies selected from a 24 h agar plate were suspended in M.H.A.
medium, according to the 0.5 McFarland standard, measured at Densimat Densitometer
(Biomerieux, Marcy—l’Etoile, France) with around 108 CFU/mL (CFU = colony-forming
unit). The yeast inoculum was achieved using the same method, adjusting the RPMI 1640
with fungal colonies to the 1.0 McFarland standard, with 10 CFU/mL.

2.5.2. Samples and Standards

F-UBE-HPC was dissolved in 1 mL of diluted phosphate buffer. As standards, Cef-
triaxone (Cefort 1g Antibiotice SA, Iasi, Romania) solutions 30 mg/mL and 150 mg/mL
in distilled water were used for bacteria. The Cefort powder was weighted at Partner
Analytical balance (Fink & Partner GmbH, Goch, Germany) and dissolved in distilled
water. Terbinafine solution 10.1 mg/mL (Rompharm Company S.R.L., Otopeni, Romania)
was selected as standard for Candida sp.

2.5.3. Microdilution Method

All successive steps were performed in an Aslair Vertical 700, laminar flow, micro-
biological protection cabinet (Asal Srl, Cernusco (MI) Italy). In four 96-well plates, we
performed seven serial dilutions, adapting the protocol described by Fathi et al. [24].

All 96-well plates were incubated for 24 h at 37 °C for bacteria and 35 °C for yeasts in
My Temp mini Z763322 Digital Incubator (Benchmark Scientific Inc., Sayreville, NJ, USA).

2.5.4. Reading and Interpreting

The 96-well plates were examined with a free eye to see the color differences between
standard and samples after 24 h incubation [25]. The corresponding sample concentration
activities were compared with the standard antibiotic ones. For yeasts, the color chart of
the resazurin dye reduction method was used [26,27].

2.6. Cytotoxic Activity of UBE-Loaded Bioadhesive Oral Films on A. salina Larvae

F-UBE-HPC was placed in 1 mL of diluted buffer and left to incubate for 15 min
at 37 °C; after this time, its homogenous dispersion in the buffer solution was used as a
treatment for A. salina larvae.

Brine shrimp larvae were achieved by placing the A. salina cysts in a saline solution of
0.35%, for 2448 h, under continuous aeration and light, at room temperature. (2022 °C).
At the first larval stage, they were separated and introduced into experimental well plates
(with a volume of 1 mL) in 0.3% saline solutions [28]. The prescreen was compared with a
blank (untreated brine shrimp nauplii) to obtain accurate results regarding the F3 patch
cytotoxic effect. During the test period, A. salina larvae were not fed to not interfere with
the tested extracts. Their evolution was investigated after 24 h and 48 h, during which the
larvae had embryonic energy reserves as lipids [29].

2.6.1. Fluorescent Microscopy

The brine shrimp larvae were stained with 3% acridine orange (Merck Millipore,
Burlington, MA, USA) for 5 min. The samples were dried in darkness for 15 min and placed
on the microscope slides.
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2.6.2. Data Processing

The microscopic images were achieved using a VWR microscope VisiScope 300D
(VWR International, Radnor, PA, USA) with a Visicam X3 camera (VWR International,
Hilden, Germany) at 40x, 100x, and 400 x magnifications and processed with VisiCam
Image Analyzer 2.13.

Fluorescent microscopy (FM) images were achieved using an OPTIKA B-350 micro-
scope (Ponteranica, BG, Italy) blue filter (Aex = 450490 nm; Aem = 515-520 nm) and green
filter (Aex = 510-550 nm; Aem = 590 nm). These images were obtained at 100x, 200,
and 400 x magnification and processed with Optikam Pro 3 Software (OPTIKA S.R.L.,
Ponteranica, BG, Italy) [30]. All observations were performed in triplicate.

2.7. In Vitro Analysis of the Biological Effects of UBE-Loaded Bioadhesive Oral Films on Human
Blood Cell Cultures and CLS-354 Tumor Cell Line

2.7.1. Equipment

The study platform for in vitro cytotoxicity analysis was the Attune Acoustic focusing
cytometer (Applied Biosystems, Bedford, MA, USA). Before cell analysis, the flow cytometer
was first set using fluorescent beads (Attune performance tracking beads, labeling, and
detection, Life Technologies, Europe BV, Bleiswijk, Netherlands [31], with standard size
(four intensity levels of beads population). The cell quantity was established by countering
the cells below 1 um. Over 10,000 cells per sample were gated by Forward Scatter (FSC)
and Side Scatter (SSC) for each analysis.

2.7.2. Data Processing

Flow cytometry results were collected using Attune Cytometric Software v.1.2.5, Ap-
plied Biosystems, 2010 (Bedford, MA, USA).

2.7.3. Human Blood Cells Cultures

Blood samples were collected into heparinized vacutainers and used throughout the
experiment. The blood (1.0 mL) was introduced in 6.0 mL of Dulbecco’s phosphate buffered
saline (with MgCl, and CaCly) medium, supplemented with 10% bovine fetal serum,
L-glutamine, and antibiotics mix solution. The mixture was placed in untreated Nunclon
Vita Cell culture 6-well plates (Kisker Biotech GmbH & Co.KG, Steinfurt, Germany) were
incubated in a Steri-Cycle™ i160 CO, Incubator (Thermo Fisher Scientific Inc., Waltham,
MA, USA), with 5% CO,, at 37 °C for 72 h. Next, blood cell cultures were treated with the
samples and controls and incubated for 24 h in the same conditions. All the flow-cytometry
analyses were performed after this incubation time.

2.7.4. CLS-354 Cell Line, Cell Culture

The CLS-354 cells were cultured for 7 days in DMEM High Glucose with 10% FBS
supplemented with antibiotic mix solution in a 5% CO; humidified atmosphere at 37 °C,
according to https://www.clsgmbh.de/pdf/cls-354.pdf (accessed on 5 March 2022). Then,
the cells were dissociated with Trypsin-EDTA and centrifugated at 3000 rpm for 10 min
in a Fisher Scientific GT1 Centrifuge (Thermo Fisher Scintific Inc., Waltham, MA, USA).
Then, the cells were distributed in Millicell™ 24-Well Cell Culture Microplates (Termo
Fisher Scientific Inc., Waltham, MA, USA). After treatment, the cells were incubated for
24 h in the same conditions. All the flow-cytometry analyses were performed after this
incubation period.

2.7.5. Samples and Control Solutions

F-UBE-HPC was dispersed in 1 mL of suitable culture media for both types of cells
with 1% DMSO and incubated at 37 °C for 24 h. Usnic acid of 125 pg/mL in 1% DMSO
was selected as positive control; 1%DMSO was also the negative control.
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2.7.6. Annexin V-FITC Apoptosis Assay

The cells were placed in flow-cytometry tubes (with 2 pL. Annexin V-FITC and 2 pL
PI of 20 ng/mL) and incubated at room temperature, in darkness, for 30 min. Then, 1 mL
of FCB was added, and viable cells, early apoptotic cells, late apoptotic cells, and necrotic
cells were examined with a flow cytometer using a 488 nm excitation, green emission for
Annexin V-FITC (BL1 channel), and orange emission for PI (BL2 channel).

2.7.7. Evaluation of Caspase 3/7 Activity

A total of 300 uL of cell cultures was transferred in flow-cytometry tubes; then, 20 pL
of Magic Red® Caspase-3/7 Substrate-MR-(DEVD),-solution was added and well-mixed
with the cells. Next, 20 puL of PI was added. After incubation, 1 mL FCB was added.
Then, the early stages of cell apoptosis by activating caspases 3/7 (DEVD-ases, accord-
ing to https:/ /www.abcam.com/caspase-37-assay-kit-magic-red-ab270771.html (accessed
on 3 April 2022) were analyzed through flow cytometry using a 488 nm excitation, red
emission for MR-(DEVD),-BL3 channel, and orange emission for PI-BL2 channel.

2.7.8. Evaluation of Nuclear Condensation and Lysosomal Activity

A Magic Red® Caspase-3/7 Assay Kit containing Hoechst 33,342 stain (200 pg/mL)
and acridine orange (AO, 1.0 uM) was used. Hoechst 33,342 is a cell-permeant nuclear stain;
when it is linked to double chain DNA, it emits blue fluorescence, highlighting condensed
nuclei in apoptotic cells.

Acridine orange is a chelating dye that can be used to reveal lysosomal activity-
https:/ /www.abcam.com /caspase-37-assay-kit-magic-red-ab270771. html (accessed on
3 April 2022). Therefore, 300 pL of cell culture was introduced in flow-cytometry tubes;
then, 2 uL of Hoechst 33,342 stain was added, and the cells were well-mixed. Then, 50 uL.
of acridine orange 1.0 pM was added, and the cells were incubated in darkness, at room
temperature, for 30 min. Finally, 1 mL FCB was added, permitting the examination of the
cells at the flow cytometer. UV excitation and blue emission for Hoechst 33,342 (VL2) at
488 nm and green emission acridine orange (BL1 channel) were used for examination.

2.7.9. Evaluation of Total ROS Activity

A total of 100 pL of stain solution from ROS Assay was added to each 1 mL of cell
culture in flow-cytometry tubes and well-mixed. After incubation at 37 °C, in 5% CO,, for
60 min, the cells were examined with a flow cytometer using a 488 nm excitation and green
emission for ROS (BL1 channel).

2.7.10. Cell Cycle Analysis

A total of 1 mL of cell culture was washed in FCB and fixed for 10 min with 50 uL.
ethanol. Next, the cells were treated with PI (20 pg/mL) and RNase A (30 ug/mL) and
incubated at room temperature, in darkness, for 30 min. Then, 1 mL FCB was added, and
the cell cycle distribution was examined by flow cytometry using a 488 nm excitation and
orange emission for PI (BL2 channel).

2.7.11. Evaluation of Cell Proliferation

Volumes of 1 mL of cell cultures were incubated with 50 uM EdU (500 uL) at 37 °C
for 2 h. Then, the cells were fixed (with 100 uL 4% paraformaldehyde in PBS) and perme-
abilized (with 100 pL Triton X-100). After washing in 3% buffer sodium azide (BSA) and
centrifuging at 300 rpm for 5 min, at 4 °C, the cells were incubated with a reaction mix
(500 pL) for 30 min at room temperature, in darkness. Then, they were washed in permeabi-
lization buffer and centrifuged at 300 rpm for 5 min, at 4 °C. After these procedures, 1 mL
FCB was added, and the cells were examined by flow cytometry using a 488 nm excitation
and green emission for EdU-iFluor 488 (BL1).
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2.8. Data Analysis

All analyses were performed in triplicate, and the results were presented as means
values + standard deviation (SD). The results are presented as percent (%) of cell and
nuclear apoptosis, caspase 3/7 activity, autophagy, cell cycle, DNA synthesis, and count
(x10%) of oxidative cellular stress after flow-cytometry analyses were performed with
SPSS v. 23 software, IBM, Armonk, NY, USA, 2015. The Levene test was analyzed for
homogeneity of variances of samples. At the same time, a paired t-test was used to evidence
the differences between sample and controls; p < 0.05 was established as statistically
significant. The Principal Component Analysis was achieved with XLSTAT v. 2022.2.1. by
Addinsoft (New York, NY, USA).

3. Results
3.1. Development of the Bioadhesive Oral Films

Both films are transparent, flexible, and homogenous with smooth surfaces (Figure S1,
Supplementary Material). F-UBE-HPC (Figure Sla) has a yellowish-green, faint-brown
color, while R is colorless. (Figure S1b). The patches peeling and cutting processes occurred
without forming air bubbles, cracks, or other defects.

Each UBE-loaded bioadhesive oral film has 0.330 mg UBE, with a total phenolic content
(TPC) of 573.234 mg/ g (one film has a TPC of 0.189 mg) and 108.742 mg/g usnic acid (one
film contains 0.036 mg UA).

3.2. Physico-Chemical Characterization of the Bioadhesive Films
3.2.1. SEM Analysis

Figure 1 shows the SEM images of Reference (R) and F-UBE-HPC. A clear difference
can be noticed between their aspect. Thus, R has a rough surface (Figure 1a), while F-UBE-
HPC shows an almost entirely smooth one (Figure 1b).

HPW  det mode
um ETD SE

(a) (b)

Figure 1. SEM images of (a) Reference (R); (b) F-UBE-HPC; R—bioadhesive oral film without active
lichen extract; F-UBE-HPC—bioadhesive oral film loaded with U. barbata dry ethanol extract.
3.2.2. AFM Analysis

The AFM 2D images at the scale of (8 x 8) um? in the so-called “enhanced contrast”
view mode are presented in Figure 2a,b.
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Figure 2. The 2D AFM images (enhanced contrast view) at the scale of (8 x 8) um? together with
representative line-scans for bioadhesive films: (a) R, (b) F-UBE-HPC; roughness (Rq) and peak-to-
valley (Rpv) parameters (c) along the line scans and (d) for the whole scanned areas; 2D AFM images
(enhanced contrast view) at the scale of (3 x 3) pm?2 together with representative line-scans for the
films (e) R and (f) F-UBE-HPC; R—bioadhesive oral film without active lichen extract; F-UBE-HPC—
bioadhesive oral film loaded with U. barbata dry ethanol extract.
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The first row shows the Reference (R) (Figure 2a). Some differences in the morphology
of the parental patch can be noticed as the sample R appears more compact with local
accumulations of material (as indicated with a few arrows in Figure 2a). Some large pits
(surface cavities) are also observed on the R surface. The arbitrary lines plotted below the
AFM images of R suggest a similar z-scale (level oscillations) of about 120 nm (the vertical
scale of the plotted line scans in Figure 2a).

The morphology of F-UBE-HPC (Figure 2b) is much more uniform compared with
the parental sample, exhibiting small protuberances. There is a decrease in roughness (Rq),
as also observed in the line scan from Figure 2b, where a vertical scale of ~50 nm can be
observed (from —30 to +20 nm). Moreover, the peak-to-valley (Rpv) parameter decreases
after “functionalization” (from R to F-UBE-HPC), as visible in Figure 2c. The histograms of
the roughness (Rq) and peak-to-valley (Rpv) (Figure 2c) were plotted for all the line scans,
indicated by red horizontal lines in the AFM images. When the corrugation parameters are
calculated for the whole scanned area (i.e., (8 x 8) um?), as displayed in Figure 2d, it was
observed that the R and F-UBE-HPC samples are roughed.

Relevant images of both films” morphology are presented in Figure 2e,f at the scale of
(3 x 3) um?, choosing some areas as flat as possible. In this case, it is evident that locally,
meaning in small areas, the films are relatively uniform regarding the morphological
characteristics but maintain the same trend regarding their roughness.

3.2.3. FTIR Analysis

FTIR spectroscopy was used to study the formation of bioadhesive films. The FTIR
spectra of both films (R and F-UBE-HPC) are shown in Figure 3.
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Figure 3. FTIR spectra of R (black line) and F-UBE-HPC (blue line), in the range of 4000-2000 cm -1
(a) and 2000-400 cm ™~ (b). R—bioadhesive oral film without active lichen extract; F-UBE-HPC—
bioadhesive oral film loaded with U. barbata dry ethanol extract.
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In Figure 3, for the peak’s optimal visualization, evidencing the differences between both
films, the spectral range was divided into two parts: 4000-2000 cm ™! (a) and 2000400 cm !
(b); moreover, R was marked with black color and F-UBE-HPC with blue.

The FTIR spectrum of pure HPC shows absorption bands at 3431 cm ! due to the OH
group from the pyranose unit, at 2967 cm~! and 2932 cm ! due to CH2 and CH stretching
vibrations, at 1533 cm~! due to C=C stretching vibration, and at 1079 cm~! due to C-O-C
stretching vibration [32].

The FTIR spectrum of PEG shows a broad band around 3500 cm~! due to the OH
group forming hydrogen bonds with other polymers. The characteristic bands appearing
at 1724 cm~! and 1633 cm ! are attributed to the carbonyl group (C=0) and stretching
vibrations of CH, CH2, and CH3 groups. The bands at 1464 and 1343 cm ™! are asso-
ciated with the C-H bending. The stretching vibrations of the C-C-O group appear at
1280 and 1100 cm~!. At around 950 and 840 cm !, the harmonic bands of the C-C-O group
appear [33].

The FTIR spectra of R and F-UBE-HPC bioadhesive films show almost the same peaks
as in the pure polymers but with some displacement. This aspect proves that between
the two polymers exists a strong interaction. The UBE presence reduces the FTIR peak
intensity compared with R (Figure 3—blue line), evidencing its complete dispersion in the
polymer matrix.

3.2.4. XRD Analysis

Figure 4a shows the XRD patterns of the reference R and F-UBE-HPC films. According
to Ishii et al. [34], the XRD pattern of HPC showed an amorphous characteristic, with a
broad peak at 20° = 9° and 20°.

1200 R 00
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—— F-UBE-HPC g
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Figure 4. (a) XRD pattern and (b) TG/DTA curves of bioadhesive oral films: R (black line) and F-UBE-
HPC (blue line). R—bioadhesive oral film without active lichen extract; F-UBE-HPC—bioadhesive
oral film loaded with U. barbata dry ethanol extract.

In the XRD pattern of R, the amorphous character was observed with the two broader
peaks characteristic of the HPC compound. The amorphous aspect is maintained when
UBE is loaded, but the peak intensities are reduced, thus proving that UBE was successfully
dispersed in the polymer matrix.

3.2.5. TG Analysis

Thermogravimetric and differential thermal analyses were performed to assess the
bioadhesive films’ thermal behavior and stability. Reference (R) and F-UBE-HPC exhibited
similar behavior when a heating program from 25 to 600 °C (Figure 4b) was performed.

In the first step (between 25 and 100 °C), the films’ mass loss (of 2.4% for R and 2.3%
for F-UBE-HPC) can be associated with the loss of residual solvent and physisorbed water.
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The decomposition process of the organic compounds occurs in two distinct steps, between
190-380 °C and 380-550 °C. The mass losses and maximum decomposition temperatures
obtained from DTA curves associated with the three steps are presented in Table 2.

Table 2. Thermal data of the studied samples.

1st Step (%) 2nd Step (%) 3rd Step (%)
Film
TG (%) TG(%)/Tmax (°C) TG(%)/Tmax (°C)
R 2.4% 88.4%/357.6 °C 9.2%/468.3 °C
F-UBE-HPC 2.3% 85.6%/352.3 °C 12.1%/471.8 °C

R—bioadhesive oral film without active lichen extract; F-UBE-HPC—bioadhesive oral film loaded with U. barbata
dry ethanol extract.

3.3. Pharmacotechnical Properties of the Bioadhesive Oral Films

The pharmacotechnical properties evaluated in this study are displayed in Table 3.
Data from Table 3 show that the F-UBE-HPC average weight reported no significant
difference compared with R (110 + 4.77 vs. 107 & 5.25, p > 0.05). Both films have a
thickness of 0.093 mm, with minimal differences in standard deviation (SD) values between
F-UBE-HPC and R (0.003 vs. 0.002).

Table 3. Bioadhesive oral films’ pharmacotechnical characteristics.

Formulation Code
Parameter *

F-UBE-HPC R

Weight uniformity (mg) 110 £ 4.77 107 £ 5.25

Thickness (mm) 0.093 £ 0.002 0.093 + 0.003
Folding endurance value >300 >300

Tensile strength (kg/mm?) 2.48 + 1.58 257 +1.71
Elongation % 63.14 + 1.94 62.75 + 1.52

Moisture content % (w/w) 6.58 + 0.44 6.23 + 0.56

pH 7.10 £ 0.02 7.07 £ 0.01

Disintegration time (seconds) 118 4+ 3.16 115 +4.19

Swelling ratio (% after 6 h) 289 £5.82 288 +£6.13

Ex vivo biooadhesion time (minutes) 98 4+ 3.58 98 +4.17

* Expressed as mean value + SD; F-UBE-HPC—bioadhesive oral film loaded with U. barbata dry ethanol extract;
R—Dbioadhesive oral film without active lichen extract.

Both developed films displayed a high folding endurance, above 300. Moreover,
tensile strength and elongation did not show significant differences between F-UBE-HPC
and R (2.48 £ 1.58 vs. 2.57 £+ 1.71 and 63.14 £ 1.94 vs. 62.75 &+ 1.52, p > 0.05). F-UBE-HPC'’s
moisture content was similar to the R one (6.58 + 0.44 vs. 6.23 + 0.56, p > 0.05). Both
bioadhesive films have a neutral pH, without noticeable differences between F-UBE-HPC
and R (7.10 £ 0.02 vs. 7.07 £ 0.01, p > 0.05). The films displayed a fast disintegration time
of 118 £ 3.16 (F-UBE-HPC) vs. 115 £ 4.19 (R).

The swelling rate over the 6 h of study is presented in Figure 5.

Table 3 and Figure 5 show that F-UBE-HPC and R have the same swelling performance
after 6 h (289 4 5.82 vs. 288 £ 6.13, p > 0.05).

Regarding the ex vivo bioadhesion time, both oral films (F-UBE-HPC and R) show
similar values: 98 £ 3.58 vs. 98 &+ 4.17, p > 0.05 (Table 3).
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Figure 5. Swelling rate over 6 h for F-UBE-HPC and R; F-UBE-HPC—bioadhesive oral film loaded
with U. barbata dry ethanol extract; R—bioadhesive oral film without active lichen extract.

3.4. Antimicrobial Activity

The standard drugs and F-UBE-HPC microdilutions used in antimicrobial activity
evaluation are registered in Table 4.

Table 4. Microdilutions of Ceftriaxone, Terbinafine, and F-UBE-HPC films.

Microdilution IR TRE F-UBE-HPC
30 mg/mL 122 mg/mL 10.1 mg/mL 110 mg/mL
1 1.5 6.10 0.5 55
2 0.75 4.88 0.25 2.75
3 0.375 3.904 0.125 1.375
4 0.187 3.123 0.062 0.685
5 0.093 2.498 0.031 0.342
6 0.046 1.998 0.015 0.171
7 0.024 1599 0.007 0.085

CTR—Ceftriaxone, TRE—Terbinafine http:/ /allie.dbcls.jp/pair/ TRF;terbinafine. html (accessed on 5 July 2022),
and F-UBE-HPC—bioadhesive oral film loaded with U. barbata dry ethanol extract.

F-UBE-HPC inhibitory activity on both bacterial and fungal strains was dose-dependent,
and the obtained data are displayed in Table 5 and Figure 6.

Table 5 shows that F-UBE-HPC of [5.5-0.085] mg/mL concentration act on S. aureus
similar to CTR of [1.5-0.024] mg/mL (Table 5). On P. aeruginosa, their inhibitory activity is
higher: in the range of [5.5-0.685] mg/mL and act similarly to CTR of [2.498-0.187] mg/mL.
The final F-UBE-HPC concentration range of [0.342-0.085] mg/mL inhibits bacterial colonies
proliferation such as a CTR of [0.093-0.024] mg/mL.

Figure 6 shows that F-UBE-HPC of [5.5-2.75] mg/mL induces C. albicans partial
death and a low proliferation of C. parapsilosis. At the following concentration range
[1.375-0.171] mg/mL, it similarly acts on both Candida sp., determining a moderate prolif-
eration. The final concentration (0.085 mg/mL) leads to C. albicans fast proliferation and
C. parapsilosis moderate.
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Table 5. Inhibitory activity of F-UBE-HPC on S. aureus and P. aeruginosa.

Dil.

S. aureus P. aeruginosa

CTR F-UBE F-UBE-HPC CTR F-UBE-HPC

* Interpreting obtained results adapted from Madushan et al. [25] as blue—excellent; light blue—very good;
violet—good; purple pink—moderate; light pink—low; pink—very low; white—no effect. CTR—Ceftriaxone and
F-UBE-HPC—Bioadhesive film loaded with U. barbata dry ethanol extract; a,c,e,g well plates examined with a free
eye; b,d,f h well plates analyzed at 470 nm.

(e)

Figure 6. Inhibitory activity of F-UBE-HPC (b,d) on C. albicans (a,b) and C. parapsilosis (c,d). The
results were compared with Terbinafine (a,c) as an antifungal drug. (e) Results interpretation adapted
from Bitacura et al. [27], as follows: blue—cells are dead; violet-blue—cells are partially dead; violet—
cells are alive, no proliferation; light-violet—low proliferation; dark pink—moderate proliferation;
pink—fast proliferation; light pink—very fast proliferation. F-UBE-HPC—bioadhesive oral film
loaded with U. barbata dry ethanol extract.



Pharmaceutics 2022, 14, 1808 16 of 34

3.5. Cytotoxic Activity on A. salina Larvae

After 24 h, the larvae were alive, swimming, and showing normally visible movements.
We investigated them under a microscope to observe the changes after 24 and 48 h of
exposure. All these microscopic images are presented in Figures 7 and 8.

Figure 7. A. salina larvae after 24 and 48 h exposure to F-UBE-HPC—microscopic images at 100 x
(ae,im) and 400x (b—d,f-h,j-1,n—p). After 24 h: blank (a—d) and sample (e-h); after 48 h: blank
(i-1) and sample (m—p). (e) contraction of the digestive tube in the upper and middle portion (1);
(f) reduced amount of food in the upper digestive tube (1); (g) early digestive blockage (1), low
detachment of the cuticle from larval tissue (2); (h) low detachment of cuticle from the peripheral
larval tissues (1); (m) dead larvae with massive digestive blockage (1) and tissue destruction (2);
(n) digestive blockage (1) and massive tissue damage (2,3); (o,p) low quantity of foods in the digestive
tube (1), massive tissue destruction (2) and high detachment of the cuticle from larval tissues (3);
F-UBE-HPC—bioadhesive oral film loaded with U. barbata dry ethanol extract.
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(d) ()

Figure 8. A. salina larvae after 48 h of exposure to F-UBE-HPC stained with acridine orange 100x (d),

200x (b,c,ef), and 400x (a). (a—c)—Dblank; (d—f)—samples. The red fluorescence shows intracellular
lysosomes activated in cell death processes (e,f); F-UBE-HPC—Dbioadhesive oral film loaded with U.
barbata dry ethanol extract.

After 24 h of exposure, A. salina larvae showed an early digestive blockage, with
contraction of the digestive tube, a low amount of food in the upper digestive part, and
a low detachment of cuticle from peripheral tissues (Figure 7e-h). After 48 h, 35.82% of
larvae were alive, and 8.95% were in a sublethal stage. The registered mortality was 55.22%
due to massive digestive blockage and tissue destruction (Figure 7m-p).

The FM images show A. salina larvae after 48 h exposure at F-UBE-HPC (Figure 8d—f)
compared with blank (Figure 8a—c). Figure 8e,f shows intracellular lysosomes activated in
the cell death process, evidenced by red fluorescence.

3.6. In Vitro Analysis of the Biological Effects of UBE-Loaded Mucoadhesive Oral Films on Human
Blood Cell Cultures and CLS-354 Cancer Cell Line

The effects of F-UBE-HPC on blood cell cultures and CLS-354 tumor cell line were
studied by highlighting the biological mechanisms implied in caspases 3/7 activity, nu-
clear shrinkage, autophagy, oxidative stress, cell cycle, apoptosis, and DNA synthesis
and fragmentation, following previous preliminary studies with U. barbata dry ethanol
extract [35,36].

3.6.1. Caspase 3/7 Activity

To prove that F-UBE-HPC causes cell apoptosis in normal blood cells and OSCC tumor
cells, the effector caspase 3/7 intracellular activity was determined by flow cytometry. The
results are illustrated in Figure 9.

After 24 h of treatment, the caspase-3/7 activation mechanisms present significantly more
decreased values than the negative and positive controls (13.56 4 3.13 vs. C1: 29.26 4= 1.97,
p <0.05; C2UA: 44.74 + 0.41, p < 0.01, Figure 9A-C,G).

The biochemical cascade of reactions implied in the proapoptotic signal after F-UBE-
HPC treatment in the CLS-354 tumor cell line registers a considerable augmentation re-
ported to 1% DMSO negative control and 125 ng/mL UA positive control (53.42 & 3.16; vs.
21.88 £ 5.09; 27.02 £ 1.64, p < 0.01, Figure 9D-FH).
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Figure 9. The activity of 3/7 effector caspases in normal blood cells (A—C) and CLS-354 tumor cells
(D-F) after 24 h treatment with F-UBE-HPC; MR-DEVD patterns of F-UBE-HPC (A,D), 1% DMSO
negative control (B,E); 125 ug/mL UA positive control (CF). Statistical analysis of 3/7 caspases
activity (G,H) in normal blood cell cultures (G) and CLS-354 tumor cell line (H), * p < 0.05 and
** p < 0.01 represent significant statistical differences between controls and sample made by paired
samples f-test; V—viability; EA—early apoptosis; C1—negative control with 1% dimethyl sulfoxide
(DMSO); C2UA—positive control with 125 pg/mL usnic acid (UA); F-UBE-HPC—bioadhesive oral
film loaded with U. barbata dry ethanol extract.

3.6.2. Nuclear Condensation and Lysosomal Activity

After 24 h of F-UBE-HPC treatment in normal blood cells and CLS-354 tumor cells,
the presence of pyknotic nuclei (stained with Hoechst 33342) and the lysosomal activity
(evidenced by acridine orange) are displayed in Figure 10.

Nuclear shrinkage, after 24 h treatment with F-UBE-HPC in normal blood cell cultures
had significantly lower values (4.23 £ 0.58) than 1% DMSO negative control: 24.50 £ 2.21,
p <0.01 (Figure 10A,B,M), and appreciably higher than 125 pug/mL UA positive control:
3.19 £ 0.30, p < 0.05 (Figure 10A,C,M). The autophagy levels strongly decreased com-
pared with both controls: 5.36 & 0.65; vs. C1: 51.30 £ 3.25; C2UA: 27.05 £ 1.52, p < 0.01
(Figure 10G-LM).

Flow-cytometry examination by Hoechst 33342 /acridine orange dual stain of tumor
cells after F-UBE-HPC treatment showed chromatin condensation (NS) and autophagy
(A) significant elevation compared with 1% DMSO negative control: NS: 35.36 & 2.28 vs.
16.11 4 3.11; A: 71.81 £ 1.47 vs. 12.57 + 0.92, p < 0.01; Figure 10D,E ], K,.M).

As shown in Figure 10D,E],L,N, F-UBE-HPC displays significantly lower values of
nuclear shrinkage (NS) and appreciably higher autophagy (A) levels reported to posi-
tive control with 125 pg/mL UA (NS: 35.36 £ 2.28 vs. 44.03 & 0.36; A: 71.81 & 1.47 vs.
53.35 & 2.63, p < 0.05).
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Figure 10. Nuclear shrinkage (A-F) and Lysosomal activity (G-L) after 24 h treatment with
F-UBE-HPC in normal blood cells (A-C,G-I) and CLS-354 tumor cells (D-F,J-L). Hoechst patterns of
F-UBE-HPC (A,D); 1% DMSO negative control (B, E); 125 ng/mL UA positive control (C,F); acridine
orange patterns of F-UBE-HPC (G,]); 1% DMSO negative control (H,K); 125 ug/mL UA positive
control (IL). Statistical analysis of nuclear shrinkage and autophagy (M,N) in normal blood cell
cultures (M) and CLS-354 tumor cell line (N). * p < 0.05 and ** p < 0.01 represent significant statistical
differences between controls and sample made by paired samples t-test; NS—nuclear shrinkage;
A—autophagy; Cl—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control
with 125 pg/mL usnic acid (UA); F-UBE-HPC—bioadhesive oral film loaded with U. barbata dry
ethanol extract.
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3.6.3. ROS Levels

In blood cell cultures and CLS-354 tumor cell line, F-UBE-HPC induced powerful
oxidative stress expressed as total ROS level measured through flow cytometry. The
obtained results are indicated in Figure 11.

L B o RRE 2 U RS

; s | r. . '
ol . =
3 E { ]

] ) _— h i
it g : Vi 0 ,

o
1]

——

oot

1 i s e R—— _,Lﬂ-.u.
T T T ottt et oant [ B
i) nre ;3
(A) (B) ©
nas

FLIF-HPS ROS SF A CF LG

T ol
=
‘F-:—"_-:
===
.

0 bl 08
! (R ot |1 i’ n it if
[ R e
(D) (E) (F)
FLESHES RS FLIBE-H IL0E
|"_'-:1:_r:|-5 el |r__ el
ot |E2 AR N 4
300 II'.'| ez N
a e o A T
=1 I jo [\
1o [ | 1o _,l‘ 1'. |I
ﬁ..ﬂ ..r} x '\‘;?-' =5 "J \
| it et u PR B
157 TR [ = | 10 [T T 1 | e T o
e A0
(G) (H)

o= e e B
= b i x ¥ H ¥
T T T T
Sama A R
g 8 F B & %

T T T T

i LHE FH R Boimito Froe T T A

CorARraREe TR R T ) T =zl '.'|.l-'|‘rJ..I:l.'.-"'F.' A znivb oo oT

) d)

Figure 11. Reactive oxygen species (ROS) after 24 h treatment with F-UBE-HPC applied to normal
blood cells (A—C) and CLS-354 tumor cells (D-F); 1% DMSO negative control (B,E); 125 pg/mL UA
positive control (C,F); F-UBE-HPC and controls extrapolated on ROS axis (G,H); statistical analysis of
ROS (L)) in normal blood cell cultures (I); CLS-354 tumor cell line (J). ** p < 0.01 represents significant
statistical differences between controls and samples made by paired samples t-test; C1—negative
control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control with 125 pg/mL usnic acid
(UA); F-UBE-HPC—bioadhesive oral film loaded with U. barbata dry ethanol extract.

ROS levels substantially increased in the blood cells treated with F-UBE-HPC compared with
the 1% DMSO negative control and positive control of 125 pg/mL of UA (2833.33 x 104 4 152.75;
vs. 242.00 x 104 £ 2.00; 846.66 x 104 + 5.77; p < 0.01, Figure 11A-C,G)I).

Oxidative stress was strongly augmented in the OSCC cell line after 24 h contact with
F-UBE-HPC compared with the 1% DMSO negative control and 125 ug/mL of UA positive
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control: 3100.00 x 104 £ 100.00; vs. 15.66 x 104 + 4.04; 966.66 x 104 + 57.73, p < 0.01
(Figure 11D-EH,]).

3.6.4. Cell Cycle Analysis

Human blood consists of leukocytes (white blood cells, WBC), thrombocytes (platelets),
and erythrocytes (red blood cells, RBW). Only leukocytes contain a cell nucleus, essential
when estimating the amount of DNA in human blood cell cultures [37].

DNA content was performed by propidium iodide/RNase stain to explore the effects
of F-UBE-HPC in normal blood cells and CLS-354 tumor cells (Figure 12).
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Figure 12. Cell cycle after 24 h treatment with F-UBE-HPC in normal blood cells (A-C) and CLS-
354 tumor cells (D-F); PI/RNase patterns of F-UBE-HPC (A,D); 1%DMSO negative control (B,E);
125 pg/mL UA positive control (C,F); F-UBE-HPC and controls extrapolated on PI axis (G,H); statis-
tical analysis of G0/G1, synthesis (S), and G2/M phases of the cell cycle (IJ) in normal blood cell
cultures (I) and CLS-354 tumor cell line (J).* p < 0.05 and ** p < 0.01 represent significant statistical
differences between controls and sample made by paired samples t-test; PI—propidium iodide;
Cl—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control with 125 ug/mL
usnic acid (UA); F-UBE-HPC—bioadhesive oral film loaded with U. barbata dry ethanol extract;
AP—apoptotic cell fraction (subG0/G1); S—synthesis of cell cycle phases.
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As shown in Figure 12A,B,G,1, in normal blood cell cultures, F-UBE-HPC induces a
higher cell cycle arrest in G1/G0 phase (93.91 & 1.41) than the negative control (88.52 & 0.54,
p < 0.05). DNA synthesis phase of the cell cycle presented significantly more decreased
values than both controls: 0.99 £ 0.24 vs. C1: 4.76 £ 0.68, C2UA: 2.86 + 0.23; p < 0.01
(Figure 12A-C,G,I).

CLS-354 tumor cells were treated for 24 h with F-UBE-HPC to understand whether
cell growth inhibition was due to cell cycle arrest. The results show a significant GO/G1
phase increase compared with the 1%DMSO negative control (94.66 £ 1.01 vs. 92.13 £ 1.61,
p < 0.05 (Figure 12D,E,H,J). DNA synthesis reported considerably lower values reported to
1% DMSO negative control: 0.73 &= 0.43 vs. 5.47 £ 0.83, p < 0.01 (Figure 12D,E,H,]).

3.6.5. Apoptosis

The effects of F-UBE-HPC treatment in normal blood cells and CLS-354 tumor cells
were achieved by examining morphology and cell membrane integrity with annexin V-
FITC/PI stain (Figure 13).

FLUsEHRCFITCAL C1ETIM O N R 1d
N A |
N A
1* | 1 o L 1A
10| I : :
L T - g %
ic w : L& o s
@" En
it st e
- T B W i B L
1ot [T S : b RREC [ TR ]
0 Q ] ) Q 1 r o1 r I e L
ris AT .-
(A) (B) ©
FABSHRCATC A CLFITCFI AL LI
x o e
I w LA im L& s ™ L
it g 7 q r .
i 5 e £,
i W ‘I ¥ 4] g =
wit ] v EA it - LS R )
T g =8 Lo S
i P I
[T e e e I T : 3 i 4-5
e o p & riord g g ot
TE =*
(D) (F)
.
3 1
o - T
H
E B ' - !
:J: FYNETSY
1 er ’
e | L
z F .
oo E
] o
gL —_—— 2
£ 2
T F o
E :
- . [ —
3 T
T ? .
B 1 n - —_— 1 ‘b 1 1 - —_— 1
RN N TER . i TeOD N R AT TatiHLe KN TER T TS Bl | ol TERI AT
A ad A s FEEIN ek Ly PP T TN PP LR PR SPTET |
G) (H)

Figure 13. Cell apoptosis after 24 h treatment with F-UBE-HPC in normal blood cells (A-C) and
CLS-354 tumor cells (D-F); annexin V-FITC/PI patterns of F-UBE-HPC (A,D); 1%DMSO negative
control (B,E); 125 pg/mL UA positive control (CF); statistical analysis of cell apoptosis (G ,H) in
normal blood cell cultures and (B) CLS-354 tumor cell line (H), ** p < 0.01 represents significant
statistical differences between controls and sample made by paired samples t-test; V—viability;
EA—early apoptosis; Cl—negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive
control with 125 pg/mL usnic acid (UA); F-UBE-HPC—bioadhesive oral film loaded with U. barbata
dry ethanol extract.
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In normal blood cells, after 24 h, F-UBE-HPC did not induce early cell apoptosis
(0.00 £ 0.00), reporting significant differences compared with the positive control (C2UA:
37.04 £ 0.66, p < 0.01). Consequently, cell viability shows appreciably elevated values:
98.35 £ 1.87 vs. 61.43 + 0.88, p < 0.01, Figure 13A,C,G).

In the CLS-354 tumor cell line, similar results were obtained after treatment for 24 h
with F-UBE-HPC compared with C2UA (EA: 0.00 £ 0.00 vs. 12.92 4+ 1.35, p < 0.01 and V:
99.79 £ 1.12 vs. 54.05 &+ 1.68, p < 0.01) as shown in Figure 13D,FH).

3.6.6. Cell Proliferation

DNA synthesis (S) and fragmentation (subG0/G1) by EdU incorporation in both cell
types were examined to observe the effects of 24 h treatment with F-UBE-HPC (Figure 14).
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Figure 14. DNA synthesis (S) and DNA fragmentation (subG0/G1) after 24 h treatment with F-UBE-
HPC in normal blood cell cultures (A—C) and CLS-354 tumor cells (D-F); EdU-iFluor 488 patterns of
F-UBE-HPC (A,D); 1%DMSO negative control (B,E); 125 png/mL UA positive control (C,F). F-UBE-
HPC and controls extrapolated on EdU-iFluor 488 axis (G,H); statistical analysis of cell proliferation
(L)) in normal blood cell cultures and (I) CLS-354 tumor cell line (J). * p < 0.05 and ** p < 0.01 represent
significant statistical differences between controls and sample made by paired samples t-test; C1—
negative control with 1% dimethyl sulfoxide (DMSO); C2UA—positive control with 125 pg/mL usnic
acid (UA). AP—apoptosis (subG0/G1); F-UBE-HPC—bioadhesive oral film loaded with U. barbata
dry ethanol extract.
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In normal blood cell cultures, F-UBE-HPC determined considerably lower levels of
DNA synthesis than the negative and positive controls (2.44 &+ 0.40 vs. C1:10.36 + 1.21;
p <0.01; C2UA: 6.49 + 1.25, p < 0.05). However, DNA fragmentation (implied in apoptosis)
significantly increased compared with the 125 pg/mL UA positive control (3.13 =+ 1.03 vs.
0.00 £ 0.00, p < 0.05, Figure 14A-C,GI).

On the other hand, in CLS-354 tumor cells, F-UBE-HPC blocked DNA synthesis:
(0.00 £ 0.00 vs. C1: 12.44 £ 2.80, and C2UA: 3.14 £ 0.50, p < 0.05), while the apoptosis
represented by fractional DNA (subG0/G1 phase) decreased compared with the 1% DMSO
negative control: 3.19 & 1.86 vs. 15.18 & 2.17, p < 0.05 (Figure 14D-FH,]).

3.6.7. Principal Component Analysis

The Principal Component Analysis (PCA) was performed for F-UBE-HPMC oral
mucoadhesive patches and both controls (C1-DMSO and C2UA) and variable parameters
determined in both cell types (normal blood cells and CLS-354 tumor cells) according to
the correlation matrix and PCA-Correlation circle from the Supplementary Material. The
results are displayed in Figure 15.
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Figure 15. PCA-Correlation biplot between mechanisms (caspase 3/7 activity and cellular oxida-
tive stress) and processes induced by F-UBE-HPC and both controls (C1-DMSO and C2UA) in
normal blood cells (bc) and CLS-354 tumor cells (oscc). V—viability; EA—early apoptosis; LA—
late apoptosis; N—necrosis; NC—nuclear condensation; A—autophagy; DNAs—DNA synthesis;
subG0/Gl—apoptotic cell fraction http:/ /www.icms.qmul.ac.uk/flowcytometry /uses/apoptosis/
dnafragmentation/ (accessed on 11 July 2022); GO/G1l—cell cycle arrest in GO/G1; ROS—oxidative
stress; C3/7—caspase 3/7 activity; FF-UBE-HPC—bioadhesive oral film loaded with U. barbata dry
ethanol extract.

The two principal components explained the total data variance, with 51.43% at-
tributed to the first (PC1) and 48.57% to the second (PC2). The PC1 was associated with
both controls (C1-DMSO and C2UA), viability, early and late apoptosis, nuclear condensa-
tion, and DNA fragmentation (subG0/G1) in both cell types and cell cycle arrest in GO/G1
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and necrosis in CLS-354 tumor cells. The PC2 was related to F-UBE-HPC, ROS, and caspase
3/7 activity, DNA synthesis and autophagy in both cell types, and cell cycle arrest in G0/G1
and necrosis in normal blood cells.

In normal blood cells, caspase 3/7 activity has a high positive correlation with early
and late apoptosis (r = 0.864, p > 0.05) and a low one with DNA synthesis and autophagy
(r = 0.514 and 0.475, p > 0.05). It moderate negatively correlates with ROS (r = —0.735,
p > 0.05) and cell cycle arrest in GO/G1 (r = —0.698, p > 0.05). Cellular oxidative stress
(ROS) shows a strong positive correlation with subG0/G1 (r = 0.999, p < 0.05). It highly
negatively correlates with DNA synthesis and autophagy (r = —0.959 and 0.946, p > 0.05)
and moderately with necrosis and nuclear condensation (r = —0.796 and 0.648, p > 0.05).

In CLS-354 tumor cells, ROS levels are considerably correlated with caspase 3/7
activation (r = 0.988, p > 0.05) and autophagy (r = 0.908, p > 0.05). Caspase 3/7 activity
also highly correlates with autophagy, but the r value is slightly lower compared to ROS
(r = 0.834, p > 0.05). Oxidative stress reports a high negative correlation with DNA synthesis
(r=—0.880, p > 0.05) and a moderate one with subG0/G1 (r = —0.675, p > 0.05). Caspase
3/7 activity is also negatively correlated with both processes, but the r values are lower
than ROS ones (r = —0.797 and —0.554, p > 0.05). Moreover, caspase 3/7 activity moderately
correlates with cell cycle arrest in GO/G1 (r = 0.621, p > 0.05).

By correlating and interpreting these data, the places of F-UBE-HPC patches and both
controls (C1-DMSO and C2UA) in the PCA-correlation biplot (Figure 15) were explained,
highlighting the corresponding processes triggered in CLS-354 cancer cells and normal
blood cells and their complementary mechanisms.

4. Discussion

Until the preparation of UBE-loaded bioadhesive oral films analyzed in the present
work for potential applications in oral cancer treatment, U. barbata lichen was thoroughly
studied for almost six years.

First, it is essential to mention that this lichen was harvested from a coniferous forest in
the same area (47°28' N, 25°12’ E, and 900 m altitude), belonging to the highest Romanian
volcanic mountains (Calimani mountains) [30,38]. Coniferous forest soil is adjacent to the
Tinovul Mare Poiana Stampei peat bog with a natural origin, its accumulation beginning in
the post-glacial period [39]. The specific conditions of the U. barbata native zone consist of
seasonal water-level fluctuations with thermic variations between —1 °C and 14 °C, with a
precipitation range of 600-800 mL [39]. The soil has pH values between 4.09 and 5.89 and
contains several trace/heavy metals under the alert threshold from national protocols [39].

A detailed elemental analysis was performed on dried lichen harvested in 2020 [30,38].
Twenty-three metals were investigated by inductively coupled plasma mass spectrometry
(ICP-MS) [38]. The heavy metal concentrations were associated with those reported by
Cazacu et al. [39] in the forest soil, and the results reveal that autochthonous U. barbata
contains all, in lower amounts than the permissible limits for medicinal plants. However,
the mercury content (0.671 & 0.020 nug/g) was lower than the WHO’s and FDA'’s approvable
limit (1 ng/g) and over the one mentioned in the European Pharmacopoeia (0.1 pg/g) [38].
The metal concentrations were compared with those reported in the scientific literature
regarding U. barbata from unpolluted zones (Mountain Natural Park in Bulgaria [40], Sri
Lanka rain forest [41] and central and southern Tierra del Fuego, Patagonia, Argentina [42]).
Thus, the data obtained confirmed the autochthonous lichen’s suitability for pharmaceutical
use [30], according to regulatory agencies [43], which restrict the harvesting area for accurate
results in human-safe formulations.

The loss of drying of the dried lichen was determined [44], and bioactive secondary
metabolites were identified and quantified [45]. The research on U. barbata from the Cali-
mani mountains continued with the preparation of various extracts in different solvents
through low-cost and easy-to-use conventional processes [38,44,46], investigating the suit-
able solvents and extraction conditions to obtain U. barbata extracts with pharmacological
potential. All extracts were comparatively analyzed, quantifying their metabolites through
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HPLC-DAD [45,47] and evaluating their antioxidant, antimicrobial, and cytotoxic poten-
tial. The cytotoxicity prescreen was performed using A. salina as an animal model [44],
continuing with complex studies on normal and tumor cells [35,36].

This previously described interdisciplinary research on U. barbata from the Calimani
mountains led to selecting the most appropriate extracts for bioadhesive oral film for-
mulation, including the dry ethanol extract. UBE contains usnic acid and other various
phenolic compounds [48-50], including common polyphenols (ellagic acid and gallic
acid) with high pharmacological potential [51]. Thus, U. barbata ethanol extract shows a
dose-dependent inhibitory activity on the most known bacteria responsible for oral infec-
tious disease [52] in immunocompromised patients: S. aureus, S. pneumoniae, S. pyogenes,
Enterococcus sp., other Gram-positive bacteria isolated from oral cavity and pharynx
(S. epidermidis, S. oralis, S. intermedius), and P. aeruginosa [38,51,53,54]. It also reported in-
hibitory effects on C. albicans [38]. Phenolic compounds extracted in ethanol have antibac-
terial and antifungal properties and could act synergistically in UBE. Moreover, inhibitory
activity on bacterial strains varies in direct proportion to antioxidant potential [55], and
UBE exhibits an intense antioxidant activity [51]. In normal cells, it shows antioxidant
and protective effects, neutralizing a part of the free radicals generated by 0.2%DMSO,
thus reducing the lipids peroxidation [56] and activity of antioxidant enzymes Superoxide
dismutase (SOD) and Catalase (CAT) induced by cellular oxidative stress [36]. Contrarily,
UBE demonstrated an in vitro anticancer effect on CAL-27 tumor cell line, triggering cell
death processes. It acts as a prooxidant, increasing the oxidative stress induced by 0.2%
DMSO and thus stimulating cellular antioxidant defense—Glutathione peroxidase (GPx)
and SOD—and augmenting the malondialdehyde (MDA) levels [36,57].

Knowing the UBE bioactive metabolites” content and its pharmacological potential,
the present work aimed to study a pharmaceutical formulation containing this U. barbata
dry extract. Thus, UBE-loaded bioadhesive oral films were prepared and analyzed, their
properties being compared with References (films without UBE). As a film-forming polymer,
HPC was selected due to its non-ionic character and water solubility. In addition, it proved
to be physiologically inert, non-irritating, bioadhesive, and biodegradable [58-61]. PEG
400 was used as a plasticizer in a 5% (w/w) amount to improve the film flexibility and
obtain suitable mechanical properties [62,63]. Both films are transparent, flexible, and
homogenous. The yellowish-green, faint-brown color of F-UBE-HPC is due to lichen dry
ethanol extract, and its morphology shows a smooth surface.

The physical and chemical investigation of the bioadhesive oral films containing
Usnea barbata dry ethanol extract demonstrated the successful incorporation of the UBE in
the polymer matrix. The pharmacotechnical analysis of F-UBE-HPC was realized according
to other previously published studies on bioadhesive films containing plant extracts [64,65].

Therefore, both films’ thickness values show that UBE does not influence their dimen-
sions. Because the films’ thickness is directly connected to active ingredient concentration
and the polymer’s mucoadhesive function, uniformity is required. The selected plasticizer
type and amount also influence the film thickness. Generally, the suitable thickness for
bioadhesive oral films is 0.05-1.0 mm [66—68], and the UBE-loaded formulation belongs
to this. The film’s considerable folding endurance highlights appreciable flexibility and
mechanical resistance provided by PEG 400 (used as a plasticizer in a 5% amount). The
plasticizer’s role is to modify the viscoelastic properties of the polymer, which will subse-
quently influence the adhesion ability and release behavior. Moreover, the UBE load did
not change the films” mechanical properties.

The bioadhesive films’ elongation evidenced their remarkable flexibility. The tensile
strength indicates the films’ high resistance, suitable to withstand the mechanical stress
that occurs during unpacking and appliance on the oral mucosa. The films’ hardness
depends on the type and amount of polymer and plasticizer used. The obtained results
prove the accurate selection of the excipients appropriate to incorporate UBE as an active
ingredient in achieving high-quality bioadhesive films. Moreover, the films’ flexibility is
essential in aiding the penetration of active ingredients and attachment to the oral mucosa.
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Bharkatiya et al. [69] stated that low tensile strength and elongation characterize a soft and
weak polymer. In contrast, moderate tensile strength and low elongation are typical for a
hard and brittle polymer. Furthermore, high tensile strength and elongation describe a soft
and tough polymer, as in the studied formulations.

The flexibility of the chains diminishes as the crosslinking density in water-soluble
polymers increases, thus protecting against overhydration. The bound water can build
H-links with the HPC’s accessible chains, allowing them to move more freely [70,71]. Repka
et al. [72] stated that HPC has less water affinity. The obtained values also indicate a certain
amount of moisture content in the films’ structure, but it is well-known that humidity is
needed to ensure bioadhesion. Moreover, bioadhesion is improved by functional groups
that can create hydrogen bonds.

Both films’ neutral pH ensures their tolerability and biocompatibility with oral mucosa.
This property confirms that UBE inclusion in the polymer matrix does not affect the base
films” pharmacotechnical properties; they exclusively depend on the selected excipients. In
addition, pH value can influence the polymer’s bioadhesive properties, and a neutral value
is optimal for mucoadhesion [73,74]. HPC used as polymer film-forming is responsible
for rapid disintegration, and the plasticizer also significantly influences this property.
Another essential factor is the manner of active ingredient dispersion in the matrix base. In
the studied formulation, UBE was solubilized and mixed with the polymer matrix, thus
diminishing the disintegration time.

The swelling index plays an essential role in regulating the release rate of the active
ingredient. The diffusion of water molecules into the hydrated decreases the number of
hydrogen bonds and increases the strength between the polymers. Panomsuk et al. [75]
proved that a polymer chain with a low ability to make hydrogen bonds cannot build a
strong matrix structure, and water penetration would be difficult. The polymeric matrix
swelling ability depends on its resistance to the migration of the water molecules, and
the hydroxyl group is essential for hydrophilic cellulose polymers’ matrix integrity [37].
Moreover, the polymer’s substituted groups significantly limit the active ingredients’
influence on the swelling properties. Hence, the similar swelling ratio of F-UBE-HPC and R
demonstrates the impact of the active ingredient dispersion on the swelling degree because
UBE incorporated as a solution in F-UBE-HPC did not change the polymer properties.

The swelling behavior also has an impact on the film’s bioadhesive performance. The
increased residence time is the result of the elastic behavior induced by the used plas-
ticizer. The interaction between free polymer chains and mucin is essential; the active
ingredients loaded into the matrix could occupy the chains [76], proving that their disper-
sion directly impacts the adhesion performance. The obtained data show that both oral
films have the same bioadhesion time, demonstrating that UBE load did not influence
the matrix adhesivity.

The F-UBE-HPC rapid disintegration and neutral pH were essential for accurately
evaluating their pharmacological potential because the afferent studies were conducted
in vitro (using bacterial, blood, and tumor cell cultures) and in vivo (on A. salina larvae
used as an animal model) [77]. These previously mentioned analyses were performed with
homogenous dispersions of UBE-loaded films in different culture media and, respectively,
in phosphate buffer. On the other hand, the tested cultured cells and A. salina larvae are
strongly affected by pH variation; thus, the films’ neutral pH was requested to obtain
accurate results.

For optimal evaluation, the studies used for the UBE-loaded films had a similar
trend to previous ones for UBE investigation. Thus, the F-UBE-HPC antimicrobial effects
were examined on similar bacterial and fungal species, and a cytotoxicity prescreen was
performed on A. salina larvae. Anticancer activity was evaluated on a similar OSCC cell line
(CLS-354, mouth epithelial squamous cell carcinoma). As normal cells, blood cell cultures
were used from a single donor (the same as previously described in UBE’s biological studies)
because buccal mucosa has a substantial blood supply and is permeable for most blood
cells. Therefore, the most common types of WBC in blood—lymphocytes (with T cells)
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and segmented cells (polymorphonuclear, including neutrophils and eosinophils)—are the
predominant leukocytes mixed with various endothelial cell types in the oral mucosa. No
significant differences in the proportions of these cells between healthy children and adults
indicate that both innate and adaptive immune systems function in the oral cavity [78].
All selected studies reproduced, in a certain measure, the conditions of the previous UBE
pharmacological evaluation, aiming to know whether the UBE-loaded films’ activities are
similar to the UBE ones.

The results show that F-UBE-HPC displayed dose-dependent inhibitory effects against
S. aureus, P. aeruginosa, and both Candida sp. through various mechanisms belonging to
UBE’s phenolic secondary metabolites: inhibiting protein, DNA, and cell wall synthesis,
permeabilizing the cell wall and chelating various microbial micronutrients and reducing
their disponibility for cell growth [79]. These microbial species are frequently implied in
immunocompromised patients’ oral cavity infections. UBE-loaded bioadhesive films could
protect them, facilitate their recovery after radiotherapy, and generally increase their life
quality. Moreover, the significant inhibitory action against C. albicans could also be helpful
in oral cancer prevention [80,81].

The BSL assay was used as cytotoxicity prescreen because it is a low-cost, fast, and
effective analysis due to A. salina larvae sensitivity. It can be adapted to various applica-
tions [82-84]. The brine shrimp larvae used as biotester have a rapid growth rate and, in 24
h, pass to another developing stage (i.e., nauplii). Their mortality could be associated with
blocking DNA synthesis or cell cycle arrest [29]. The movements of larvae and different
morphological changes (visualized due to the larvae’s transparency) could be associated
with various cytotoxic mechanisms [28,82,85]. Previous studies consider that BSL assay
results could predict the antitumor activity of tested products [86,87]. Thus, morphological
changes induced by F-UBE-HPC on A. salina larvae and intracellular lysosomes activated in
cell death processes (evidenced in FM images) anticipate the previously described in vitro
anticancer effects on oral epithelial squamous cell carcinoma [86]. The brine shrimp larvae
mortality could be associated with the blockage of DNA synthesis and cell cycle arrest in
G0/G1 and intracellular lysosomes from FM images with autophagy.

All previously mentioned factors implied in oral cancer development produce ox-
idative stress (an imbalance between ROS generation and antioxidant defense, leading to
high intracellular ROS levels) [88]. Excessive ROS causes oxidative damage to cellular con-
stituents (lipids, proteins, and DNA), hardly affecting normal cells and then contributing to
carcinogenesis [89,90]. ROS are also essential in cell signaling, modulating the most signifi-
cant cell death pathways (mediated by mitochondria, endoplasmic reticulum, and death
receptors) [91]. ROS in high concentration could induce caspase 3/7 activation, triggering
cellular processes associated with cell death (DNA damage with cell cycle arrest in different
phases [92], nuclear condensation [93], blockage of DNA synthesis, and autophagy [88]).

Generally, cancer cells (due to mitochondrial abnormalities) have higher ROS levels
compared with normal cells [94]. Therefore, an overproduction of ROS in cancer cells
may offer a cancer-specific therapy [95]. F-UBE-HPC acts on CLS-354 cancer cells, con-
siderably increasing cellular oxidative stress and caspase 3/7 activity, triggering nuclear
condensation and autophagy, inducing cell cycle arrest in GO/G1, and blocking DNA
synthesis. Compared with UA 125 ug/mL, F-UBE-HPC generates an ROS level 3 x higher;
the caspase activity level is double that of UA. Moreover, DNA synthesis is completely
stopped, and lysosomal activity is substantially increased compared with UA. Even though
CLS-354 tumor cell viability is slowly diminished after 24 h, all intracellular and molecular
processes leading to tumor cell death are triggered at a significant level.

On the other hand, in normal blood cells, the basal ROS level is lower than the one
in the cancer cell line. A moderate ROS level is essential to promote cell proliferation and
survival. In blood cell cultures, oxidative stress induced by UBE-loaded films is lower than
in the CLS-354 tumor cell line; their viability after 24 h is over 98%. Compared with cancer
cells, it could be considered that F-UBE-HPC displays a protective role in blood cell cultures,
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remarkably diminishing caspase 3/7 activity, nuclear condensation, and lysosomal activity
triggered by 1% DMSO.

If any concerns regarding the F-UBE-HPC safety for human health [96] in relation-
ship with usnic acid hepatotoxicity still exist, the following data could be significant.
LipoKinetix (Syntrax, Cape Girardeau, MO), the fat-burning diet supplement [97], was a
multi-ingredient product, including 100 mg usnic acid per capsule, together with 25 mg of
norephedrine hydrochloride, 100 pug of 3,5-diiodothyronine, 3 mg of yohimbine hydrochlo-
ride, and 100 mg of caffeine [98]. The recommended daily dose associated with severe liver
failure was 3-6 capsules, corresponding to 300-600 mg of usnic acid [99]. One UBE-loaded
bioadhesive oral film contains 0.330 mg UBE, corresponding to 0.036 mg UA; hence, over
2700 films should be necessary to ensure the usnic acid content of 100 mg from a single
capsule of LipoKinetix.

5. Conclusions

In the present study, bioadhesive oral films loaded with U. barbata dry ethanol ex-
tract were formulated and manufactured using HPC as a polymer matrix and PEG 400
as a plasticizer.

F-UBE-HPCs and References (the same formulation without UBE) were investigated
through physicochemical and pharmacotechnical analyses, and the obtained data reported
no significant differences, proving the active ingredient’s consistent incorporation.

The F-UBE-HPC properties are optimal for accurately maintaining the lichen extract’s
pharmacological potential. The results prove it, recommending UBE-loaded bioadhesive
oral films for possible application in oral cancer treatment and prevention. Additional
research will optimize the bioadhesive oral film formulation, performing drug release
in vivo and clinical studies, aiming to complete this interdisciplinary work and confirm
their therapeutical benefits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ pharmaceutics14091808/s1. Principal Component Analysis and
Figure S1: Bioadhesive oral films F-UBE-HPC (a) and Reference (b); R—bioadhesive oral films without
active lichen extract; F-UBE-HPC—bioadhesive oral film loaded with U. barbata dry ethanol extract.
File S1: PCA F-UBE-HPC.
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Abstract: Usnea lichens are known for their beneficial pharmacological effects with potential ap-
plications in oral medicine. This study aims to investigate the extract of Usnea barbata (L.) Weber
ex FH. Wigg from the Calimani Mountains in canola oil as an oral pharmaceutical formulation.
In the present work, bioadhesive oral films (F-UBO) with U. barbata extract in canola oil (UBO)
were formulated, characterized, and evaluated, evidencing their pharmacological potential. The
UBO-loaded films were analyzed using standard methods regarding physicochemical and pharma-
cotechnical characteristics to verify their suitability for topical administration on the oral mucosa.
F-UBO suitability confirmation allowed for the investigation of antimicrobial and anticancer poten-
tial. The antimicrobial properties against Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa
ATCC 27353, Candida albicans ATCC 10231, and Candida parapsilosis ATCC 22019 were evaluated by a
resazurin-based 96-well plate microdilution method. The brine shrimp lethality assay (BSL assay)
was the animal model cytotoxicity prescreen, followed by flow cytometry analyses on normal blood
cells and oral epithelial squamous cell carcinoma CLS-354 cell line, determining cellular apoptosis,
caspase-3/7 activity, nuclear condensation and lysosomal activity, oxidative stress, cell cycle, and cell
proliferation. The results indicate that a UBO-loaded bioadhesive film’s weight is 63 £ 1.79 mg. It
contains 315 pg UBO, has a pH = 6.97 £ 0.01, a disintegration time of 124 + 3.67 s, and a bioadhesion
time of 86 + 4.12 min, being suitable for topical administration on the oral mucosa. F-UBO showed
moderate dose-dependent inhibitory effects on the growth of both bacterial and fungal strains. More-
over, in CLS-354 tumor cells, F-UBO increased oxidative stress, diminished DNA synthesis, and
induced cell cycle arrest in GO/G1. All these properties led to considering UBO-loaded bioadhesive
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oral films as a suitable phytotherapeutic formulation with potential application in oral infections
and neoplasia.

Keywords: Usnea barbata (L.) Weber ex EH. Wigg; canola oil; bioadhesive oral films; poloxamer 407;
antimicrobial activity; Artemia salina; blood cells; CLS-354 tumor cell line; anticancer activity

1. Introduction

Plants have been used in various disease therapies since ancient times; numerous
individual cultures use specific plants for medicinal purposes. Traditional medicine—
according to the World Health Organization (WHO)—is a sum of knowledge, skills, and
practices based on beliefs, theories, and experiences indigenous to different cultures, used
for maintaining health and involved in physical and mental illness diagnosis, treatment,
amelioration, and prevention [1]. In their study [2], Davidson and Frank pointed out
the significant differences between the most common terms belonging to this domain.
Therefore, the medicinal use of numerous plants has been named plant medicine, while
phytomedicine defines the current application of plant-based medicine. Phytopharmaceu-
ticals are plant-based standardized extracts manufactured by authorized pharmaceutical
producers [2]. In Europe, phytomedicine represents a part of the mainstream medical
practice, and in hospitals, it is used primarily as adjuvant therapy. In addition, numerous
general practitioners prescribe phytopharmaceuticals, and most of these prescriptions are
supported by the public health insurance system in various European countries [2].

As medicinal plants, lichens are a promising source of antibiotic and anticancer
drugs [3]. Auerbach’s Wilderness Medicine Seventh Edition (2017) [2] includes the lichens
from the genus Usnea (Parmeliaceae) in the North American Plant Medicines with therapeu-
tical applications. Usnea sp. (old man’s beard) has been used since ancient times, having
a broad use across many cultures throughout the world: as an antiseptic (Argentina), eu-
peptic (Italy), wound healer (Canary Islands), antibacterial (Saudi Arabia), and antitumor
agent (Chile) [2,4]. In Europe, Usnea lichens have been commonly used as a topical medica-
tion due to usnic acid’s antibacterial, anti-inflammatory, and analgesic properties [5]. In
addition to inhibitory effects on Gram-positive and Gram-negative bacteria, usnic acid has
been shown to have other valuable activities (antiviral, antiprotozoal, and antiproliferative)
consistent with its traditional use [6]. Soft and wispy Usnea sp. can be applied directly to
the affected area and held in place by whatever means; dried lichen may be powdered and
sprinkled directly on wounds, affording antimicrobial wound protection [2].

Usnic acid is the most studied lichen secondary metabolite and one of the few com-
mercially available until recently. It was used as a dietary supplement for weight loss
and associated with liver failure [7] and contact dermatitis [8,9]. For this reason, the cur-
rent use is topical, including many different salves and creams with antimicrobial and
anti-inflammatory action [10] and lozenges for oral cavity inflammation [2].

A recent literature review [11] also reported that studies on Usnea sp. bioactivities
are limited compared to studies on its significant metabolite, usnic acid. The toxicity data
examined by Sepahvand et al. (2021) evidenced that the use of pure usnic acid, mainly (—)
enantiomer, is associated with the hepatotoxic effect. However, in most Usnea sp., usnic
acid is identified as (+) enantiomer and based on their information, the extracts of Usnea sp.
can be considered safer products [11].

In their study, Prateeksha et al. proved that Usnea lichens have valuable pharmacologi-
cal potential and evidenced them as a potent phytomedicine [12]. Numerous studies investi-
gated Usnea sp. extracts and displayed their antioxidant [13-15], antimicrobial [16-18], and
anticancer effects [19-21]. Most authors have used chemical solvents for the preparation
of these lichen extracts: ethanol, methanol, acetone, ethyl acetate, dimethyl ether, CCly,
hexane, and CO; supercritical [22-24]. We propose to explore the properties of U. barbata
extract in a green solvent—canola oil [25,26].



Antioxidants 2022, 11, 1601

3 0f 35

A recently published article [27] reported an oral product formulated as compressed
tablets based on plant extracts/essential oils containing U. barbata supercritical CO, extract.
This work investigates a different pharmaceutical formulation using U. barbata extract in
canola oil, with potential application in oral medicine.

An interesting aspect for dental professionals is the presence of poloxamer 407 (P407)
as an emulsifier for oil extract. Poloxamer 407 is a nonionic surfactant used in mouthwashes
and toothpaste belonging to the most known brands: Listerine (Johnson & Johnson Health-
care Products Division of McNEIL-PPC, Inc., Fort Washington, PA, USA) and Colgate
(Colgate-Palmolive Company, New York, NY, USA) [28] and other cosmetic products. P407
bioactivities were examined in our work, this compound being selected as a positive control
for all performed studies.

The present study aimed to formulate and develop bioadhesive oral films loaded
with canola oil extract of U. barbata (L.) F. H. Wigg and evaluate their antibacterial and
antifungal properties. It also explored the F-UBO cytotoxicity on an animal model and
in vitro anticancer activity.

2. Materials and Methods
2.1. Materials

This study’s chemicals, reagents, and standards were of analytical grade. Usnic acid
standard 98.1% purity, propidium iodide (PI) 1.0 mg/mL, dimethyl sulfoxide (DMSO), Poly
(ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol) (poloxamer 407),
polyethylene glycol 400 (PEG 400), and hydroxypropyl methylcellulose (HPMC) and
antibiotics mix solution—100 pL/mL with 10 mg streptomycin, 10,000 U penicillin, 25 pg
amphotericin B per 1 mL—were provided by Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany). Annexin V Apoptosis Detection Kit and flow cytometry staining buffer (FCB)
were purchased from eBioscience™ (Frankfurt am Main, Germany) and RNase A 4 mg/mL
from Promega Corporation (Madison, WI, USA). Magic Red® Caspase-3/7 Assay Kit,
Reactive Oxygen Species (ROS) Detection Assay Kit, and EdU i-Fluor 488 Kit were supplied
by Abcam (Cambridge, UK).

The OSCC cell line (CLS-354) growing culture and the culture medium—Dulbecco’s
Modified Eagle’s Medium (DMEM) high glucose with 10% FBS, basic supplemented with
4.5 g/L glucose, 2 mM L-glutamine, and 10% fetal bovine serum (FBS)—were provided by
CLS Cell Lines Service GmbH (Eppelheim, Germany). Trypsin-ethylenediamine tetra acetic
acid (Trypsin EDTA) and the media for blood cells—Dulbecco’s phosphate-buffered saline
with MgCl, and CaCl,, fetal bovine serum (FBS) and L-glutamine (200 mM) solution—were
purchased from Gibco™ Inc. (Billings, MT, USA).

The blood samples were collected from a non-smoker healthy donor (B Rh+ blood
type), according to Ovidius University of Constanta Ethical approval code 7080/10.06.2021
and Donor Consent code 39/30.06.2021.

U. barbata lichen was harvested in March 2021 from the branches of conifers in the
forest localized in the Cilimani Mountains (47°29’ N, 25°12’ E, and 900 m altitude). It was
identified by the Department of Pharmaceutical Botany of the Faculty of Pharmacy, Ovidius
University of Constanta, using standard methods. A voucher specimen is maintained in
the Herbarium of Pharmacognosy Department, Faculty of Pharmacy, Ovidius University
of Constanta (Popovici 3/2021, Ph-UOC). The canola seed oil for oil extract preparation
was provided by TAF PRESSOIL SRL, Cluj, Romania.

Artemia salina eggs and Artemia salt (Dohse Aquaristik GmbH & Co., Gelsdorf, Germany)
were purchased online from https:/ /www.aquaristikshop.com/ (accessed on 5 May 2022).

The microbial cell lines (S. aureus ATCC 25923, P. aeruginosa ATCC 27353, C. albicans
ATCC 10231, and C. parapsilosis ATCC 22019) were obtained from the Microbiology De-
partment, S.C. Synevo Romania SRL, Constanta Laboratory, in partnership agreement No
1060/25.01.2018 with the Faculty of Pharmacy, Ovidius University of Constanta. Culture
medium Mueller-Hinton agar (MHA) was supplied by Thermo Fisher Scientific, GmbH,
Dreieich, Germany; RPMI 1640 medium and resazurin solution (from In Vitro Toxicol-
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ogy Assay Kit, TOX8-1KT, resazurin-based) were purchased from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany).

2.2. Formulation and Preparation of the UBO-Loaded Bioadhesive Oral Films

The U. barbata extract in canola oil (UBO) was obtained using a method adapted
from that described by Basiouni et al. [29], from 20.2235 g dried and ground lichen and
500 mL cold-pressed canola seed oil [26] in darkness, at room temperature (21-22 °C). The
container with both components was shaken daily for three months; then, UBO was filtered
in another brown vessel with a sealed plug and preserved in a plant room, sheltered from
sun rays. Both oil samples had a pH of 4.

For the development of the bioadhesive oral films containing U. barbata extract in
canola oil (F-UBO), HPMC K100 (with a viscosity of 100 mPa) was selected as the film-
forming polymer. It displays excellent hydrophilicity, water-absorbing ability, good biocom-
patibility, and biodegradability [30-32]. PEG 400 was included in the films” formulations as
an external plasticizer for its high hydrophilic character and non-toxicity [33].

The non-ionic surfactant poloxamer 407 (P407) was chosen for emulsifying the oily
phase to ensure the uniform incorporation of UBO in the polymer matrix.

Bioadhesive films, containing suitable excipients but no active ingredient load, were
prepared and used as a reference (R) to prove the UBO activity and influence on the F-UBO
pharmaceutical characteristics.

The formulation of the developed F-UBO is presented in Table 1.

Table 1. UBO-loaded bioadhesive oral film (F-UBO) vs. reference (R).

Ingredients F-UBO R
UBO 12.50 -
P407 5.00 5.00
PEG 400 5.00 5.00
HPMC 15% water dispersion (w/w) 77.8 90.00

R—reference (a film without UBO); F-UBO—UBO-loaded bioadhesive oral film; UBO—U. barbata extract in canola oil;
PEG—polyethylene glycol; HPMC—hydroxypropyl methylcellulose; P407—poloxamer 407.

The UBO amount was selected according to the emulsifying ability of the poloxamer
407 (P407) and film-forming polymer. HPMC was weighed using a Mettler Toledo AT261
balance (Marshall Scientific, Hampton, NH, USA) with 0.01 mg sensitivity for the polymeric
matrix system. Then, it was dispersed in water by stirring at 700 rpm and room temperature,
using an MR 3001K magnetic stirrer (Heidolph Instruments GmbH & Co. K.G., Schwabach,
Germany) and mixed with PEG 400. P407 was dissolved in the matrix, and UBO was
included under continuous stirring for 1 h.

References (R) were realized by mixing P407 with the base system, and the formed
gels were left overnight at room temperature for deaeration. The viscous dispersions were
poured in a thin layer into Petri glass plates and dried in ambient conditions for 24 h.
Finally, the dried films were peeled off the plate surface and cut into 1.5 x 2 cm patches.

The manufacturing process led to defining the concentration of UBO in the film
formulation: F-UBO encloses 315 pg UBO.

2.3. Physico-Chemical Analysis of Bioadhesive Oral Films
2.3.1. SEM Analysis

A scanning electron microscope (SEM) in a high-resolution Quanta3D FEG (Thermo
Fisher Scientific, GmbH, Dreieich, Germany) was used to investigate the bioadhesive oral
film morphology.

2.3.2. Atomic Force Microscopy (AFM)

The bioadhesive oral film’s morphology was obtained via atomic force microscopy
(AFM). The AFM measurements were registered with an AFM XE-100 (Park Systems
Corporate, Suwon, Korea) assisted with flexure-guided, crosstalk eliminated scanners in
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non-contact mode to minimize the tip—sample interaction. AFM images were registered
with sharp tips (PPP-NCLR, from NANOSENSORS™, Neuchatel, Switzerland) having
the following characteristics: less than 10 nm radius of curvature, 225 mm mean length,
38 mm mean width, ~48 N/m force constant, and a resonance frequency of 190 kHz. An
XEI program (v 1.8.0—Park Systems Corporate, Suwon, Korea) was carried out to process
the AFM images and to evaluate the roughness. The surface profile of the scanned samples
(the dimensions of the selected particles indicated with red arrows along the selected line)
shows the representative line scans presented below the AFM images in the so-called
“enhanced contrast” mode.

2.3.3. FTIR Analysis

The infrared spectra of the materials (obtained as bioadhesive films) were registered
using FTIR equipment (Nicolet Spectrometer 6700 FTIR from Thermo Electron Corporation,
Waltham, MA, USA) assisted with a diamond-crystal ATR accessory. In transmittance
mode, data were acquired in the spectral range of 400-4000 cm ! (resolution of 4 cm ! and
a total of 32 scans per spectrum).

2.3.4. X-ray Diffraction Patterns

A Rigaku Ultima IV diffractometer (Rigaku Corporation, Tokyo, Japan) in parallel
beam geometry was used to investigate the X-ray diffraction (XRD) patterns of bioadhesive
films. A step size of 0.02 and a 2° (20)/min speed over 10-80° were used. The source of the
X-rays was a CuKa tube (A = 1.54056 A) operating at 40 kV and 30 mA.

2.3.5. Thermogravimetric Analysis

The thermal investigations were conducted on a Mettler Toledo TGA/SDTAS851e
thermogravimetric analyzer (Mettler-Toledo GmbH, Greifensee, Switzerland). The non-
isothermal measurements were performed in the 25-600 °C temperature range, under
80 mL min~! synthetic air atmosphere at a constant heating rate of 10 °C min 1.
2.4. Pharmacotechnical Analysis of Bioadhesive Oral Films
2.4.1. Weight Uniformity

The weight uniformity was evaluated on 20 bioadhesive oral films of each formulation
(F-UBO and R). They were individually weighed, and the average weight was determined.

2.4.2. Thickness

This parameter was also measured on 20 bioadhesive films of each type (F-UBO and
R) using a Yato digital micrometer (Yato China Trading Co., Ltd., Shanghai, China) with
a measuring range of 0-25 mm and a resolution of 0.001 mm. Then, the mean value
was calculated.

2.4.3. Folding Endurance

The bioadhesive films were repeatedly folded and rolled until they broke, or up to
300 times [5]. The folding times were registered and expressed as folding endurance values.

2.4.4. Tensile Strength and Elongation Ability

The film’s tensile strength and elongation ability were determined using an L.R. 10K
Plus digital tensile force tester for universal materials (Lloyd Instruments Ltd., West Sussex,
United Kingdom). The analysis was performed from a 30 mm distance with a speed of
30 mm/min. Therefore, each film was placed in a vertical position between the two braces,
and the breakage force was registered. The measurements were achieved in triplicate.
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The following equations (Equations (1) and (2)) were used to calculate the tensile
strength and the elongation at break:

M

. Force at breakage (kg)
2\ _ 8¢ (X8
Tensile strength <kg/mm ) ~ Film thickness (mm) — Film width (mm)

Increase in film length

Elongation % =
ongation % Tnitial film length

x 100 )

2.4.5. Moisture Content

The moisture content was assessed as the loss on drying by the thermogravimetric
method using an H.R. 73 halogen humidity analyzer (Mettler-Toledo GmbH, Greifensee,
Switzerland) [6]. Five bioadhesive oral films of each formulation (F-UBO and R) were
analyzed for moisture content determination.

2.4.6. Surface pH

Five films of each formulation (F-UBO and R) were moistened with 1 mL of distilled
water (pH 6.5 £ 0.5) for 5 min at room temperature. Then, the pH value was measured
with the CONSORT P601 pH-meter (Consort bvba, Turnhout, Belgium).

2.4.7. In Vitro Disintegration Time

The time required to disintegrate the F-UBO and R bioadhesive oral films, with no
residual mass completely, was measured in simulated saliva phosphate buffer pH of 6.8 at
37 £ 2 °C, using an Erweka DT 3 apparatus (Erweka® GmbH, Langen, Germany) [34].

2.4.8. Swelling Rate

Six films of each formulation (F-UBO and R) were placed on 1.5% agar gel in Petri
plates and incubated at 37 &= 1 °C. Every 30 min, for 6 h, the patches were weighed. The
swelling rate was calculated according to Equation (3):

Wt — Wi
— X

11i =
Swelling rate Wi

100 ®)
where wy is the patch weight at time t after the incubation and wj is the initial weight [35-38].

2.4.9. Ex Vivo Bioadhesion Time

The bioadhesion time [39] was measured through the method described by Gupta
et al. [40] on a detached porcine buccal mucosa by removing the fat layer and any residual
tissue. The buccal mucosa was washed with distilled water and a phosphate buffer (pH 6.8)
at 37 °C and fixed on a glass plate. Each bioadhesive film was hydrated in the center with
15 uL phosphate buffer and brought on the mucosa surface by pressing it for 30 s. The glass
plate was placed in 200 mL phosphate buffer pH 6.8 and maintained at 37 °C for 2 min. The
suitable simulation of the oral cavity conditions was ensured using a paddle with a stirring
rate of 28 rpm. Then, the necessary time for the entire film’s erosion or detachment from
the buccal mucosa surface was recorded [41]. This registered time represents the film’s
residence time [42] on the oral mucosa, known as a bioadhesion time [43]. This test was
realized in triplicate.

2.5. F-UBO Antimicrobial Activity Evaluation by Resazurin-Based 96-Well Plate Microdilution Method
2.5.1. Inoculum Preparation

The bacterial inoculum was prepared by the direct colony suspension method [44].
Thus, bacterial colonies selected from a 24 h agar plate were suspended in M.H.A. medium,
according to the 0.5 McFarland standard, measured at Densimat Densitometer (Biomerieux,
Marcy-1'Etoile, France) with around 108 CFU/mL (CFU = colony-forming unit), The yeast
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inoculum was prepared using the same method, adjusting the RPMI 1640 with fungal
colonies to the 1.0 McFarland standard, with 10° CFU/mL.

2.5.2. Samples and Standards

F-UBO was dissolved in 1 mL of diluted phosphate buffer. As standards, ceftriaxone
(Cefort 1g Antibiotice SA, Iasi, Romania) solutions 30 mg/mL and 122 mg/mL in distilled
water were used for bacteria. The Cefort powder was weighted at Partner Analytical bal-
ance (Fink & Partner GmbH, Goch, Germany) and dissolved in distilled water. Terbinafine
solution 10.1 mg/mL (Rompharm Company SRL, Otopeni, Romania) was used as standard
for Candida sp. As a positive control for antimicrobial activity evaluation, 5% P407 was
selected, the emulsifier used for the UBO-loaded bioadhesive oral films formulation.

2.5.3. Microdilution Method

All successive steps were performed in an Aslair Vertical 700, laminar flow, micro-
biological protection cabinet (Asal Srl, Cernusco (MI), Italy). In four 96-well plates, we
performed seven serial dilutions, adapting the protocol described by Fathi et al. [45].

All 96-well plates were incubated for 24 h at 37 °C for bacteria and 35 °C for yeasts in
a My Temp mini Z763322 Digital Incubator (Benchmark Scientific Inc., Sayreville, NJ, USA).

2.5.4. Reading and Interpreting

After 24 h incubation, the plates were examined with a free eye to see the color
differences between standard and samples [46]. The corresponding sample concentration
activities were compared with the Standard antibiotic ones. For yeasts, the color chart of
the resazurin dye reduction method was used [47,48].

2.6. Evaluation of UBO-Loaded Bioadhesive Oral Films Cytotoxicity on Animal Model

Aiming to evaluate the F-UBO cytotoxicity, we used Artemia salina as an animal model,
adapting a previously described method [49].

F-UBO film was placed in a diluted buffer (1 mL) and incubated for 15 min at 37 °C,
resulting in a homogenous dispersion.

2.6.1. Brine Shrimp Lethality Assay

The larvae were obtained from A. salina cysts through continuous light and aeration
in a 0.35% saline solution at 20 °C. The brine shrimp larvae in the first stage (instar I) were
introduced in 0.3% saline solution into experimental pots (with a volume of 1 mL) [26]. The
analysis was compared to a blank (untreated nauplii) to obtain accurate results regarding
the F-UBO cytotoxic effect. An amount of 5% P407 in water was a positive control. The
nauplii have embryonic energy reserves as lipids, and they were not fed during the test,
thus avoiding interference with the sample and positive control. Their evolution was
analyzed after 24 h and 48 h, exploring the morphological changes induced by F-UBO
and P407 [50,51].

2.6.2. Fluorescent Microscopy

The brine shrimp larvae were stained with 3% acridine orange (Merck Millipore,
Burlington, MA, USA) for 5 min. The samples were subjected to drying for 15 min in
darkness and placed on the microscope slides.

2.6.3. Data Processing

The microscopic images were realized using a VWR microscope VisiScope 300D (VWR
International, Radnor, PA, USA) with a Visicam X3 camera (VWR International Radnor, PA,
USA) at 40x, 100x, and 400 x magnification. They were processed with VisiCam Image
Analyzer 2.13.

Fluorescent microscopy images were achieved using an OPTIKA B-350 microscope
(Ponteranica, BG, Italy) blue filter (Aex = 450-490 nm; Aem = 515-520 nm) and green filter
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(Aex = 510-550 nm; Aem = 590 nm). The FM images at 100 x and 400 x magnification were
processed with Optikam Pro 3 Software (OPTIKA SRL, Ponteranica, BG, Italy).
All observations were performed in triplicate.

2.7. In Vitro Cytotoxicity of UBO-Loaded Bioadhesive Oral Films on Human Normal Blood Cells
and CLS-354 Tumor Cells

2.7.1. Equipment

The present study platform for in vitro F-UBO cytotoxicity analysis was the Attune
Acoustic focusing cytometer (Applied Biosystems, Bedford, MA, USA). Before cell analysis,
the flow cytometer was first set by fluorescent beads—Attune performance tracking beads,
labeling, and detection (Life Technologies, Europe BV, Bleiswijk, The Netherlands), with
standard size (four intensity levels of beads population). The cell amount was established
by counting cells below 1 um [52]. Using forward scatter (FSC) and side scatter (SSC), more
than 10,000 cells per sample for each analysis were gated.

2.7.2. Data Processing

Flow cytometry data were processed using Attune Cytometric Software v.1.2.5, Ap-
plied Biosystems, 2010 (Bedford, MA, USA).

2.7.3. Human Blood Cell Cultures

The blood samples were collected into heparin vacutainers, and the blood cell cultures
were obtained according to a previously described method [53]. Then, the blood cells were
treated with F-UBO and controls in Nunclon Vita Cell culture 6-well plates (Kisker Biotech
GmbH & Co.KG, Steinfurt, Germany) and incubated in a Steri-Cycle™ i160 CO, Incubator
(Thermo Fisher Scientific Inc., Waltham, MA, USA), at 37 °C, in 5% CO, for 24 h. All flow
cytometry analyses were performed after this incubation time.

2.7.4. CLS-354 Cell Line

The human mouth squamous cell carcinoma cell line CLS-354 (CLS catalog number
300152) consists of epithelial cells established in vitro from the primary squamous carci-
noma of a 51-year-old Caucasian male. The CLS-354 cells [54] were cultured in DMEM high
glucose with 10% FBS, supplemented with antibiotic mix solution in humidity conditions
of 5% CO; at 37 °C for 7 days. The cells were dissociated from the monolayer with trypsin—
EDTA, centrifugated at 3000 rpm for 10 min in a Fisher Scientific GT1 centrifuge (Thermo
Fisher Scientific Inc., Waltham, MA, USA), and distributed in Millicell™ 24-well cell culture
microplates (Thermo Fisher Scientific Inc., Waltham, MA, USA). After treatment, they were
incubated for 24 h in the same conditions. All the flow cytometry analyses were performed
after this incubation period.

2.7.5. Samples and Control Solutions

F-UBOs were dissolved in the suitable culture media for both types of cells, with 1%
DMSO. As positive controls, 5% P407 and usnic acid of 125 ug/mL in 1% DMSO were used,
and as a negative control, 1% DMSO.

2.7.6. Annexin V-FITC Apoptosis Assay

The cells with annexin V-FITC and PI (20 pg/mL) were incubated in darkness, for
30 min, at room temperature [53]. Then, the viable, early apoptotic, late apoptotic, and
necrotic cells were examined at a flow cytometer using a 488 nm excitation, green emission
for annexin V-FITC (BL1 channel), and orange emission for PI (BL2 channel).

2.7.7. Evaluation of Caspase-3/7 Activity

The cells were well-mixed with Magic Red® Caspase-3/7 substrate solution and PI
and incubated [53]. Then, the early stages of cell apoptosis by activating caspases-3/7
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(DEVD-ases [55]) were analyzed through flow cytometry using a 488 nm excitation, red
emission for MR-(DEVD), (BL3 channel), and orange emission for PI (BL2 channel).

2.7.8. Evaluation of Nuclear Condensation and Lysosomal Activity

The cells were stained successively with Hoechst 33,342 and AO and incubated for
30 min at room temperature in darkness [53]. Then, they were examined at the flow
cytometer, using UV excitation and blue emission for Hoechst 33,342 (VL2) at 488 nm and
green emission for acridine orange (BL1 channel).

2.7.9. Cell Cycle Analysis

The cells with PI (20 ng/mL) and RNase A (30 ng/mL) were incubated at room
temperature, into darkness, for 30 min [53]. Next, the cell cycle distribution was detected
by flow cytometry, using a 488 nm excitation and orange emission for PI (BL2 channel) [56].

2.7.10. Evaluation of Total ROS Activity

ROS Assay Stain solution was well-mixed with cell cultures and incubated at 37 °C
for 60 min [53]. Then, the cells were analyzed by flow cytometry, using a 488 nm excitation
and green emission for ROS (BL1 channel).

2.7.11. Evaluation of Cell Proliferation

The cell cultures were incubated for 2 h with 50 uM EdU (500 pL) at 37 °C. Following
a succession of previously described steps [53], they were prepared for flow cytometry
examination at a 488 nm excitation and green emission for EdU-iFluor 488 (BL1).

2.8. Data Analysis

All analyses were effectuated in triplicate, and the data were registered as means
values + standard deviation (SD). The results are expressed as percent (%) in the case of
cell apoptosis, caspase-3/7 activity, nuclear condensation, autophagy, cell cycle arrest, and
DNA synthesis, and count (x10%) for ROS levels. Data analysis was realized with SPSS
v. 23 software, IBM, 2015. Paired t-test established the differences between F-UBO and
controls, and p < 0.05 was considered statistically significant. The principal component
analysis was performed with XLSTAT 2022.2.1. by Addinsoft (New York, NY, USA) and
examined the correlations between variable parameters.

3. Results
3.1. Organoleptic Characteristics of Bioadhesive Oral Films

The organoleptic characteristics of the F-UBO and R films depend highly on the
active ingredient state. Both bioadhesive films (R and F-UBO) are white, with the typical
appearance of emulsified systems (Figure 1a,b). The films withstand normal handling and
cutting processes without air bubbles, cracks, or imperfections. All formulations lead to
homogenous, thin, and easy-to-peel bioadhesive oral films, with a uniform, smooth, and
glossy surface (Figure 1a,b).

3.2. Physico-Chemical Characterization of Bioadhesive Oral Films
3.2.1. Morphology

Scanning electron microscopy (SEM) was performed to study the morphology of
the bioadhesive films (Figure 1c,d). SEM image of R (Figure 1c) shows a denser surface
containing few cavities and small spherically shaped protrusions. The F-UBO surface
observed by SEM analysis (Figure 1d) is rough with deeper and interconnected pores
compared to R.
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Figure 1. Bioadhesive oral films aspect (a,b): reference (a) and F-UBO (b). SEM images (c,d) of
bioadhesive oral films: R (¢) and F-UBO (d). The 2D-AFM images (e,f) of bioadhesive oral films in
“enhanced contrast view” mode, at the scale of (8 x 8) um?, together with representative line scans
for R (e) and F-UBO (f). R—reference (a film without UBO); F-UBO—UBO-loaded bioadhesive oral
film; UBO—U. barbata extract in canola oil.

3.2.2. Atomic Force Microscopy

The AFM images are displayed in Figure le,f.

The reference (R) is corrugated, with a surface exhibiting large protruding particles
(ranging from tens of nm up to microns—for example, see the upper, middle-left elongated
particle in Figure 1e). Therefore, R is characterized by a higher global RMS roughness
of 8.5 nm and an Rpv parameter of 804.5 nm. The line scan exhibits a vertical gradient
(Az level difference) of ~180 nm and more prominent surface features (Figure 1e).
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F-UBO displays a rougher surface, having an RMS roughness of 98.5 nm and a peak-
to-valley parameter of 480.6 nm (Figure 1f). The compact morphology is maintained similar
to that of R; however, deep grooves and cavities are seen in the image, such as the one
imaged along the red line, which is more than 300 nm deep. The surface features (such
as pits, cavities, and grooves) create a clear surface corrugation, which could enhance the
bioadhesive films” adherence to the targeted tissue.

3.2.3. FTIR Spectra
The FTIR spectra of R and F-UBO are illustrated in Figure 2.
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Figure 2. FTIR Spectra of bioadhesive oral films: R is shown with a red line and F-UBO with a
black line. R—reference (a film without UBO); F-UBO—UBOQO-loaded bioadhesive oral film; UBO—U.
barbata extract in canola oil.

The literature data showed that the main absorption peaks characterize the FTIR
spectrum of P407 at 2893 cm™ due to C-H stretch aliphatic, 1355 cm™ corresponding to
in-plane O-H bend, and 1124 cm™! due to C-O stretch [57]. In addition, the FTIR spectrum
of pure HPMC shows an absorption band at 3444 cm ™! assigned to the stretching frequency
of the hydroxyl (-O.H.) group. The band at 1373 cm~! is due to bending vibration of -O.H.
Other stretching vibration bands related to C-H and C-O can be noted at 2929 cm~! and
1055 cm !, respectively (Figure 2).

The prominent peaks of P407 and pure HPMC were shifted in R and F-UBO films
due to the formation of bioadhesive film [58,59]. The main FTIR peaks of UBO [60] are
superposed to the peaks of the polymer matrix.

On the other hand, the spectra exhibit the vO-H stretching vibration detected at
3460 cm~! and vsim CH, at 2853 cm ™!, characteristic of P407. The band observed at
1050 cm ! was assigned to the C-O group [61] (Figure 2). These findings are in accord with
the assumption that F-UBO bioadhesive films are formed through UBO dispersion in the
polymer matrix.

3.2.4. X-ray Diffractograms
The X-ray diffractograms of bioadhesive oral films are presented in Figure 3a.
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Figure 3. (a) X-Ray diffractograms of bioadhesive oral films (R and F-UBO); (b) thermogravimetric
analysis coupled with differential thermal analyses of R and F-UBO. R—reference (a film without
UBO); F-UBO—UBO-loaded bioadhesive oral film; UBO—U. barbata extract in canola oil.

The X-ray diffractograms of R and F-UBO exhibited two peaks at 20 = 8° and 26 = 20°.
They represent the prominent HPMC XRD peaks, portraying their semicrystalline struc-
ture [62,63]. The peak at 20 = 22° is attributed to P407 [64]. The X-ray diffraction pattern
of F-UBO shows higher intensity peaks than the reference, proving the influence of UBO
dispersion in the polymer matrix and correlated with the bioadhesive behavior.

3.2.5. Thermogravimetric Analysis

Thermogravimetric analysis coupled with differential thermal analysis was performed
to characterize the film’s thermal behavior and stability. Both materials (reference and
F-UBO films) exhibit a similar behavior upon heating from 25 to 600 °C (Figure 3b). A
0.8-2.5% weight mass loss occurs on heating up to ~100 °C, which can be associated with
the loss of residual solvent and physisorbed water. The decomposition process of the
organic compounds takes place in two distinct steps, between 200-400 °C and 400-550 °C.
Each decomposition step is accompanied by an exothermic thermal effect (Figure 3b). The
mass losses associated with the solvent loss and first and second organic decomposition
steps are presented in Table 2.

Table 2. Thermal parameters for the bioadhesive oral films (F-UBO and R) decomposition in air.

Film

Solvent T (°C)/Mass Loss T (°C)/Mass Loss
Mass Loss (%) 1st Decomposition Step (%) 2nd Decomposition Step (%)

F-UBO 0.8
R 0.9

348.2°C/87.3 488.8°C/11.9
o A shoulder at 420 °C
358.2°C/86.4 4953 °C/12.7

R—reference (films without UBO); F-UBO—UBO-loaded bioadhesive oral film; UBO—U. barbata extract in canola oil.

Figure 3b and Table 2 indicate that the first stage of both bioadhesive films (R and
F-UBO) starts at a temperature below 100 °C due to the loss of adsorbed water. The second
stage begins from 230 °C to 380 °C, corresponding to ~86% (for R) and ~87% (for F-UBO)
weight loss. The third stage, with a maximum of 495.3 °C (for R) and 488.8 °C (for F-UBO)
was due to the different organic part decomposition.

3.3. Pharmacotechnical Evaluation of Bioadhesive Oral Films

The results of pharmacotechnical evaluation of F-UBO and R are presented in Table 3.
The film’s weight varies depending on the active ingredient state and dispersion method.
No significant differences are registered between the UBO-loaded films and the reference
films (63 £ 1.79 vs. 62 & 3.27 mg, p > 0.05).
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Table 3. Pharmacotechnical [65] characterization of bioadhesive oral films (F-UBO and R).

Pharmacotechnical Parameter * [66] F-UBO R
Weight uniformity (mg) 63 £ 1.79 62 4+ 3.27
Thickness (mm) 0.069 £ 0.006 0.065 £ 0.004
Folding endurance value >300 >300
Tensile strength (kg/mm?) 217 £0.49 2.36 + 0.98
Elongation % 56.33 4+ 0.92 52.16 + 1.22
Moisture content % (w/w) 8.11 + 0.78 8.42 + 0.69
pH 6.97 £ 0.01 7.02 £0.04
Disintegration time (seconds) 124 + 3.67 127 +4.81
Swelling rate (% after 6 h) 195 + 5.24 202 4+ 5.68
Ex vivo bioadhesion time (minutes) 86 + 4.12 91 £3.79

* Expressed as mean value & SD; R—reference (films without UBO); F-UBO—UBO-loaded bioadhesive oral film;
UBO—U. barbata extract in canola oil; SD—standard deviation.

The thickness of F-UBO is similar to that of R (0.069 4+ 0.006 vs. 0.065 + 0.004 mm,
p > 0.05). Low SD values registered in thickness measurements (Table 3) could also be observed.

Both films displayed a great folding endurance, with values above 300, proving suit-
able flexibility. The UBO-loaded films show a higher elongation and a lower tensile strength
than the references (56.33 & 0.92 vs. 52.16 £ 1.22, p < 0.05; 2.17 £ 0.49 vs. 2.36 £ 0.98,
p > 0.05), proving the active ingredient’s influence on the film’s resistance and elasticity. The
F-UBO’s moisture content reported minor differences compared to that of R (8.11 & 0.78
vs. 8.42 £ 0.69, p > 0.05). In addition, the pH measured on the film’s surface shows ap-
proximately neutral and similar values for both formulations (6.97 £ 0.01 vs. 7.02 & 0.04,
p > 0.05). Furthermore, another three pharmacotechnical properties do not show signifi-
cant differences between F-UBO and R: in vitro disintegration time in a simulated saliva
medium (124 £ 3.67 vs. 127 £+ 4.81, p > 0.05), swelling rate (195 £ 5.24 vs. 202 £ 5.68,
p > 0.05), and bioadhesion time (86 + 4.12 vs. 91 £+ 3.79, p > 0.05).

The swelling rate over 6 h is presented in Figure 4.
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Figure 4. Swelling rate (%) over 6 h of F-UBO vs. R; F-UBO—UBO-loaded bioadhesive oral film;
UBO—U. barbata extract in canola oil; R—reference (a film without UBO).

Figure 4 indicates that the swelling index increases linearly in the first 4 h (approxi-
mately 20% to every 30 min); then, the growth becomes slower, the differences between 330
and 360 min being insignificant. No films were eroded after 6 h, and no swelling could be
detected after this time. With the oily active ingredient emulsified in the matrix, F-UBO
displays a lower swelling behavior than R due to UBO’s state and dispersion (Table 3).

3.4. Antimicrobial Activity

Data registered in Table 4 show the standard antibiotic (CTR), antifungal drug (TRF),
P407, and F-UBO initial concentrations and microdilutions (mg/mL).
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Table 4. Initial concentrations and microdilutions for standard antibacterial and antifungal drugs,

positive control, and sample.

. . CTR (mg/mL) TRF (mg/mL) P407 (mg/mL) F-UBO (mg/mL)
Micro-Dilution 30.230 + 0.630 122.330 =+ 0.850 10.050 + 0.180 50.133 + 1.305 63.533 + 1.955
1 1.511 & 0.043 6.117 + 0.042 0.500 4 0.009 2.506 + 0.065 3.176 + 0.097
2 0.755 4 0.022 4.893 + 0.034 0.250 + 0.004 1.253 4+ 0.032 1.588 + 0.048
3 0.377 4+ 0.011 3.914 + 0.027 0.125 4 0.002 0.626 + 0.016 0.794 + 0.024
4 0.188 4 0.005 3.131 + 0.021 0.061 4 0.001 0.315 4 0.008 0.397 + 0.012
5 0.094 -+ 0.002 2.505 + 0.017 0.031 + 0.001 0.157 + 0.004 0.199 + 0.008
6 0.047 4 0.002 2.004 + 0.014 0.015 = 0.001 0.078 = 0.002 0.100 = 0.004
7 0.023 + 0.001 1.603 + 0.011 0.007 4 0.001 0.039 + 0.001 0.049 + 0.002

CTR—ceftriaxone; TRE—terbinafine; P407—poloxamer 407; F-UBO—bioadhesive oral films with U. barbata extract
in canola oil.

The results obtained after 24 h incubation at 37 °C are displayed in Tables S1-S3 from
the Supplementary Material.

Data from Table S1 indicate that the color showed by the standard antibiotic correlates
with its inhibiting power and varies in a manner directly proportional to its concentration.
CTR induced a “moderate” to “good” inhibition of bacterial strains’ growth; the microdilu-
tions [67,68] from 30.230 mg/mL CTR were less active than those from 122.330 mg/mL.

F-UBO exhibited inhibitory effects on both bacteria tested (Table S1). Comparing the
colors of the well-plates with F-UBO and CTR, it can be observed that F-UBO
of [3.176-0.100] mg/mL acts against S. aureus, similar to CTR of [0.047-0.023] mg/mL.
F-UBO of [3.176-0.199] mg/mL inhibits P. aeruginosa proliferation, similar to CTR
of [0.047-0.023] mg/mL (Table S1).

In the present study, 5% P407 had inhibitory effects against both bacteria tested
(Table S2a-d), and its action was higher against P. aeruginosa than S. aureus. P407 of
[2.506-0.626] mg/mL acted on P. aeruginosa, similar to CTR of [1.511—0.047] mg/mL.
Moreover, P407 of [2.506-1.253] mg/mL inhibited S. aureus proliferation, similar to CTR of
[0.047-0.023] mg/mL. Compared to F-UBO, 5% P407 reported similar effects on S. aureus
and induced a slowly higher inhibition of P. aeruginosa.

Table S3 shows that terbinafine of [0.500-0.007] mg/mL exhibited the highest antifun-
gal activity, having a fungicidal effect on both Candida sp.

F-UBO inhibited both Candida sp. proliferation. Thus, F-UBO of 3.176 mg/mL had
the most significant inhibitory activity on both species, higher on C. albicans than on
C. parapsilosis. The following decreasing F-UBO concentrations moderately inhibited the
Candida sp. proliferation.

The antifungal activity of P407 is displayed in Table S2e-h. P407 of [2.506—0.078]
mg/mL had a significant inhibitory effect, partially inducing the death of both fungal
species [48]. The lowest concentration (0.039 mg/mL) similarly affected C. albicans and
produced a moderate to fast proliferation of C. parapsilosis [48]. Moreover, Tables S2 and S3
show that 5% P407 had considerably higher inhibitory activity on both Candida sp. than F-UBO.

3.5. Evaluation of UBO-Loaded Bioadhesive Oral Films Cytotoxicity on Animal Model

A. salina nauplii were examined under the microscope to detect morphological changes
after 24 and 48 h of exposure, compared to a blank and positive control (5% P407). All these
data are illustrated in Figure 5.

After 24 h, all larvae were alive, swimming, and showing normally visible movements.
However, F-UBO cytotoxicity was revealed after the first 24 h, even if the larvae were alive
and apparently normal. Compared to untreated larvae (Figure 5a—d), the images 400 x
(Figure 5e-h) show the following processes in the early stage: penetration of emulsified
lipids into tissues, depletion of cellular structures, and minimal detachment of the cuticle
from the terminal portion of the digestive tract.
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Figure 5. A. salina larvae after 24 and 48 h—microscopic images at 100x (a,e,i,m,r) and 400x
(b—d,f-h,j-1,n—p,s—u). After 24 h: blank (a—d), F-UBO (e-h), 5% P407 (i-1); after 48 h: blank
(m-p), F-UBO (r—u), 5% P407 (v—x). The following changes were observed compared to blank:
(f) penetration of emulsified lipids into tissues (1); (g) penetration of emulsified lipids into tissues (1),
depletion of cellular structures (2); (h) penetration of emulsified lipids into tissues (1), detachment
of the cuticle from the terminal portion of the digestive tract (2); (i) increasing the volume of the
digestive tube in the upper part (1); growth cessation—the brine shrimp larvae have not passed into
the next stage of development (2); (j) different changes in the upper part of the digestive tube (1);
(k) narrowing of the digestive tract in the lower half; (q) dead larvae (1); (r) massive penetration of
small particles of emulsified lipids, into tissues (1), tissue damage (2); (s) blocked digestive tract due
to accumulated lipids (1), accumulation of lipids in tissues (2), cell damage with large intercellular
spaces (3), tissue destruction (4); (t) digestive tract blocked by accumulated lipids (1), cell damage
with large intercellular spaces (2), massive detachment of the cuticle from larval tissues (3), tissue
destruction (4); (u) intensifying the increase in the digestive tract’s volume (1) and growth cessation
(2); (v,w) intensifying the increase in the digestive tract’s volume (1) and penetration of emulsified
lipids into tissues (2); (x) penetration of emulsified lipids into tissues (1). A. salina larvae after 48 h
exposure to F-UBO, stained with acridine orange 400 (A,E) and 200x (B-D,F): blank (A-D) and
F-UBO (EF). The red fluorescence shows intracellular lysosomes activated in cell death processes (F).

These morphological changes were intensified over the next 24 h, becoming incompat-
ible with the brine shrimp nauplii survival. Hence, after 48 h, 64.81% of larvae were alive,
and 11.11% were in the sublethal stage; the registered mortality was 25.92%.

Compared to blank (Figure 5i-1), the exposed larvae (Figure 5m—p) had blocked
digestive transit due to accumulated lipids, cell damage with large intercellular spaces,
tissue destruction, and massive detachment of the cuticle from larval tissues.
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The A. salina larvae were alive and had normal movements after 24 and 48 h exposure
at 5% P407. Microscopic examination after 48 h revealed a significant digestive tube volume
increase, especially in the superior part, and low penetration of emulsified lipids into tissue
(Figure 5v—x).

Moreover, at the intracellular level, FM images (Figure 5A-F) show activated lyso-

somes in cell death processes in brine shrimp larvae exposed to F-UBO (Figure 5F).

3.6. In Vitro Cytotoxicity of UBO-Loaded Bioadhesive Oral Films on Human Normal Blood Cells

and CLS-354 Tumor Cells
3.6.1. Annexin V-FITC Apoptosis Assay

The effects of F-UBO on normal blood cells and CLS-354 tumor cells based on mor-

phology and cell membrane integrity are illustrated in Figure 6.
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Figure 6. Cell apoptosis models after 24 h treatment with F-UBO in normal blood cells
(A,C-E) and CLS-354 tumor cells (B,F-H). Annexin V-FITC/PI patterns of F-UBO (A,B); 1% DMSO
negative control (C,F); 5% poloxamer 407 positive control (D,G); 125 ug/mL UA positive control (E,H).
Statistical analysis of cell apoptosis (I,J) in normal blood cells (I) and CLS-354 tumor cells. * p < 0.05
and ** p < 0.01 are significant statistical differences between controls and sample (F-UBO) made by
paired samples t-test. V—viability; EA—early apoptosis; F-UBO—bioadhesive oral films loaded
with U. barbata extract in canola oil; C1—negative control with 1% dimethyl sulfoxide; C2P—positive
control with 5% poloxamer 407; C3UA—positive control with 125 ug/mL usnic acid.

After 24 h treatment with F-UBO, the normal blood cell’s viability (V) was significantly
higher compared to the C3UA positive control: 85.43 4 2.01 vs. 61.43 + 0.88, p < 0.01
(Figure 6A,E ).

The viability of CLS-354 tumor cells treated with F-UBO was also appreciably increased
compared to both positive controls: 99.50 £ 0.72 vs. C2P: 72.51 & 2.51; C3UA: 54.05 £ 1.68,
p < 0.01 (Figure 6B,G,H,]).

Moreover, Figure 6 shows that F-UBO did not induce early apoptosis in both cell
types, thus reporting considerable differences compared to C3UA in normal blood cells
(0.00 = 0.00 vs. 37.04 & 0.66, p < 0.01), and both positive controls in CLS-354 tumor cells
(0.00 £ 0.00 vs. C2P: 5.88 £ 1.24, p < 0.05 and C3UA: 12.92 4 1.35, p < 0.01).

3.6.2. Evaluation of Caspase-3/7 Activity

The pro-apoptotic signal induced by F-UBO in normal blood cells and CLS-354 tumor
cells was achieved by measuring the effector caspase-3/7 (Figure 7).
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Figure 7. Caspase-3/7 activity after 24 h treatment with F-UBO in normal blood cells (A,C-E) and
CLS-354 tumor cells (B,F-H); MR-DEVD patterns of F-UBO (A,B), 1% DMSO negative control (C,F);
5% poloxamer 407 positive control (D,G); 125 ug/mL UA positive control (E,H). Statistical analysis of
caspase-3/7 activity (I,]J) in normal blood cells (I) and CLS-354 tumor cells (J). * p < 0.05 and ** p < 0.01
are significant statistical differences between controls and sample (F-UBO) made by paired samples
t-test. V—viability; EA—early apoptosis; LA—late apoptosis; N—necrosis; F-UBO—bioadhesive oral
films loaded with U. barbata extract in canola oil; C1—negative control with 1% dimethyl sulfoxide;
C2P—positive control with 5% poloxamer 407; C3UA—positive control with 125 ug/mL usnic acid.

Caspase-3/7 activity in blood cells after 24 h treatment with F-UBO shows significantly
increased values than 5% P407: EA: 37.31 + 5.88 vs. 31.69 & 4.33, p < 0.05. Consequently,
the blood cell’s viability was diminished considerably compared to the C2P positive control
(55.06 £ 2.34 vs. C2P: 64.80 + 3.41, p < 0.01, Figure 7A,D,]I).
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In CLS-354 tumor cells, the proapoptotic signal appreciably decreased compared with
the C3UA positive control: 10.24 £ 0.76; vs. 27.02 &+ 1.64, p < 0.01 (Figure 7B,H,]). The
CLS-354 tumor cell’s viability remained on significantly higher levels, compared to the
C2P and C3UA controls: 87.14 & 1.45 vs. C2P: 85.18 4= 1.59, p < 0.05; C3UA: 39.25 4= 1.88,
p <0.01 (Figure 7B,G,H)]).

3.6.3. Evaluation of Nuclear Condensation and Lysosomal Activity

Magic Red® Caspase-3/7 Assay Kit [69] contains Hoechst 33,342 and acridine orange
stains. Hoechst 33,342 is a cell-permeant nuclear stain; when it is linked to double chain
DNA, it emits blue fluorescence, highlighting condensed nuclei in apoptotic cells [70].
Acridine orange is a chelating dye for revealing the lysosomal activity [71]. Both processes
triggered in normal blood cells and CLS-354 tumor cells after 24 h treatment with F-UBO
are displayed in Figure 8.
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Figure 8. Nuclear shrinkage (A-H) and lysosomal activity (I-P) after 24 h treatment with F-UBO
in normal blood cells (A,C-E,I,K-M) and CLS-354 tumor cells (B,F—H,J,N-P). Hoechst (A-H) and
acridine orange (I-P) patterns of F-UBO (A,B,1]); 1% DMSO negative control (C,F,K,N); 5% P407
positive control (D,G,L,0); 125 ug/mL UA positive control (E,H,M,P); Statistical analysis of nuclear
shrinkage and autophagy (R,S) in normal blood cells (R) and CLS-354 tumor cells (S).* p < 0.05 and
** p < 0.01 represent significant statistical differences between controls and sample (F-UBO) made by
paired samples {-test; NS—nuclear shrinkage; A—autophagy; F-UBO—bioadhesive oral films loaded
with U. barbata extract in canola oil; C1—negative control with 1% dimethyl sulfoxide; C2P—positive
control with 5% poloxamer 407; C3UA—positive control with 125 ug/mL usnic acid.
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After 24 h treatment, F-UBO determined in normal blood cells significantly higher val-
ues of nuclear shrinkage compared to positive controls: 30.32 & 1.73 vs. C2P: 19.53 £ 2.41,
and C3UA: 3.19 =+ 0.30, p < 0.01 (Figure 8A,D,E,R). The F-UBO-induced lysosomal activity
is significantly lower than C2P: 42.66 & 1.36 vs. 53.23 & 1.99; p < 0.05 (Figure 8IL,R). It is
also considerably augmented compared to C3UA: 42.66 &+ 1.36 vs. 27.05 + 1.52; p < 0.01
(Figure 8L M,R).

In CLS-354 tumor cells, F-UBO induced a substantially higher nuclear shrinkage than
C1 negative and C2P positive controls: 49.04 & 4.04 vs. C1: 16.11 + 3.11, p < 0.05; C2P:
20.06 &+ 0.37; p < 0.01 (Figure 8B,EG,S). Moreover, F-UBO recorded a strong augmentation
of tumor cell’s lysosomal activity compared to all controls: 66.14 & 2.67 vs. C1: 12.57 £ 0.92;
C2P:27.27 £ 1.37; p < 0.01, C3UA: 53.35 £ 2.63, p < 0.05 (Figure 8],N,O,PS).

3.6.4. Cell Cycle Analysis

The effects of F-UBO on the cell cycle of normal blood cells and CLS-354 tumor cells,
evidenced with PI/RNase stain, are displayed in Figure 9.
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Figure 9. Cell cycle analysis after 24 h treatment with F-UBO in normal blood cells (A,C-E) and
CLS-354 tumor cells (B,F-H). PI/RNase patterns of F-UBO (A,B); 1% DMSO negative control (C,F);
5% P407 positive control (D,G); 125 pg/mL UA positive control (E,H); F-UBO and controls extrapo-
lated on PI axis (I,]); Statistical analysis of GO/G1, DNA synthesis (S), and G2/M phases of the cell
cycle (K,L) in normal blood cells (K) and CLS-354 tumor cells (L). * p < 0.05 and ** p < 0.01 represent
significant statistical differences between controls and sample (F-UBO) made by paired samples t-test;
AP—apoptotic cell fraction (subG0/G1) [72]; PI—propidium iodide; S—synthesis of cell cycle phases;
F-UBO—bioadhesive oral films loaded with U. barbata extract in canola oil; C1—negative control
with 1% dimethyl sulfoxide; C2P—positive control with 5% poloxamer 407; C3UA—positive control
with 125 ug/mL usnic acid.

In normal blood cells, F-UBO determined cell cycle arrest in GO/G1 without apprecia-
ble differences from controls: 86.99 + 1.49 vs. C1: 88.52 + 0.74, C2P: 85.38 + 4.94, C3UA:
90.05 £ 3.45, p > 0.05 (Figure 9A,C-E,LK). However, F-UBO blocked DNA-synthesis in
normal blood cells: 0.00 &+ 0.00 vs. C1: 4.76 &£ 0.68, p < 0.01; C2P: 1.79 =+ 0.36, p < 0.05;
C3UA:2.86 £ 0.23, p < 0.01 (Figure 9A,C-E,LK).

F-UBO inhibited the CLS-354 tumor cell’s growth through cell cycle arrest in GO/G1
and G2/M, registering significant differences from both positive controls. Thus, cell cycle
arrest in GO/G1 is lower (73.51 £ 1.77 vs. C2P: 83.56 + 4.20, p < 0.05; C3UA: 90.05 + 3.45,
p <0.01) and in G2/M is higher (1540 £ 0.72 vs. C2P: 5.12 &+ 2.19, p < 0.05; C3UA:
4.06 £ 1.45, p < 0.01) compared to C2P and C3UA (Figure 9B,G,H,J,L).

3.6.5. Evaluation of Total ROS Activity

Total ROS activity evaluation measured the cellular oxidative stress induced by F-UBO
in blood cells and CLS-354 tumor cells. The results are displayed in Figure 10.
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Figure 10. ROS levels after 24 h treatment with F-UBO in normal blood cells (A) and CLS-354 tumor
cells (B) illustrated as F-UBO and controls extrapolated on the ROS axis. Statistical analysis of cellular
oxidative stress (C,D) in normal blood cells (C) and CLS-354 tumor cells (D); ** p < 0.01 represents
significant statistical differences between controls and sample (F-UBO) made by paired samples
t-test; ROS—reactive oxygen species; F-UBO—bioadhesive oral films loaded with U. barbata extract
in canola oil; Cl—negative control with 1% dimethyl sulfoxide; C2P—positive control with 5%
poloxamer 407; C3UA—positive control with 125 pug/mL usnic acid.

F-UBO-induced oxidative stress in normal blood cells was substantially higher com-
pared to all controls: 5600 x 10* 4 500.00; vs. C1: 242.00 x 10* ££2.00, C2P: 311 x 10* + 9.64;
C3UA: 846.66 x 10* £ 5.77, p < 0.01 (Figure 10A,C).

Moreover, ROS levels in CLS-354 cells treated with F-UBO considerably increased
compared to C1 and C2P: 445.00 x 10* 4 8.66 vs. Cl: 15.66 x 10* + 4.04; and C2P:
96.66 x 10* +20.81; p < 0.01 (Figure 10B,D). However, F-UBO-induced ROS levels were
significantly lower than C3UA'’s: 966.66 x 10* 4 57.73, p < 0.01 (Figure 10B,D).

3.6.6. Evaluation of Cell Proliferation

The F-UBO effects on DNA synthesis in normal blood cells and CLS-354 tumor cells
were also assessed by EdU incorporation, and the results are presented in Figure 11.
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Figure 11. DNA synthesis (S) in normal blood cells (A,C-E) and CLS-354 tumor cells (B,F-H) after
24 h treatment with F-UBO; EdU-iFluor 488 patterns of F-UBO (A,B); 1% DMSO negative control (CF);
5% poloxamer 407 positive control (D,G); 125 ug/mL UA positive control (E,H); F-UBO and controls
extrapolated on EdU-iFluor 488 axis (L]); Statistical analysis of DNA synthesis (K,L) in normal
blood cells (K) and CLS-354 tumor cells (L); * p < 0.05 and ** p < 0.01 represent significant statistical
differences between controls and sample (F-UBO) made by paired samples ¢-test. AP—apoptotic cell
fraction (subG0/G1) [73]; F-UBO—bioadhesive oral films loaded with U. barbata extract in canola
oil; Cl-negative control with 1% dimethyl sulfoxide; C2P—positive control with 5% poloxamer;
C3UA—positive control with 125 ug/mL usnic acid.

In normal blood cells, F-UBO blocked DNA synthesis recording considerable differ-
ences from C1 negative control: 0.00 £ 0.00 vs. 10.36 & 1.21; p < 0.01 (Figure 11A,C,LK).
As a result of DNA content diminution, the cell cycle arrest in subG0/G1 phase corre-
sponds to apoptotic cell fraction; these cells have less DNA than healthy ones due to DNA
fragmentation [72]. However, F-UBO induced apoptotic cell fraction (subG0/G1) [73] had
significantly lower values compared with 1% DMSO (0.84 +£ 0.09 vs. 2.01 £ 0.20, p < 0.05)
and higher ones compared to UA (0.84 & 0.09 vs. 0.00 & 0.00, p < 0.01).

In CLS-354 tumor cells, F-UBO also significantly diminished DNA synthesis compared
to C1 negative control: 3.09 & 1.60 vs. C1: 12.44 + 2.80, p < 0.05 (Figure 11B,E]J,L), but
F-UBO-induced cell cycle arrest in subG0/G1 was still considerably lower than that of
C1:1.77 £1.37 vs. 15.18 £ 2.17, p < 0.01 (Figure 11B,E],L). Moreover, P407 reduced DNA
synthesis in CLS-354 tumor cells higher than F-UBO: 1.16 & 1.07 vs. 3.09 &+ 1.60, p < 0.05
(Figure 11B,G,J,L), but apoptotic cell fraction also remained minimal.

3.6.7. Principal Component Analysis

The principal component analysis (PCA) was performed for F-UBO and controls
(C1-DMSO, C2P407, and C3UA). It correlates the variable parameters determined in both
cell types (normal blood cells and CLS-354 OSCC tumor cells) according to the correlation
matrix and PCA-correlation circle from the Supplementary Materials. The results are
displayed in Figure 12.

The two principal components explained 83.36% of total data variance, with 51.50%
attributed to the first (PC1) and 31.85% to the second (PC2). PC1 was associated with
C3UA, caspase-3/7 activity in normal blood cells and CLS-354 tumor cells, and ROS levels
in CLS-354 tumor cells. At the same time, PC2 was related to F-UBO bioadhesive oral films,
C1DMSO, and ROS levels in normal blood cells (Figure 12).
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Figure 12. PCA-correlation biplot between mechanisms (caspase-3/7 activity and cellular oxidative
stress) and processes induced by F-UBO and controls (C1DMSO, C2P407, and C2UA) in normal blood
cells (bc) and CLS-354 tumor cells (oscc). V—viability; EA—early apoptosis; LA—late apoptosis; N—
necrosis; NC—nuclear condensation; A—autophagy; DNAs—DNA synthesis; subG0/Gl—apoptotic
cell fraction; GO/G1l—cell cycle arrest in GO/G1; ROS—oxidative stress; C3/7—caspase-3/7 activity.

In normal blood cells, caspase-3/7 activation shows a high positive correlation with
nuclear condensation (r = 0.921, p > 0.05), a moderate one with necrosis (r = 0.786, p > 0.05),
ROS levels (r = 0.708, p > 0.05), and autophagy (r = 0.581, p > 0.05), and a low one with
apoptotic cell fraction (subG0/G1, r = 0.382, p > 0.05). This mechanism is highly negatively
correlated with EA and LA (r = —0.835, p > 0.05) and moderate with a cell cycle arrest in
G0/G1 phase and DNA synthesis (r = —0.741 and —0.669, p > 0.05). The cellular oxidative
stress reported a considerable positive correlation with necrosis (r = 0.992, p < 0.05), and a
low one with nuclear condensation (r = 0.540, p > 0.05).

In CLS-354 tumor cells, caspase-3/7 activation is highly positively correlated with cell
cycle arrest in G0/G1 phase (r = 0.800, p > 0.05), and low with ROS level (r = 0.513, p > 0.05).
However, oxidative stress (expressed as ROS level) shows a high and moderate positive
correlation with the most damaging processes in OSCC cells. It displays a high correlation
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with late apoptosis and nuclear condensation (7 = 0.812 and 0.802, p > 0.05), and a moderate
one with early apoptosis and autophagy (r = 0.739 and 0.733, p > 0.05).

Data analysis shows that F-UBO acts on CLS-354 cells, inducing the highest levels
of nuclear condensation and autophagy compared to all controls. Moreover, nuclear
condensation and autophagy triggered by F-UBO display higher levels in OSCC cells than
in normal blood ones. F-UBO also causes the most elevated oxidative stress in normal
blood cells compared to controls. However, F-UBO significantly diminishes the apoptotic
cell fraction (subG0/G1) and autophagy (A) and slowly decreases the cell cycle arrest in
GO0/Gl1, triggered in normal cells by 1% DMSO.

Usnic acid, the main secondary metabolite of U. barbata lichens, induced the highest
oxidative stress and caspase-3/7 activation in OSCC cells, leading to the most substan-
tial cellular apoptosis. It highlights a significant protective effect on normal blood cells,
appreciably diminishing caspase-3/7 activation, nuclear condensation, and autophagy
determined by 1% DMSO, thus reducing apoptotic cell fraction (subG0/G1).

In the present study, 5% P407, the emulsifier used in the F-UBO formulation, was
selected as a positive control. It significantly acts on OSCC cells, determining cellular
apoptosis by triggering all mechanisms that lead to cancer cell death. Moreover, it induces
the highest DNA synthesis compared to F-UBO and controls. In normal blood cells, it
generates oxidative stress and caspase-3/7 activation after 24 h of treatment, but the cell
viability is not significantly affected.

By correlating and interpreting these data, the places of F-UBO and controls (CIDMSO,
C2P407, and C3UA) in the PCA-correlation biplot (Figure 12) were justified, evidencing the
corresponding processes triggered in CLS-354 cancer cells and normal blood cells.

4. Discussion

The previous UBO analysis measured the heavy metals content, quantified the active
constituents (UA content = 0.915 £ 0.018 mg/g UBO), explored the antioxidant, cytotoxic,
and rheological properties, and then proved its suitability for pharmaceutical formulation [26].

The use of HPMC in a 15% aqueous dispersion ensured the suitable film tough-
ness, while 5% PEG 400 provided an elegant, glossy, smooth appearance and high flex-
ibility. The film’s homogeneity proved that the active ingredients were adequately in-
corporated into the polymer matrix, emulsifying the oil extract. All formulations led
to a thin and uniform film, suitable characteristics for bioadhesive performance, and a
comfortable administration.

The low variation in weight and thickness guarantees the efficiency of the formu-
lation and applied method and provides a certain uniformity of content. The results
obtained for film thickness agree with other developed studies on HPMC films [74]. Both
types of formulations proved to have weight and thickness suitable for application to the
oral mucosa [36,74,75].

Regarding the mechanical properties of both bioadhesive oral films (F-UBO and R),
the differences between formulations are not substantial because they contain identical
amounts of HPMC and PEG 400.

Thus, the film’s flexibility is mandatory for easy handling and administration. It is
induced by the plasticizer used in the formulation and the film-forming polymer [76].
Semalty M. et al. [77] proved that mixing HPMC with PEG 400 in 30% of the weight of
the polymer leads to low folding endurance and that the optimal plasticizer is PEG, used
in low concentrations. In the present study, using PEG 400 in a 5% concentration led
to the excellent flexibility of both film types. The plasticizer reduces the film’s rigidity
by decreasing the intermolecular forces [78]. Still, it was proven that high amounts of
plasticizer might diminish the film adhesive properties by over-hydration [79].

F-UBO contains the active ingredient emulsified in the polymer matrix, leading to
its physical interruption and a suitable elasticity. The disruption of polymer molecular
chains induces higher chain mobility, augmenting flexibility and diminishing rigidity.
Mabher et al. [80] proved the influence of the polymer type (including HPMC) on the film’s
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tensile strength. It was also confirmed that the tensile strength increases with the film-
forming polymer concentration. It was observed that 15% HPMC water dispersion conducts
to the development of a strong matrix with a sufficiently dense network. The obtained
results show that even if the film-forming agent and the plasticizer have the primary
influence on the film’s mechanical attributes, other factors, such as the active ingredient
nature or concentration and its dispersion type, affect the bioadhesive film’s strength. The
data obtained in this study show that F-UBO’s elongation and tensile strength are adequate
to resist stress during handling [81].

The moisture content ensures the suitable film’s mechanical properties. It influences
the film's friability; however, both formulations (F-UBO and R) display good resistance.
The moisture can be due to the solvent system used in the formulation or to the ingredients’
hygroscopic properties, especially the plasticizer ones [82]. PEG 400 presents high hygro-
scopicity due to its hydrophilic hydroxyl groups interacting with water [83], providing
more sites for interactions and leading to moisture retention in the films. HPMC also has
hydrophilic hydroxypropyl substituents, but contains hydrophobic methoxyl groups and
does not maintain excessive moisture [84]. Bioadhesive oral films must have a moderate
moisture content to ensure their elasticity and protection from being brittle, dry, and easy
to break [85], and F-UBO and R show suitable humidity.

Each ingredient influences the film’s pH value in the formulation. The purpose is to
properly select the components to obtain bioadhesive films with a surface pH close to the
buccal one. F-UBO shows an approximately neutral pH on the surface, close to the oral
cavity, ensuring good tolerability with no possible irritation of the buccal mucosa. In this
work, both films have similar pH values, proving that the active ingredients do not modify
the pH of the matrix system.

The formulation’s disintegration time strongly depends on the polymer matrix.
Shen et al. [86] demonstrated that the film’s disintegration time rises directly proportional
to HPMC concentration. The results show that F-UBO’s rapid disintegration allows a fast
release of active ingredients, suitable for in vitro studies.

The film’s swelling properties are essential for bioadhesion [87] and highly depend
on water diffusivity into the polymer [88]. The residence time [41,42] also depends on the
film-forming polymer and the plasticizer’s retention properties, being highly controlled
by the ratio between them [89]. The disturbance of the polymer chains by including active
ingredients in the matrix decreases the water content [90] and considerably influences the
bioadhesive behavior. Adhesion is enhanced with increasing hydration until it reaches
an optimum point. Overhydration causes the breaking of the polymer/tissue interface,
thus decreasing the bioadhesive force. The values registered for ex vivo residence time are
strongly related to the film’s in vivo bioadhesive performance, and results were satisfactory
for F-UBO.

Generally, the differences between UBO-loaded bioadhesive oral films and references
are not statistically significant, proving that UBO does not considerably influence these
previously mentioned properties.

On the other hand, P407, the emulsifier from the F-UBO formulation, is most known
for its use as a surfactant in various oral hygiene products (dentifrices, mouthwashes,
breath fresheners) in a concentration range of 0.3-20% [91]. Furthermore, it is particularly
interesting in clinical use for surgical application due to its thermoreversible gelation and
bactericidal effects on S. aureus [92]. Veyries et al. [93] revealed the potential of P407 for
inhibiting the attachment of S. aureus and S. epidermidis and increasing their susceptibility
to antibiotics once they are adherent. This study results show the significant antifungal
potential of 5% P407 in water against C. albicans and C. parapsilosis.

Teanpaisan et al. [94] proposed a mixture of P407 and Artocarpus lakoocha (Moraceae) for
endodontic treatment, proving its antibacterial activity against E. fecalis. Recently, another
study proved antifungal activity of a hydroethanolic extract from Astronium urundeuva
leaves loaded into a nanostructured lipid system with 0.5% P407® against C. albicans and
C. glabrata [95]. Previous studies [96,97] included the most common oral cavity pathogens
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responsible for various opportunistic infections in immunocompromised patients, S. aureus,
P. aeruginosa, and C. albicans. Our F-UBO oral biofilms revealed a dose-dependent inhibitory
activity against S. aureus, P. aeruginosa, C. albicans, and C. parapsilosis.

The BSL cytotoxicity assay is one of the most known methods, using Artemia sp.—
A. salina [26] and A. franciscana [98]. Together with phytotoxicity assay on Triticum aestivum
L.—which evaluates the Triticum radicle growth [99], the BSL assay is considered a rapid,
simple, low-cost, and effective test to estimate various natural products’ safety for human
use [100]. Okumu et al. [49] recently used A. salina as an animal model for the preliminary
evaluation of snake-venom-induced toxicity. Nazir et al. [101] proved that the BSL assay
is a significant antitumor prescreening in anticancer drug discovery. Rajabi et al. [102]
described Artemia salina as a model organism in the toxicity assessment of nanoparticles.
The present study used the BSL assay to evaluate the F-UBO cytotoxic potential, and the
obtained results could be extrapolated to those on tumor cells.

Previous studies regarding the various poloxamer types’ cytotoxicity on tumor cells
reported a dose-dependent action. Thus, a concentration of 30 £ 10 mg/mL of poloxamer
188 inhibited 50% of HeLa (cervical cancer) cell growth, whereas a dose 10 times lower
(2-5 mg/mL) was necessary to inhibit 50% of B-16 (mouse melanoma) cell growth [91].
In this study, 50 mg/mL P407 reduced the viability of CLS-354 (oral cancer) cells to
72.51 £ 2.51% after 24 h incubation. F-UBO dispersion led to 315 pug/mL UBO and
3.15 mg/mL P407;, UBO penetrated rapidly through the cell wall in emulsified form,
then the onset of apoptotic processes after 24 h of treatment could be explained. The
F-UBO complex composition suggests a synergy between U. barbata secondary metabo-
lites with pharmacological properties [103,104], canola 0il’s bioactive constituents [105],
and P407 [106,107].

5. Conclusions

This study evaluated the pharmacological potential of the U. barbata (L.) Weber ex F.H.
Wigg extract in canola oil (UBO) as an oral pharmaceutical formulation.

The UBO-loaded bioadhesive oral films were manufactured using P407, HPMC, and
PEG 400 for their formulation. F-UBO suitability for topical administration on buccal
mucosa was confirmed through complex physicochemical and pharmacotechnical analyses.

F-UBO antimicrobial and anticancer properties were investigated using P407 as a posi-
tive control. Data obtained revealed F-UBO and P407 dose-dependent inhibitory activity
against the most common bacterial and fungal pathogens implied in immunosuppressed
patients’ oral infections. Moreover, they highlighted in vitro antitumor effects on oral
epithelial squamous cell carcinoma (CLS-354 cell line).

The present research suggests that bioadhesive oral films with U. barbata extract in
canola oil can be considered a phytotherapeutic formulation with potential applications
against oral cavity infections and neoplasia. In vivo and clinical studies could be further
steps in F-UBO analysis to confirm their medical benefits.

Supplementary Materials: The supporting information regarding principal component analysis and
antimicrobial activity can be downloaded at: https://www.mdpi.com/article/10.3390/antiox11081
601/s1: Table S1. The inhibitory activity of F-UBO on Gram-positive (S. aureus) and Gram-negative
bacteria (P. aeruginosa) after 24 h incubation at 37 °C. CTR—ceftriaxone, F-UBO—Dbioadhesive oral
film with U. barbata extract in canola oil; * results interpreted by using resazurin dye chart, adapted
from Madushan et al. [46] as follows: blue—"“excellent”; light blue—"very good”; violet—"good”;
purple-pink—"moderate”; light pink—"low”; pink—"“very low”; white—"no effect”. Table S2. The
antibacterial and antifungal activities of 5% P407. CTR—ceftriaxone, P407—poloxamer 407, TRF—
terbinafine. * Results interpreted by using resazurin dye chart, adapted from Madushan et al. [46]
as follows: blue—"excellent”; light blue—*very good”; violet—"good”; purple-pink—"moderate”;
light pink—"low”’; pink—"very low”; white—"no effect” (a—d). ** Results interpreting adapted from
Bitacura et al. [48] (e-h). Table S3. The inhibitory activity of F-UBO on C. albicans and C. parapsylosis
after 24 h incubation at 35 °C; the color score and signification [48]. TRF—terbinafine, F-UBO—
bioadhesive films with U. barbata extract in canola oil. ** Results interpreting adapted from Bitacura et al. [48].
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Abstract: Prostate intratumoral heterogeneity, driven by epithelial-mesenchymal plasticity, con-
tributes to the limited treatment response, and it is therefore necessary to use the biomarkers to
improve patient prognostic survival. We aimed to characterize the tumor microenvironment (T lym-
phocyte infiltration, intratumoral CD34, and KI-67 expressions) by immunohistochemistry methods
and to study the biological mechanisms (cell cycle, cell proliferation by adhesion glycoproteins, cell
apoptosis) involved in the evolution of the prostate tumor process by flow-cytometry techniques.
Our results showed that proliferative activity (S-phase) revealed statistically significant lower values
of prostate adenocarcinoma (PCa) and benign prostatic hyperplasia (BPH) reported at non-malignant
adjacent cell samples (PCa 4.32 £ 4.91; BPH 2.35 & 1.37 vs. C 10.23 & 0.43, p < 0.01). Furthermore,
68% of BPH cases and 88% of patients with PCa had aneuploidy. Statistically increased values
of cell proliferation (CD34+ CD61+) were observed in prostate adenocarcinoma and hyperplasia
cases reported to non-malignant adjacent cell samples (PCa 28.79 + 10.14; BPH 40.65 + 11.88 vs. C
16.15 £ 2.58, p < 0.05). The CD42b+ cell population with a role in cell adhesion, and metastasis had
a significantly increased value in PCa cases (38.39 + 11.23) reported to controls (C 26.24 + 0.62,
p < 0.01). The intratumoral expression of CD34 showed a significantly increased pattern of PCa tissue
samples reported to controls (PCa 26.12 + 6.84 vs. C 1.50 & 0.70, p < 0.01). Flow cytometric analysis of
the cell cycle, apoptosis, and adhesion glycoproteins with a critical role in tumoral cell proliferation,
T cell infiltrations, Ki-67, and CD 34 expressions by IHC methods are recommended as techniques for
the efficient means of measurement for adenocarcinoma and hyperplasia prostate tissue samples and
should be explored in the future.

Keywords: prostate carcinogenesis; cell cycle; apoptosis; CD34; CD61; CD42b glycoproteins; T cell
infiltrations; Ki-67 expression
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1. Introduction

Prostate adenocarcinoma (PCa) is the most common cancer in men in the world, be-
ing the leading cause of death. Despite its high incidence, PCa prognosis for patients is
good when the carcinoma is detected in stages when androgen deprivation, prostatectomy,
or/and radiation therapies are implemented [1-3]. Prostate intratumoral heterogeneity,
driven by epithelial-mesenchymal plasticity, contributes to the limited treatment response;
therefore, it is necessary to use the biomarkers to highlight this efficiently and quickly to
improve patient prognostic survival. Flow cytometric analysis of ploidy and the cell cycle,
together with adhesion glycoproteins with an essential role in tumoral cell proliferation and
cell apoptosis, represent the rapid and efficient means of measurement for the microenvi-
ronment (TME) of the PCa and benign prostatic hyperplasia (BPH). DNA content observes
the cell frequency in the G0/G1, S, and G2/M phases of the cell cycle and assesses DNA
ploidy. The evidence of aneuploidy represents a marker of the tumor presence, being a
prognostic indicator of tumor progression and the treatment outcome [4]. DNA ploidy and
cell proliferation have provided prognostic information for prostate cancer [5]. Aneuploidy
represents a human cancer characteristic, being a tumorigenesis driver [6]. Aneuploidy
may arise during tumor initiation via polyploidization because unstable tetraploid interme-
diates determinate chromosomal gains, losses, and translocations [7-9]. Polyploid cells also
occur in cancer, but aneuploidy cells are found in various tumors, often indicating higher
malignancy. Flow cytometric analysis of aneuploidy has been used as a prognostic indicator
in prostate, colon, and breast tumors, and it highlights that aneuploidy results from deletion
or replication of specific chromosomes, with a different process from normal chromosome
replication [10]. Cell adhesion molecules (glycoproteins) are essential in cancer progression
and metastasis. Interactions between tumor cells, platelets, and leukocytes contribute
to cancer cell adhesion, extravasation, and the establishment of metastatic lesions [11].
CDé61 transmembrane glycoproteins (33 integrin) attach the cells to the extracellular ma-
trix (ECM), inducing cluster formation with signaling molecules (focal adhesions kinase),
which result in cell adhesion and cell migration. Changes in integrin gene expression were
shown in various malignancies, including prostate adenocarcinoma [12-15]. CD34 is a
transmembrane phosphoglycoprotein associated with the proliferative capacity of multipo-
tent mesenchymal stromal cells (MSC) [16,17]. In addition, CD34 represents a biomarker
of vascular endothelial progenitor cells [18]. Noncirculating adult endothelial cells were
represented by the CD34+ cell population, located within smaller blood vessels, while most
endothelial cells from larger veins and arteries are part of the CD34- cell population. CD34+
endothelial cells are involved in migration and adhesion [17]. The integrin «IIb/B3 (CD61
complex) is involved in prostate cancer metastasis [19]. In addition, integrin 531 (GPIB-V
complex) is vital in cell adhesion in prostate cancer cells [20]. T lymphocyte infiltration
into the tumor microenvironment plays an important role in antitumor immunity [21].
T lymphocyte infiltration into malignant tumors in controlling cancer progression and
survival of patients with cancer was described in [22]. Other authors suggest that patients
with tumors with increased T lymphocyte infiltration have a survival advantage, but it
appears that the mechanisms that contributed to escape the tumor cells originated from
immune responses [3,23,24].

Our study presents the DNA content and cell apoptosis related to adhesion glyco-
protein expressions and T lymphocyte infiltration in PCa and BPH tissue in a report with
non-malignant adjacent tissue samples. DNA content was measured by flow cytometry to
show cell distribution within the G0/G1, S, and G2/M phases of the cell cycle, to estimate
the frequency of apoptotic cells with the fractional DNA content (subG0/G1), and to calcu-
late the DNA ploidy of the observed cell population, being made by a PI stain. Adhesion
glycoproteins made by dual stain CD34 Alexa Fluor 488 and CD61-PE reveal mesenchy-
mal and endothelial cell proliferation and platelet and T cell aggregation to tumoral and
endothelial cells (CD34+ CD61+). The CD42b-PE stain observed the platelet aggregation in
tumor and endothelial cells. T lymphocytes, especially CD3 (total T lymphocytes), CD4
(helper T lymphocytes), and CD8 (cytotoxic T lymphocytes), were analyzed by immuno-
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histochemistry methods (IHC) to observe the infiltration degrees of leucocytes in tissue
samples. In addition, the intratumoral expression of CD34 and cell proliferation by Ki-67
expression in PCa and BPH tissue samples were reported to controls by ICH analysis.

2. Materials and Methods
2.1. Cases Selection

All tissue samples (1 = 75) were recovered from patients (who signed informed consent
forms, agreeing to participate in this study) from the Clinical Service of Pathology, Sf. Apos-
tol Andrei Clinical Emergency County Hospital in Constanta, Romania. In agreement with
WHO classifications, the patients were divided into two experimental groups: (1) patients
with PCa without treatment (n = 25); (2) patients with BPH without treatment (n = 25);
(3) controls for experimental groups using non-malignant adjacent tissue samples recovered
from patients with PCa or BPH (1 = 25, C, controls).

Tissue samples of PCa, BPH, and control, excised by transurethral resection of the
prostate (TURP), were divided into two parts: (1) samples used to evaluate the T cell
infiltrations, CD 34, and Ki-67 cell proliferation by IHC methods at Clinical Service of
Pathology, Sf. Apostol Andrei Clinical Emergency County Hospital, Constanta, Romania;
(2) samples mechanically homogenized with TissueRuptor II (Qiagen, USA), used for
flow cytometry determinations (DNA content, cell apoptosis, CD34, CD61, and CD42b
biomarkers at the Cell Biology Department, CEDMOG, Ovidius University of Constanta,
Romania). Our selection criteria were applied to identify and establish the clinical efficiency
of the human PCa and BPH biomarkers by flow cytometry and IHC methods, highlighting
the characterization of the tumor microenvironment in conformity with references [25].

2.2. Morphological Evaluation of Tissue Samples

After the macroscopic description, the prostate tissue specimens were fixed in 10%
formaldehyde, paraffin-embedded, sectioned, and stained in the usual laboratory stains.
For the microscopic evaluation, by the Gleason classification, primary prostate adenocarci-
nomas were divided into three categories: (1) well-differentiated—Gleason score (GS) 6;
(2) moderately differentiated—Gleason score 7; (3) poorly differentiated—Gleason scores
8-10. The second classification of PCa cases in the function of the prognostic grade of
the patient survival was made in accordance with the references: (1) Group I—Gleason
score < 6 (n = 1); (2) Group II—Gleason score 3 + 4 = 7 (n = 16); (3) Group lII—Gleason
score 4 + 3 = 7; (4) Group IV—Gleason score 4 + 4 = 8 (n = 3); (5) Group V—Gleason score
9-10 (n = 5) [26-28]. After the T stage (pTNM), the third classification identified two risk
groups: (1) patients with T1-T2 stage; (2) patients with T3-T4 stage [29].

2.3. Reagents and Equipment

Our study analyses used a flow cytometer (Attune, Acoustic focusing cytometer,
Applied Biosystems, part of Life Technologies, Bedford, MA, USA). The flow cytometer
was set using fluorescent beads (Attune performance tracking beads, labeling, and detection,
Life Technologies, Europe BV, Bleiswijk, The Netherlands) with standard size (four intensity
levels of beads population). The quantity was established by enumerating cells below 1 pum;
10,000 cells per sample for each analysis were gated by Forward Scatter (FSC) and Side
Scatter (SSC). Flow cytometry data were collected using Attune Cytometric Software v.1.2.5,
Applied Biosystems, 2010. Annexin V-FITC/PI (Bender MedSystems GmbH, Wien, Austria)
was used to observe the apoptotic cells. Propidium iodide (PI) (1.0 mg/mL, Sigma-Aldrich,
Chemie GmbH, Taufkirchen, Germany) and RNase A (4 mg/mL, Promega, Madison, WI,
USA) were used in cell cycle analysis. Anti-CD42b-PE (HIP1) and anti-CD61-PE (integrin
beta 3, Invitrogen, eBioscience) monoclonal antibodies conjugated with phycoerythrin (PE)
were used to assess platelet glycoproteins expressions of GPIba and GPIIla. CD34 Antibody,
conjugate Alexa Fluor 488 (4H11(APG), Thermo Scientific, Waltham, MA, USA) was used
for glycoprotein expression of CD34. Anti-CD4 (EP204 clone), anti-CD 8 (SP16 clone),
anti-CD3 (EP41 clone), anti-CD34 (QB-End /10 clone), and anti-Ki67 (SP6 clone, Master
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Diagnostica, Sao Paolo, Brazil) monoclonal antibodies were used for immunohistochemistry
(IHC) methods to evaluate the T cell infiltration, intratumoral expression of CD34, and cell
proliferation in PCa and BPH tissue samples reported to controls. We used formalin-fixed,
paraffin-embedded tissue for IHC assessment, sectioned at 4 pm thickness. We followed
the staining protocol, as recommended by the producers. Master Diagnostica protocols
included dewaxing using xylene and decreasing grades of alcohol, HIER in ph8 Master
Diagnostica EDTA butffer in a pressure cooker incubating the ready-to-use monoclonal
antibodies at room temperature for 10 min. For detection, we used the Master Polymer Plus
Detection System (HRP) (DAB included), counterstained with hematoxylin, and mounted
the glass cover slides.

2.4. Cell Cycle Analysis

In the darkness, the homogenized cells (100 pL) were introduced into flow cytometry
tubes and fixed with 100 puL ethanol for 30 min. After this process, the cells were treated
with 20 pL of PI (20 mg/mL) and 30 pL of RNase A (30 mg/mL) and incubated for
30 min at room temperature into darkness. Then, 1 mL flow cytometry stain buffer (FCB,
eBioscienceTM, Life Technologies Europe BV, Bleiswijk, The Netherlands) was added, and
the cell cycle distribution was detected with the flow cytometer using a 488 nm excitation
and orange emission for PI (BL2 channel).

2.5. Adhesion Glycoproteins Determinations

The homogenized cells (100 pL for each tube) spread: (1) CD61-PE and CD34+ -Alexa
Flour 488 dual stain; (2) CD42b-PE stain; (3) control negative-IgG stain. In the tubes with
cells were introduced 5ul. of CD61-PE and 5ul of CD34-Alexa Flour 488. In the other tubes
with cells were added 5 pL of CD42b-PE. A control tube with cells and 5 pL of the negative
control (mouse IgG) were realized for each experimental sample. All work tubes were
vortexed and incubated into darkness for 25 min at 37 °C. Then, 1 ml of FCB was added
into each tube and vortexed for 1 min before analysis. Flow cytometry identified adhesion
glycoproteins based on the size and specificity of CD34, CD61, and CD42b expressions,
using the BL1 channel for Alexa Fluor 488 and the BL2 channel for PE.

2.6. Cell Apoptosis Assay

The homogenized cells from each sample were introduced in flow cytometry tubes
with 2 pL of Annexin V-FITC and 2 pL PI (20 mg/mL) for 30 min at room temperature
in darkness. After incubation, 1 mL of FCB was added. Viable cells, early apoptotic cells,
late apoptotic cells, and necrotic cells were examined with a flow cytometer using 488 nm
excitation, green emission for Annexin V-FITC (BL1 channel), and orange emission for PI
(BL2 channel).

2.7. Surface Glycoproteins of T Cell Analysis

The expressions of the CD4, CD3, and CD8 biomarkers were evaluated semi-quantitatively
as the number of lymphocytes (less or greater than 50 cells) on 400 x magnification by mi-
croscope examination. Immunolabeling was considered brown positive at the membrane
level. Lymphocytes from the peritumoral stroma were evaluated, either as single cells or as
cell aggregates and intraepithelial cells. Tonsils were used as a positive control. Thus, the
degree of inflammation in the tissue samples was assessed and divided into three categories
depending on the lymphocyte’s percentage: (1) slight inflammation, when the inflammatory
infiltrates were equal to or less than 10% (1 = 39); (2) moderate inflammation, with infiltrates
between 10 and 20 (n = 14); (3) severe inflammation, when the percentage of infiltrates was
equal to or greater than 20 (n = 22) [30].

2.8. Intratumoral Expression of CD34

Vascularity was evaluated by an average of CD34-positive numbers of stained vessels
in cases with non-malignant tissue, HBP tissue, and PCa tissue samples. CD34 expression
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was assessed in both small vessels within the prostate tumor tissue, which is more likely to
be formed during tumor angiogenesis, and in pre-existing stromal vessels. For evaluation,
the expression was observed by brown positivity in the monolayer endothelial cells, which
line the lumen of small vessels. Each section was initially examined with a low power
field of 100x to mark the area of MDV (microvessel density) and then with a large, high
power field of 400x. They were evaluated as vascular spaces, lumen-centered structures,
endothelial cell groups, or CD34-positive cell clusters that were considered a microvessel.
In the situation where at least two clusters or foci were observed, which seemed to belong
to the same vascular structure, they were also considered a microvessel. MVD count was
established as the sum of the three highest counts, in the hot spots, at 0.18 mm? [29,31].

2.9. Ki-67 Cell Proliferation

The evaluation was quantified at the nuclear level by strong brown staining as the
percentage of cells that react with the antibody. Positive cells were counted from 500 cells
evaluated on the magnification of 400 (HPF—high power field). We used as reference for
interpretation the following values: below 2%, negative (n = 50); below 25%, score 1+
(n = 25); 26-50%, score 2+; 51-75%, score 3+; 76-100%, score 4+ [32].

2.10. Statistical Analysis

We analyzed the cell cycle, adhesion glycoproteins, cell apoptosis, T cell infiltrations,
and intratumoral expression of CD34 for all tissue samples, and the obtained results
were presented as mean values with standard deviations, made by SPSS v. 23 software,
IBM, Armonk, NY, USA, 2015. Data were analyzed by the Levene test for homogeneity
of the sample variances, an independent ¢ test was used to show the differences between
cases, and p < 0.05 was considered statistically significant. The Pearson correlations were
made between DNA content, cell apoptosis, glycoproteins parameters, tissue inflammation
grade, and Ki-67 cell proliferation in PCa and HP tissue in a report with non-malignant
adjacent tissue samples. Figures 1-4 were produced with Attune Cytometric Software
v.1.2.5, Applied Biosystems, Bedford, MA, USA, 2010.
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Figure 1. Cell cycle, ploidy, and DNA fragmentation (AP, subG0/G1) represented by propidium
iodide stain (PI). Control DNA extrapolate on the PI ax. GO/G1 phase = (A) 95.48%; (B) 2c 59.44%;
4c 10.87%; 8¢ 6.52%; 16¢ 12.68%; (C) 0.00%; S phase = (A) 1.27%; (B) 0.00%; (C) 0.00%; G2/M phase
= (A) 1.13%; (B) 0.00%; (C) 99.92%; subG0/G1: (A) 1.05%; (B) 3.31%; (C) 0.07%. Legend: AP, cell
apoptosis; (A) malignant tumor tissue with an invasion of the prostatic urethra (hyperdiploid, cell
cycle arrest in G0/G1 phase); (B) adenoleiomyoma prostate tissue, chronic inflammation hyperplasia
(tetrapoliploidy); (C) benign prostatic tissue hyperplasia (aneuploid, present only the G2/M phase).
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Figure 2. Cell proliferation highlights the double-positive populations of glycoprotein expression (CD34+
CD61+) with CD34- Alexa Fluor 488 and CD 61-PE dual stain. Cell adhesion is interpreted by the CD34 +
CD61+ population: (A) 17.98%; (B) 33.63%; (C) 45.71%; (D) 59.68%. Legend: (A) non-malignant prostate
tissue adjacent to nodular hyperplastic tissue; (B) adenoleiomyoma prostate tissue, chronic inflammation
hyperplasia; (C) malignant prostate tumor tissue; (D) benign prostatic tissue hyperplasia.
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Figure 3. Integrin mediation of platelet aggregation to tumoral and endothelial cells by highlighting
the positive and negative glycoprotein populations (CD42b-/CD42b+) with CD 42b-PE stain. CD42b+
population: (A) 25.80 %; (B) 16.79%; (C) 41.10%; (D) 39.74%; CD42b- population: (A) 73.08%; (B) 82.88%;
(C) 57.58%; (D) 57.23%. Legend: (A) non-malignant prostate tissue adjacent to nodular hyperplastic
tissue; (B) adenoleiomyoma prostate tissue, chronic inflammation hyperplasia; (C) malignant prostate
tumor tissue; (D) benign prostatic tissue hyperplasia.
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Figure 4. Cell apoptosis by Annexin V- FITC/ propidium iodide (PI) dual stain. Viability (V): (A) 83.50%;
(B) 94.72%; (C) 68.79%; (D) 87.90%; Incipient apoptosis (IA): (A) 0.00%; (B) 0.54%; (C) 0.005%; (D) 0.025%;
Late apoptosis (LA): (A) 0.00%; (B) 0.49%; (C) 0.07%; (D) 0.22%; Necrosis (n): (A) 17.12%; (B) 4.23%;
(C) 31.13%; (D) 11.85%. Legend: A, non-malignant prostate tissue adjacent to nodular hyperplastic tissue;
B, adenoleiomyoma prostate tissue, chronic inflammation hyperplasia; C, malignant prostate tumor
tissue; D, benign prostatic tissue hyperplasia.

3. Results
3.1. DNA Content, CD34, CD61, CD42 b Glycoproteins Expressions, Cell Apoptosis by Flow
Cytometry Analysis in PCa and BPH Tissue Reported to Non-Malignant Adjacent Tissue Samples
The proliferative activity (S-phase) revealed statistically significant lower values of
prostate adenocarcinoma and hyperplasia reported at non-malignant adjacent cell samples
(PCa4.32£4.91; BPH2.35 £ 1.37 vs. C10.23 £ 0.43, p < 0.01, Table 1, Figure 1). Furthermore,
68% of BPH cases presented aneuploidy, 88% of patients with prostate adenocarcinoma
had aneuploidy, 4% of cases from these highlighted hypodiploid and hyperdiploid cell
heterogeneity, and 4% of cases showed polyploidy (tetrapoliploidy).

Table 1. Cell cycle phases, ploidy index, and DNA fragmentation at prostate adenocarcinoma, benign
prostatic hyperplasia, and non-malignant adjacent tissue samples.

Number Parameters Control PCa Control BPH
X+ SD X+ SD X+ SD X+ SD
GO0/G1 phase 68.67 £ 1.51 76.84 £ 20.68 68.67 £ 1.51 66.74 £ 34.38
1
p values 0.14 0.86
S phase 10.23 4 0.43 ** 432 +491* 10.23 + 0.43 ** 2.35 £ 1.37*
2 p values 0.00 0.00
G2/M phase 14.64 £2.99 8.81 4+ 14.23 14.64 +2.99 20.42 4 33.03
3 p values 0.19 0.60
DNA index 1.00 £ 0.01 * 1.38 £0.51* 1.00 £0.01 * 119 £0.20*
4 p values 0.01 0.03
subG0/G1 143 +0.11* 4.63 £2.69 * 143 £0.11 219+2.74
5 p values 0.01 0.40

Legend: X, obtained results mean; SD, standard deviation; PCa, prostate adenocarcinoma; BPH, benign pro-
static hyperplasia; ** p < 0.01 and * p < 0.05 represent statistically significant differences between controls and
experimental samples made by independent f test.
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Index of ploidy presented significantly increased values at PCa and BPH cases reported to
control cases (PCa 1.38 4+ 0.51; BPH 1.19 & 0.20 vs. C 1.00 & 0.01, p < 0.01). DNA fragmentation
(subG0/G1) had a significantly increased percentage in PCa tissue (4.63 = 2.69) compared to
control tissue samples (1.43 + 0.11, p < 0.01, Table 1, Figure 1).

Statistically increased values of cell proliferation (CD34+ CD61+) were observed in
prostate adenocarcinoma and hyperplasia cases reported to non-malignant adjacent cell
samples (PCa 28.79 + 10.14; PH-40.65 £ 11.88 vs. C 16.15 £ 2.58, p < 0.05, Table 2, Figure 2).

Table 2. CD34 and CD61 glycoprotein expressions implied in cell proliferation in prostate adenocarci-

noma, benign prostatic hyperplasia, and non-malignant adjacent tissue samples.

Number Parameters Control PCa Control BPH
X £ SD X+ SD X£SD X+ SD
CD61T 86.90 £ 4.39 * 70.59 £15.30 * 86.90 £ 4.39 91.15+4.76
1 p values 0.019 0.273
CD34 + CD61+ 16.15 £ 2.58 ** 28.79 £10.14 ** 16.15 + 2.58 * 40.65 £ 11.88 *
2 p values 0.005 0.019
CD61+ 16.26 + 2.52 ** 37.81 £16.21 ** 16.26 + 2.52 ** 36.50 £ 13.55 **
3 p values 0.000 0.002
CDé61- 83.49 £2.72 ** 59.89 £ 17.38 ** 83.49 £2.72** 62.49 £+ 13.57 **
4 p values 0.000 0.001
CD34T 87.29 £5.20 7543 £ 14.20 87.29 £5.20 90.55 £ 6.38
5 p values 0.090 0.532
CD34+ 54.49 £0.72 57.81 £ 14.22 54.49 £ 0.72 ** 66.31 £ 11.28 **
6 p values 0.369 0.009
CD34- 45.25 +£0.52 39.95 +13.36 45.25 £+ 0.52 ** 32.69 £ 11.30 **
7 p values 0.136 0.007

Legend: X, obtained results mean; SD, standard deviation; PCa, prostate adenocarcinoma; BPH, benign prostatic
hyperplasia; CD61 T, total CD61 glycoproteins expression; CD34 T, total CD34 glycoproteins expression; ** p < 0.01
and * p < 0.05 represent statistically significant differences between controls and experimental samples made by
independent f test.

CD 61+ cell population, characteristically for platelets and T cell aggregation to tu-
moral cells and endothelium, presented significantly increased levels of PCa (37.81 4= 16.21)
and BPH (36.50 + 13.55) samples reported in controls (16.26 & 2.52, p < 0.01). Mesenchymal
cell proliferation represented by the CD34+ cell population revealed a significant increase
in BPH cases reported to controls (66.31 & 11.28 vs. 54.49 &+ 0.72, p < 0.01). In addition,
benign prostatic hyperplasia showed a significantly lower pattern for the CD34- cell pop-
ulation reported to control cases (32.69 £ 11.30 vs. 45.25 £ 0.52, p < 0.01, Table 2), which
characterized the tumoral cells” adhesion to endothelial cells from larger veins and arteries.

A significant increase in the CD42b+ cell population with a role in cell adhesion and
metastasis was observed in PCa cases (38.39 £ 11.23) reported to controls (26.24 £ 0.62,
p <0.01). Instead, the CD42b- cell population presented significantly lower values in
PCa and BPH tissue samples compared to non-malignant adjacent cell samples (PCa
59.26 + 12.02; BPH 59.97 + 17.15 vs. C 73.14 £ 0.08; p < 0.01; p < 0.05, Table 3, Figure 3).

Cell viability had increased values without significant differences on PCa and control
tissue samples (81.30 &+ 16.42; 86.95 &+ 5.75, p > 0.05, Table 4, Figure 4), but the obtained
results for BPH cases showed a significantly lower value of this on BPH tissue samples
reported to controls (BPH 64.26 & 22.68 vs. 86.95 & 5.75, p < 0.05). Necrosis presented a
statistical increase of values in BPH cases compared with control cases (BPH 26.76 & 6.32 vs.
C 13.04 + 5.76), and incipient cell apoptosis had a statistical increase in PCa tissue samples
(7.08 & 10.46) reported to non-malignant adjacent tissue samples (0.10 £ 0.01, p < 0.05,
Table 4, Figure 4).



Biomedicines 2022, 10, 1672

10 of 20

Table 3. CD42b glycoprotein expression at prostate adenocarcinoma, benign prostatic hyperplasia,
and non-malignant adjacent tissue samples.

Number Parameters Control PCa Control BPH
X=*SD X=*SD X=*SD XxSD
CD42bT 86.98 - 5.23 76.07 £12.95 86.98 £5.23 77.75 £17.37
1 p values 0.113 0.209
CD42b+ 26.24 4= 0.62 ** 38.39 +11.23 ** 26.24 - 0.62 38.06 == 17.43
2 p values 0.001 0.061
CD42b- 73.14 £ 0.08 ** 59.26 £+ 12.02 ** 73.14 £ 0.08 * 59.97 £17.15*
3 p values 0.000 0.038
Legend: X, obtained results mean; SD, standard deviation; PCa, prostate adenocarcinoma; BPH, benign prostatic
hyperplasia; CD42b T, total CD42b glycoprotein expression; ** p < 0.01 and * p < 0.05 represent statistically
significant differences between controls and experimental samples made by independent ¢ test.
Table 4. Cell apoptosis at prostate adenocarcinoma and benign prostatic hyperplasia cases reported
to control cases.
Number Parameters Control PCa Control BPH
X+£SD X+£SD X+ SD X+£SD
Viability 86.95 & 5.75 81.30 £ 16.42 86.95 £5.75* 64.26 £ 22.68 *
1 p values 0.396 0.037
Necrosis 13.04 £5.76 8.56 = 13.40 13.04 £5.76 % 26.76 = 6.32*
2 p values 0.470 0.030
Incipient apoptosis 0.10 £0.01* 7.08 £10.46 * 0.10 £ 0.01 6.67 £10.14
3 p values 0.025 0.105
Late apoptosis 0.00 = 0.00 2.96 &+ 6.55 0.00 = 0.00 2.28 + 5.58
4 p values 0.115 0.286

Legend: X, obtained results mean; SD, standard deviation; PCa, prostate adenocarcinoma; BPH, benign prostatic
hyperplasia; IA, incipient apoptosis; LA, late apoptosis; * p < 0.05 represents a statistically significant difference
between controls and experimental samples made by independent ¢ test.

3.2. Surface Glycoproteins of T Cells, Intratumoral Expression of CD34, and Ki-67 Cell
Proliferation by ICH Analysis in PCa and BPH Tissue Reported to Non-Malignant Adjacent
Tissue Samples

This study presented prostate tissue samples with T cell infiltrates from areas of PCa
and BPH versus non-malignant adjacent tissue regions. PCa samples presented similar
patterns for CD3+, CD4+, and CD8 lymphocytes that formed clusters adjacent to adeno-
carcinoma areas, which appeared separated from the lymphocytic infiltration. Healthy
prostate tissue samples contain CD3+, CD4+, and CD8+ lymphocytes dispersed in the
interstitial stroma without cluster formation. BPH tissue samples presented CD3+, CD4+,
and CD8 lymphocytes with their distribution, such as healthy tissue, but they sometimes
may form significantly smaller clusters than those of the adenocarcinoma tissue. The total
CD3 lymphocytes presented slightly higher patterns without significant differences in
PCa and BPH reported in non-malignant tissue samples (59.00 & 22.43, 57.70 4 25.48 vs.
44.00 & 22.62, p > 0.05). The cytotoxic CD8 lymphocytes had slightly lower PCa and BHP
tissue sample values without significant differences in controls (PCa 31.25 4= 17.55 and BPH
26.00 &= 14.49 vs. C 45.00 £ 28.28, p > 0.05, Table 5, Figure 5).
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Table 5. Evaluation of T lymphocyte biomarkers and intratumoral expression of CD34 in prostate
adenocarcinoma, benign prostatic hyperplasia, and non-malignant adjacent tissue samples.

Number Parameters Control PCa Control BPH
X+SD X+ SD X+ SD X+ SD
CD3+ 44.00 + 22.62 59.00 4 22.43 44.00 £ 22.62 57.70 4 25.48
1 p values 0.386 0.499
5 CD4+ 66.00 + 48.08 54.68 + 21.09 66.00 + 48.08 66.00 + 26.11
p values 0.533 0.919
CD8+ 45.00 £ 28.28 31.25 £17.55 45.00 £ 28.28 26.00 £ 14.49
3 p values 0.334 0.166
CD34+ 1.50 £ 0.70 ** 26.12 + 6.84 ** 1.50 £ 0.70 2.60 &+ 1.07
4 p values 0.000 0.204

Legend: X, obtained results mean; SD, standard deviation; PCa, prostate adenocarcinoma; BPH, benign pro-
static hyperplasia; CD3, total lymphocytes; CD4, T helper lymphocytes; CD8, cytotoxic T lymphocytes; CD34,
intratumoral CD34 glycoproteins; ** p < 0.01 represents statistically significant differences between controls and
experimental samples made by independent f test.

Figure 5. T cell infiltrates from areas of PCa and BPH tissue samples. Legend: (A) Microscopic appear-
ance of benign prostatic hyperplasia, usual staining (x20); (B) prostate adenocarcinoma, usual staining,
Gleason score 3 + 4 (x20); (C) CD4-positive peritumoral lymphocytes, more than 50 cells/HPF, prostate
adenocarcinoma, Gleason score 3 + 4 (x20); (D) CD4-intensely positive in the peritumoral stroma, more
than 50 cells/HPF, prostate adenocarcinoma, Gleason score 4 + 5 (x20); (E) CD3-positive (adenocarcinoma,
Gleason score 4 + 5), less than 50 cells /HPF (x20); (F) CD8-positive (adenocarcinoma, Gleason score
4 + 4), more than 50 cells /HPF (x20).
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The intratumoral expression of CD34 showed a significantly increased pattern of PCa
tissue samples reported to controls (26.12 £ 6.84 vs. 1.50 &+ 0.70, p < 0.01, Table 5, Figure 6).
In addition, Ki-67 was expressed in only PCa tissue samples, the score of cell proliferation
being below 25% (score 1+) for all studied PCa cases (Figure 6).

(A) | - (B)

(© (D)

Figure 6. Intratumoral CD34 and Ki-67 expressions of PCa and BPH tissue samples. Legend: (A) CD34
positive vascular endothelial, intratumoral, 1020 vessels/HPF, prostate adenocarcinoma, Gleason
score 4 + 3 (x20); (B) CD34 positive intratumoral vasculature, 20-30 vessels/HPF adenocarcinoma,
Gleason score 4 + 4 (x20); (C) Ki67 nuclear positive, score 1+, less than 25% of tumor cell proliferation
9 (x40); (D) Ki67 nuclear positive, score 1+, less than 25% of tumor cell proliferation (x40).

3.3. Correlations between DNA Content, Cell Apoptosis, Adhesion Glycoproteins Expressions,
Tissue Inflammation Grade, and Ki-67 Cell Proliferation in Tissue Samples

Relationships between the DNA content and adhesion glycoproteins are presented in
Table 6. Pearson correlations were observed between the G0/G1 phase of cell cycle and
CD34+ CD61+ glycoproteins (r = —0.514; p < 0.01), and CD42b+ cell population (r = —0.475;
p < 0.05), between G2/M phase of cell cycle and CD34+ CD61+ glycoproteins (r = 0.513;
p <0.01), and CD42b+ cell population (r = 0.446; p < 0.05), between S phase and CD61+ cell
population (r = —0.430; p < 0.05, Table 6).

Table 6. DNA content and adhesion glycoproteins expressions correlations.

Cell Cycle CD34 + CD61+ CD61+ CD61- CD42b+ CD42b-
G0/G1 phase —0.514 ** —0.150 0.121 —0.475* 0.490 **
p values 0.005 0.447 0.539 0.011 0.008
S phase —0.236 —0.430 * 0.431 * —-0.121 0.151
p values 0.226 0.023 0.022 0.539 0.444
G2/M phase 0.513 ** 0.226 —0.200 0.446 * —-0.470 %
p values 0.005 0.247 0.307 0.017 0.012
Legend: * p < 0.05 and ** p < 0.01 represent statistically significant differences between cases made by Pearson
correlations.

Double-positive population of glycoproteins (CD34+ CD61+) were positively corre-
lated with total CD61 and CD34 glycoprotein levels (r = 0.512; r = 0.503, p < 0.01), CD61+,
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CD34+, and CD42b+ cells populations (r = 0.589; r = 0.500; r = 0.623; p < 0.01), and were neg-
atively correlated with CD61-, CD34-, and CD42b- cell populations (r = —0.550; r = —0.516;
r=—0.641; p < 0.01, Table 7).

Table 7. Correlations between glycoprotein levels implied in cell proliferation.

Glycoproteins CD61T CDé61+ CDé61- CD34T CD34+ CD34- CD42b+ CD42b-
CD3d+ 0.512 % 0.589 * —0.550 * 0.503 * 0.500 * —0.516 * 0.623 * —0.641*
CDeé61+

p values 0.005 0.001 0.002 0.006 0.007 0.005 0.000 0.000

Legend: * p < 0.01 represents a statistically significant difference between cases made by Pearson correlations.

The grade of tissue inflammation by T lymphocytes was directly correlated with
CD 61, CD42b-positive cell populations (r = 0.544; p < 0.05; r = 0.664, p < 0.01), late
apoptosis (r = 0.528; p < 0.05) and was inversely correlated with CD 61, CD42b-negative
cell populations (r = —0.535; p < 0.05; r = —0.639, p < 0.01), and cell viability (r = —0.632;
p <0.01, Table 8).

Table 8. Tissue inflammation grade (TIG) correlated with adhesion glycoproteins expressions, cell
viability, and late cell apoptosis.

Parameters CDe61+ CDe61- CD42b+ CD42b- Viability LA
TIG 0.544 * —0.535 * 0.664 ** —0.639 ** —0.632 * 0.528 *
p values 0.024 0.027 0.004 0.006 0.011 0.043

Legend: **p < 0.01 and * p < 0.05 represent statistically significant differences between cases made by Pearson
correlations; LA, late apoptosis.

Cell proliferation by Ki-67 expression was positively correlated with cell viability
(r=10.548; p < 0.05) and intratumoral CD34 expression (r = 0.611; p < 0.01), and was
negatively correlated with necrosis (r = —0.682; p < 0.01, Table 9).

Table 9. Ki-67 cell proliferation correlates with viability, necrosis, and intratumoral CD34 expression.

Parameters Viability Necrosis CD34 1T
Ki-67 expression 0.548 * —0.682 ** 0.611 **
p values 0.034 0.005 0.009

Legend: ** p < 0.01 and * p < 0.05 represent statistically significant differences between cases made by Pearson
correlations; CD34 IT, intratumoral CD34 glycoproteins expression.

4. Discussion

The cell cycle is characterized by the interphase and mitosis phases. Interphase is
represented by three sub-phases, G1, S, and G2. In G1, cells based on internal/external
signals lead to a decision of DNA replication or not [4]. The S phase is defined by the ability
to synthesize genomic DNA. G2 is the second gap between S and Mitosis, with a function
such as DNA damage repair and preparation for entering into Mitosis (M phase). G0/G1,
S, and G2/M phases of the cell cycle are quantitatively identified by the flow cytometry
method based on propidium iodide stain and RNase.

Ploidy and cell cycle analyses were the first flow cytometry applications, being rapid
and efficient measurement methods [33,34]. DNA ploidy is defined as DNA index (DI), and
for normal cells in the GO/G1 phase of the cell cycle, DI is 1.0. Aneuploid/polyploid cell
populations are divided by DI distribution into categories such as hypodiploid (DI < 0.95),
hyperdiploid (DI = 1.15—-1.91), tetraploid (DI = 1.92—2.04), hypertetraploid (DI > 2.05), and
multiploid (DNA content histogram has >2 peaks corresponding to aneuploid/polyploid
cell population) [35]. Apoptotic cell frequency that is characterized by fractional DNA
content is defined as a subG0/G1 cell population [4].
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In our study, 68% of BPH cases present aneuploidy. In addition, 88% of PCa patients
had aneuploidy, including hypodiploid and hyperdiploid cell heterogeneity and tetrapoli-
ploidy. PCa samples presented modified cell cycle phases, represented by cell cycle arrest
in G0/G1 and a low S phase.

The authors proposed to gain prognostic information by dividing the S proliferative
phase (S-phase) into three prognostic categories: low (<7.0%), intermediate (7.0—11.9%),
and high (>12%). These categories allow for the grouping of the patients according to
their level of risk. The risk of death or recurrence for diploid and aneuploid cases is 50%
higher for the high S-phase category, and 50% higher for the intermediate category than
for the low category. Despite different techniques (the tissue samples are fresh, frozen, or
paraffin-embedded), a higher S phase of the cell cycle is correlated with worse tumor grade
and larger tumors in breast cancer tissue samples [35]. Lower values of the S-phase for PCa
and BPH cases were observed in our study, included in the first category of prognostics
reported by the references. In addition, we observed a significant negative correlation
between the S-phase and CD 61 cell positive population, which means a better survival
rate for the patients.

Adhesion glycoproteins from this study, represented by the increased values of double-
positive populations of CD34/CD61, and the platelets, T cell aggregation to tumoral cells
and endothelium, represented by the CD61+ cell population, observed at PCa and BPH
cases, support adhesion, migration, and cell proliferation and are in accord with the
following references.

Integrins, the transmembrane glycoprotein receptor superfamily, are represented
in our study by the CD61 and CD42b glycoproteins with a role in cancer progression.
Altered cell adhesion leads to cell proliferation, migration, and metastasis correlated to
the different stages of human tumors and pathological outcomes (metastasis, recurrence,
survival) [36—44].

Other integrins, with roles in tumoral cell adhesion and metastasis, such as the CD42b+
cell population had increased values in PCa cases, conforming to the following references. 3
integrins are transmembrane protein receptors that attach cells to the ECM or bind ligands
secreted by other cells. The type I membrane glycoproteins (CD42b) play essential roles in
cell signaling networks, growth, differentiation, mobility, and survival [12,15,45].

Integrins are essential in acquiring and maintaining the neoplastic phenotype by
escaping from cell apoptosis and maintaining cell proliferation. Integrin expression is
modified upon the normal-to-neoplastic transition. Activated platelet integrins «IIb{33 help
the cancer cells of blood circulating from induced tumor cell arrest by binding to leukocytes
and platelets to survive a long time [46].

«l1B1, 21, and «5B1 integrin activation stimulates vascular endothelial growth
factor (VEGF) expression, promotes VEGF receptor activation, and increases the adhesion
of endothelial cells to ligands (angiogenic effect) [11,47,48].

Other authors observed that cell platelet interactions are mediated either by p-selectin
or platelet integrin «IIb33 in metastasis. xlIb(33 integrins or p-selectin inhibition by function-
blocking antibodies determine lower platelet-tumor cell interaction and tumor cell adhesion
on activated endothelium [11]. A bridging factor between platelet xIIb(33 integrins and tu-
moral cells was identified as a fibrinogen that facilitates tumor cell arrest in the vasculature
and metastasis to various tissues [46]. The authors investigated the role of 31 integrins in
tumor growth and metastasis and observed that (3 integrin overexpression correlated with
the metastatic spread of these cells to the lung and liver [11].

Metastasis is the common cause of cancer-related deaths because it is based on the
complex formation process of the migratory cells, named the epithelial-mesenchymal
transition (EMT). The cell-to-cell and cell-to-matrix adhesion molecule expressions are
essential to metastasis formation. The leukocytes/cancer cells” attachment to the endothe-
lium is mediated by different integrins [49]. L1-CAM ligands interact with integrins such
as o561, V835, aVE1, V33, and ollbB3 with a role in the adhesion process in tumor cell
extravasation [50]. In agreement with the references presented above, we observed that
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CD61+/CD34+ glycoproteins were positive and significantly correlated with the biomarker
of cell metastasis (CD42b+). In BPH cases, mesenchymal cell proliferation is represented
by higher values of the CD34+ cell population. According to the references, the characteri-
zation of the tumoral cells” adhesion to endothelial cells from larger veins and arteries is
represented by a lower pattern for the CD34- cell population.

Mesenchymal cells (MSC) present in in vitro mesenchymal differentiation potential,
which is well reported by the references. These are associated with properties such as
paracrine wound healing, niche forming abilities, immune privilege, and immunomodula-
tion [51,52]. Is was reported that the freshly extracted stromal cells from various tissues
contain a CD34+ cells population with distinct characteristics from the total MSC popula-
tion [53]. CD34+ cells were associated with MSC biomarkers such as CD271 and Stro-1 and
biomarkers such as CD45 and CD133 [16,53-56]. CD34+ cells have a greater tendency for
endothelial transdifferentiation [57,58]. CD34 was found on embryonic stem cell-derived
MSC, suggesting that it is a marker of early human MSC [59]. In addition, CD34 expression
was observed on the luminal membrane of cellular processes and the abluminal membrane
of cells found at the tips of vascular sprouts [15].

PCa has a lower proliferative capacity, which renders apoptosis induction impor-
tant for targeted therapies, especially for studying the apoptotic signaling mechanisms
responsible for apoptosis evasion [60]. In our study, cell viability was increased for PCa
samples, without significant differences reported to the controls. An easily increased but
significant value of incipient cell apoptosis was observed in PCa cases. Instead, BPH cases
presented a lower pattern of cell viability and a higher necrosis value reported to controls.
Our observations are essential to understanding the molecular mechanisms implied in cell
apoptosis in PCa and BPH cases because they seem to be different. Cancer progression
results from an imbalance in cell proliferation and apoptosis.

Anoikis represents a form of cell apoptosis based on the detachment of cells from
the extracellular matrix (ECM), which is evaded by tumor cells to spread [60,61]. This is a
developed strategy by the tumor cells in the metastatic spread and therapeutic resistance.
Tumor cells undergoing EMT can evade the anoikis based on cellular reprogramming.
Pro-EMT molecules such as transcriptional repressors SNAIL and SLUG and cell adhesion
molecules confer the resistance of tumoral cells to anoikis [62].

Prostate cancer cells can modify their integrin expressions to lead to an anoikis-
resistant phenotype. Integrins in the prostate and other cancers confer a migratory phe-
notype. Anoikis and EMT processes contribute to chemoresistance, immune evasion, and
metastasis [61]. Biochemical recurrence of prostate cancer (bcr) and metastasis prediction
after PCa curative treatment were shown by the references for other molecular tests [63].

Another objective of our study was to observe lymphocyte infiltrations, their activation
status, and their distribution in PCa and BPH tissues compared to non-malignant prostate
tissue samples. T cell infiltrations provide information about the immune system—tumoral
cell interactions and the immune evasion mechanisms, which are necessary for developing
anti-tumoral immunotherapies.

T cell infiltration in PCa samples forms the clusters adjacent to adenocarcinoma areas,
separated from lymphocytic infiltration. The T lymphocytes are dispersed in the interstitial
stroma in controls without cluster formation. In addition, T lymphocyte distribution in
BPH cases is similar to non-malignant tissue. Analysis of lymphocyte distribution in the
tumor environment was described for different tumors [22,64]. An intense infiltration of
CD3+ cells is related to slow progression and better prognosis. Our study presented directly
correlated T cell infiltrations and CD61+ and CD42b+ adhesion glycoproteins. We observed
that an intense T cell infiltration contributes to the generally small tumor size of PCa. A
similar association was observed in small-cell lung cancer, where a high number of T cells
was associated with a significantly smaller tumor size [65]. The immune cells’ recruitment
and interactions with the prostate microenvironment promote PCa progression. Studies
about the profiles of the prostate tumor-infiltrating lymphocytes are limited. It has been re-
ported that the immune response might have anti- or pro-tumorigenic potential, depending
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on cell phenotypes and the tumor microenvironment. Distribution and inflammatory cell
interactions in the PCa and BPH represent promising indicators of the potential response
of the target cell populations in immunotherapies and biomarkers to measure therapeutic
efficacy [66,67]. The causal relationship between tumor proliferation and inflammation
is widely studied, and in this regard, chronic inflammation has a vital role in developing
malignant epithelial tumors [68]. A causal link between inflammation in normal prostate
tissue and samples with a diagnosis of malignancy was also observed [66]. In this regard,
tumor cells, including prostate malignant neoplastic cells, are modified, atypical cells that
can induce a strong immune response in the body, which during the inflammatory process,
are consumed, and the lymphocyte-mediated antitumor immune response is gradually
reduced [69-71].

Intense tumor neovascularization is closely associated with tumor growth and metas-
tasis. Angiogenesis is thereby a crucial factor affecting the prognosis of cancer patients.
The analysis of microvessel density (MVD) by CD34, made in our study, showed a signifi-
cant increase in the number of microvessels in PCa compared to BPH and non-malignant
tissue samples. Intratumoral CD34 represents a biomarker for the IHC visualization of
microvessels in benign and malignant prostate tissue. The authors observed that in PCa,
a sensitive biomarker for newly derived blood vessels was CD34, and IHC analysis and
MVD quantification within the tumor represents the basis for understanding the effects of
antiangiogenic treatment [72]. CD34, a myeloid progenitor cell antigen also expressed by
endothelial cells of arteries and venules, is considered the most sensitive and stable vascular
marker, with a high positive rate and expression level [73]. In addition, the expression of
CD34 in new vessels—tiny ones, compared to large ones, considered to be old vessels—in
the tumor microscopic field suggests and strengthens the idea that this vascular marker
plays a crucial role in the process of tumor neoangiogenesis [74]. Angiogenesis represents
a prognostic factor by using CD34 as an endothelial biomarker in various solid tumors,
including prostate adenocarcinoma [75-77]. A high immunoexpression of CD34 in the
vessels of tumor tissue indicates intensive neoplastic neovascularization and increased
MVD. According to some authors, increased MVD was associated with increased PSA and
Gleason scores and later clinical stage, which may be due to rapid tumor growth induced
by a high nutrient supply rate of newly formed blood vessels [29]. The authors observed
a strong correlation between GS and therapeutic response to cabazitaxel in metastatic
castration-resistant prostate cancer patients [78].

As men are diagnosed with prostate cancer at an older age than other malignancies,
more attention should be paid to markers of anti-angiogenic activity. Combining anti-
angiogenic drugs with other drugs of different classes may open a door for more promising
clinical results [79].

Another studied biomarker, Ki-67 cell proliferation, was expressed only in prostate ade-
nocarcinoma tissue samples, agreeing with authors who also observed that this biomarker
is expressed in PCa reported in BPH tissue samples [29,80,81]. In addition, a significant
positive correlation between Ki-67 staining and intratumoral CD34 expression was ob-
served. It was reported that Ki 67 as a proliferating biomarker has higher accuracy in the
early diagnosis of PCa [82], although qualifying it as an independent prognostic marker in
prostate adenocarcinoma is still controversial. According to some authors, the Ki-67 index
is more expressed in adenocarcinoma tissues than in benign prostate hyperplasia and is still
higher in metastatic than non-metastatic cases. Thus, an increased Ki-67 value may indicate
a poor prognosis of the disease [32]. Our study observed a direct correlation between Ki
67 cell proliferation and intratumoral CD34 expression, but no correlation between Ki67
expression and Gleason scores, as observed in the study [81], which concluded that this
nuclear biomarker could be a prognostic factor for prostate cancer.

In this study, the principal limitation to developing the utility of cell cycle, apoptosis,
and adhesion glycoproteins, T cell infiltrations, Ki-67, and CD 34 expressions by flow
cytometry and IHC methods in adenocarcinoma and hyperplasia prostate cases was a small
number of samples recovered from the patients. Another limitation of our study may be
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represented by the heterogeneity of the PCa tissue samples. With the macro-dissection
technique, it is difficult to purify the tumor and non-malignant parts because some cancer
parts may still have BPH tissue. For the ideal cases, micro-dissection with laser captures
may be needed, but in Romania, only macro-dissection is used to separate the tumoral
from the non-malignant parts of tissue samples made by experienced pathologists.

Future directions in this research area will be to study the importance of these biomark-
ers in many malignant affections because there is a promise to be critical regarding diagnos-
tic biomarkers for diseases and uses to improve patient prognostic survival. In addition,
these biomarkers may be studied in the prostate cell line co-culture system, which may
provide more information about the biological mechanisms implied in the characterization
of the tumoral microenvironment.

5. Conclusions

Biological mechanisms implied in the prostate tumor microenvironment character-
ization represented by the cell cycle, apoptosis, adhesion glycoproteins, T lymphocytes
infiltrations, Ki-67, and intratumoral CD 34 biomarkers provide efficient means of measure-
ment by flow cytometry and IHC techniques for PCa and BPH tissue samples and should
be explored in the future not only for diagnostics but also for therapeutic purposes.
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Abstract: Phenolic compounds represent an essential bioactive metabolites group with numerous
pharmaceutical applications. Our study aims to identify and quantify phenolic constituents of
various liquid and dry extracts of Usnea barbata (L.) Weber ex FH. Wigg (U. barbata) from Calimani
Mountains, Romania, and investigate their bioactivities. The extracts in acetone, 96% ethanol, and
water with the same dried lichen/solvent ratio (w/v) were obtained through two conventional
techniques: maceration (mUBA, mUBE, and mUBW) and Soxhlet extraction ({UBA, dUBE, and
dUBW). High-performance liquid chromatography with diode-array detection (HPLC-DAD) was
performed for usnic acid (UA) and different polyphenols quantification. Then, the total phenolic
content (TPC) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) free-radical scavenging activity (AA) were
determined through spectrophotometric methods. Using the disc diffusion method (DDM), the
antibacterial activity was evaluated against Gram-positive and Gram-negative bacteria known for
their pathogenicity: Staphylococcus aureus (ATCC 25923), Streptococcus pneumoniae (ATCC 49619),
Pseudomonas aeruginosa (ATCC 27853), and Klebsiella pneumoniae (ATCC 13883). All extracts contain
phenolic compounds expressed as TPC values. Five lichen extracts display various UA contents;
this significant metabolite was not detected in dUBW. Six polyphenols from the standards mixture
were quantified only in ethanol and water extracts; mUBE has all individual polyphenols, while
dUBE shows only two. Three polyphenols were detected in mUBW, but none was found in JUBW.
All U. barbata extracts had antiradical activity; however, only ethanol and acetone extracts proved
inhibitory activity against P. aeruginosa, S. pneumoniae, and S. aureus. In contrast, K. pneumoniae
was strongly resistant (IZD = 0). Data analysis evidenced a high positive correlation between

Pharmaceuticals 2022, 15, 829. https:/ /doi.org/10.3390 /ph15070829

https:/ /www.mdpi.com/journal /pharmaceuticals


https://doi.org/10.3390/ph15070829
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com
https://orcid.org/0000-0001-9696-5728
https://orcid.org/0000-0003-4372-4335
https://orcid.org/0000-0002-8554-7739
https://orcid.org/0000-0001-8876-1901
https://orcid.org/0000-0002-4705-4204
https://doi.org/10.3390/ph15070829
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com/article/10.3390/ph15070829?type=check_update&version=2
ROCCAS
Evidenţiere

ROCCAS
Evidenţiere

ROCCAS
Evidenţiere


Pharmaceuticals 2022, 15, 829

2 of 24

the phenolic constituents and bioactivities of each U. barbata extract. Associating these extracts’
properties with both conventional techniques used for their preparation revealed the extraction
conditions’ significant influence on lichen extracts metabolites profiling, with a powerful impact on
their pharmacological potential.

Keywords: Usnea barbata (L.) Weber ex FH. Wigg extracts; phenolic secondary metabolites; usnic
acid; polyphenols; DPPH free-radical scavenging activity; antibacterial activity

1. Introduction

Phenolic compounds are essential plant secondary metabolites with numerous phar-
maceutical applications [1]. As unique symbionts between fungi and algae, lichens are
distinguished in the plants” world by their specific secondary metabolites with pheno-
lic structures (depsides, depsidones, dibenzofurans, anthraquinones, and xanthones) [2].
These constituents are deposited as crystals on fungal hyphae in the cortex or medulla; the
different distribution in the thallus layers is correlated with their biological actions [3]. The
lichen’s most significant pharmacological activities are antioxidant [4], antimicrobial [5],
anticancer [6], photoprotective [7], and anti-inflammatory [8]. Therefore, they are consid-
ered important representatives with biopharmaceutical potential [9]. Due to remarkable
antioxidant [10] and antibacterial [11] properties, lichens represent a promising source of
protective [12-14] and antibiotic drugs [15-17].

With numerous pharmacological activities, the lichens of the genus Usnea (Parmeliaceae)
are appreciated as powerful phytomedicines, used for therapeutical purposes for thousands
of years [18]. The most known secondary metabolite in Usnea sp. is usnic acid—a phenolic
compound with a dibenzofuran structure. As yellow crystals, it is found on cortex fungal
hyphae, exhibiting a photoprotective action [19]. Usnic acid is found as a (+) enantiomer in
Usnea lichens [20]. A valuable representative of this genus, known for its antioxidant [21],
antibacterial [22], and photoprotective [7] effects, is U. barbata. Usnic acid is the main sec-
ondary metabolite responsible for its pharmacological potential [23]. The pharmaceutical
applications of UA as an antibacterial agent are limited by its poor water solubility [24] and
significant hepatotoxicity [25]. Therefore, the nanosystems with usnic acid must be able
to increase its bio-disponibility, tolerance, and antibacterial effects [26]. Interesting nano-
formulations were performed: liposomal UA-cyclodextrin inclusion complexes, which
increase usnic acid solubility in water [27], glycosylated cationic liposomes, promoting
usnic acid penetration in the bacterial biofilm matrix [28], and magnetic nanoparticles [29]
with antimicrobial activity and antibiofilm activity against Gram-positive bacteria (S. aureus
and E. faecalis) and Gram-negative ones (P. aeruginosa). Balaz et al. [30] recently proposed a
bio-mechanochemical synthesis of silver nanoparticles using U. antarctica and other lichen
species. Using AgNOj3 (as a silver precursor) and lichens (as reduction agents), they per-
formed techniques of mechanochemistry (ball milling) and obtained nanoparticles with
an intense antibacterial effect against S. aureus. This described procedure overcomes the
lichen secondary metabolites” low solubility in water. Siddiqi et al. [31] demonstrated the
antimicrobial properties of U. longissima-driven silver nanoparticles through the denatura-
tion of ribosomes, leading to enzyme inactivation and protein denaturation, resulting in
bacterial apoptosis.

U. barbata also contains bioactive polyphenols with pharmaceutical applications; different
nanotechnologies were described to enhance their bioavailability and biocompatibility [32].
They can be used as nanoparticles to increase their antioxidant and antibacterial potential
or other activities [33-38].

Numerous studies investigated the antibacterial effects of Usnea sp. Extracts—obtained
through conventional and green extraction techniques—for pharmaceutical applications [39].
Thus, Tosun et al. [40] explored the antimycobacterial action of U. barbata fractions in
petroleum ether, chloroform, methanol, and water. Bate et al. [41] studied the antibac-
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terial activity of U. articulata and U. florida methanol macerates against MDR bacteria
(Staphylococcus sp., P aeruginosa, Salmonella sp., and E. coli). Zizovic et al. [42] proved
the strong antibacterial action of U. barbata supercritical fluid extracts (SFE). One year
later, Ivanovic et al. [43] analyzed the influence of various extraction conditions (tempera-
ture, pressure) and pre-treatment methods on bactericidal effects against S. aureus strains.
Basiouni et al. [44] evaluated the U. barbata sunflower oil extract inhibitory activity on
bacterial strains isolates from poultry. In a previous study, Matvieva et al. [15] analyzed the
antimicrobial properties of the ethanol, isopropanol, acetone, DMSO, and water extracts of
Usnea sp against S. aureus, B. subtilis, and E coli.

We propose to investigate the antibacterial and antiradical properties of U barbata
extracts in the same solvents, obtained by two low-cost and easy-to-use conventional
techniques. Our study novelty consists of a comparative analysis of fluid and dry U. barbata
extracts in ethanol, acetone, and water, obtained by maceration and Soxhlet extraction [34],
determining their phenolic constituents and evaluating the free radical scavenging activity
and antibacterial effects. Our results revealed that, despite the same ratio between the dried
lichen and the solvent (w/v), all U. barbata extracts display significant differences in the
phenolic metabolites” diversity and amount due to extraction conditions, with a substantial
impact on their bioactivities.

2. Results
2.1. Lichen Extracts

All data regarding the obtained U. barbata extracts are displayed in Table 1 and
Figure S1 from Supplementary Materials.

Table 1. Extraction conditions and U. barbata extracts color.

Extraction U. barbata Temperature Yield (%) U. barbata
Solvent Extract of Extraction (°C) ° Extract’s Color
Acet dUBA 55-60 5.55b Yellow-brown

cetone mUBA 20-22 n/a Yellow
Ethanol dUBE 75-80 11.152 Light brown
thano mUBE 20-22 n/a Light brown
W dUBW 95-100 1.76 € Dark brown-reddish
ater mUBW 20-22 n/a Brown reddish

UBA—U. barbata acetone extract, UBE—U. barbata ethanol extract, UBW—U. barbata water extract; m—macerate,
d—dry extract, n/a—not applicable. The yield values followed by superscript letters are statistically significant
(p <0.05).

Data from Table 1 show that the extraction temperature for liquid extracts was
20-22 °C, and their color varies from yellow (mUBA) to light brown (mUBE) and brown-
reddish (mUBW).

At Soxhlet extraction, the temperature value increased from dUBA (55-60 °C) to
dUBE (75-80 °C) and dUBW (95-100 °C). The highest yield (11.15%) was obtained for
dUBE; its value decreased to 5.55% for dUBA and 1.76% for AUBW. Moreover, the dry
extracts color changed from yellow-brown (dUBA) to light brown ({UBE) and dark brown-
reddish ({UBW).

2.2. HPLC-DAD Determination of Usnic Acid Content

The usnic acid contents in all U. barbata extracts are displayed in Table 2.

All liquid extracts contain UA. Thus, mUBA had the highest UA content (211.9 mg/g
extract equivalent to 21.19 mg/g dried lichen), following in decreasing order mUBE
(0.257 mg/g, corresponding to 0.025 mg/g dried lichen) and mUBW (0.045 mg/g cor-
responding to 0.004 mg/g dried lichen). According to https://pubchem.ncbi.nlm.nih.
gov/compound/Usnic-acid (accessed on 20 May 2022), usnic acid solubility significantly
decreases in order: acetone > ethanol > water; these data can explain our results.
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Table 2. Usnic acid content in fluid and dry U. barbata extracts.
U. barbata UAC
Extract mg/g Lichen Extract mg/g Dried Lichen
Acet mUBA 211.900 =+ 0.002 b 21.190 f
cetone AUBA 241.830 + 0.172 2 13.418 8
Ethanol mUBE 0.257 + 0.002 4 0.0251
ano AUBE 108.742 + 0.703 © 12.125h
Wat mUBW 0.045 4+ 0.002 © 0.004]
ater dUBW ND n/a

UAC—usnic acid content, UBA—U. barbata acetone extract, UBE—U. barbata ethanol extract, UBW—UI. barbata
water extract; m—macerate, d—dry extract, ND—non-detected, n/a—not applicable; the mean values followed by
superscript letters are statistically significant (p < 0.05).

The chromatograms of usnic acid standard and U. barbata extracts in all three solvents
are displayed in Figure 1.
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Figure 1. Chromatograms of usnic acid standard (a), mUBA (b), mUBE (c), nUBW (d). The red lines
mark the significant peak areas.

Data from Table 2 show that only two dry extracts contain UA because in dUBW it
was non-detected. Dry acetone extract contains UA of 241.773 mg/g, corresponding to
13.418 mg/g dried lichen. The usnic acid content in JUBE is 108.752 mg/g (12.125 mg/g

dried lichen).
2.3. HPLC-DAD Determination of Polyphenols

The polyphenols contents are displayed in Table 3.
The chromatograms of U. barbata extracts are displayed in Figures 2-5.
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Table 3. Polyphenols contents in U. barbata fluid and dry extracts in ethanol and water.

U. barbata Extracts mUBE mUBW dUBE dUBW
Polyphenols Polyphenols Content mg/g Lichen Extract

Caffeic acid (CA) 0.414 £ 0.005 ND ND ND
p-coumaric acid (pCA) 0.312 + 0.001 ° 0.749 £0.049 2 ND ND
Ellagic acid (EA) 230.819 + 0.264 ¢ ND 0.605 =+ 0.007 4 ND
Chlorogenic acid (ChA) 0.512 + 0.006 0.627 £+ 0.006 © ND ND
Gallic acid (GA) 27.487 +0.459 1 60.358 £+ 0.363 & 0.870 + 0.008 ¥ ND
Cinnamic acid (CiA) 17.948 £ 0.114 ND ND ND

UBA—U. barbata acetone extract, UBE—U. barbata ethanol extract, UBW—U. barbata water extract; m—macerate,
d—dry; pCA—p-coumaric acid, ChA—chlorogenic acid, CA—caffeic acid, CiA—cinnamic acid, EA—ellagic acid,
GA—gallic acid, ND—non-detected; the mean values followed by superscript letters are statistically significant
(p <0.05).
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Figure 2. Chromatograms of mUBE (a); polyphenols in mUBE: gallic acid (b); chlorogenic, caffeic,
and p-coumaric acids (c); ellagic and cinnamic acids (d). The red lines mark the significant peak areas,
UBE—U. barbata ethanol extract, m—macerate.
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Figure 3. Chromatograms of mUBW (a); polyphenols in mUBW (b). The red lines mark the significant

peak areas; UBW—UL. barbata water extract, m—macerate.
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Figure 5. Chromatogram of dUBW. The red lines mark the significant peak areas.

As can be seen, six polyphenols of the standard mixture were identified only in ethanol

and water fluid extracts; their high solubility in polar solvents could justify their absence in
acetone extracts (Table 3 and Figures 2 and 3).
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Of all six polyphenols identified in mUBE: caffeic acid (CA), p-coumaric acid (pCA), el-
lagic acid (EA), chlorogenic acid (ChA), gallic acid (GA), and cinnamic acid (CiA), only two
(EA and GA) were found in dUBE, and three (pCA, ChA, and GA) in mUBW (Figures 2-4).
The common polyphenol for all three extracts is GA, with the highest content in mUBW
(60.358 mg/g), followed by mUBE (27.487 mg/g) and dUBE (0.870 mg/g). Ellagic acid
content is 230.819 mg/g in mUBE and 0.605 mg/g in JUBE (Table 3, Figure 4).

The common polyphenols for mUBW and mUBE were pCA and ChA; their amounts
were higher in mUBW (0.749 and 0.627 mg/g) than mUBE (0.312 and 0.512 mg/g). The other
two polyphenols—CA (0.414 mg/g) and CiA (17.948 mg/g)—were identified exclusively
in mUBE (Table 3, Figure 2).

The JUBW chromatogram (Figure 5) shows three peaks at the following retention
times (RT): 15.113 min, 15.642 min, and 16.091 min; these RT values differed from standard
polyphenols’ ones. Their absence in J{UBW could be due to their thermolability; the Soxhlet
extraction involves prolonged heating for 8 h at 95-100 °C [45].

The polyphenols from the standard mixture were also non-detected in both U. barbata
acetone extracts (Table 3) because their solubility is lower in this solvent than in ethanol
or water.

2.4. Total Phenolic Content

It can be observed that the highest total phenolic content (TPC) values belong to dry
U. barbata extracts (Table 4). The JUBA had the highest TPC (862.843 mg PyE/g); it is followed
in decreasing order by dUBE (573.234 mg PyE/g) and JUBW (111.626 mg PyE/g). The
TPC values in fluid extracts decreased in the following order: mUBE (276.603 mg PyE/mL),
mUBA (220.597 mg PyE/mL), and mUBW (176.129 mg PyE/mL). TPC includes usnic acid,
identified polyphenols, and unidentified phenolic constituents of each U. barbata extract.

Table 4. Total phenolic content (TPC) and free-radical scavenging activity of U. barbata extracts.

U. barbata TPC DPPH-Free
Extract (mg PyE/g Extract) Radical Scavenging%
Acetone mUBA 220.597 + 24.527 4 11.146 + 0.577 &
dUBA 862.843 + 33.727 2 15.471 £ 0.629 h
mUBE 276.603 + 15.025 © 12.162 + 0.396 1
Ethanol JUBE 573.234 + 42,308 16.728 + 0.284 8
Water mUBW 176.129 =+ 24.169 © 6.429 + 0.286 !
dUBW 111.626 & 11.132 f 3.951 £ 0.297 ™

TPC—total phenolic content, UBA—U. barbata acetone extract, UBE—U. barbata ethanol extract, UBW—LI. barbata
water extract; m—macerate, d—dry extract, mg PyE—mg equivalents pyrogallol. The mean values followed by
superscript letters are statistically significant (p < 0.05).

2.5. Free-Radical Scavenging Activity Assay

The results are displayed in Table 4.

Data from Table 4 show that all U. barbata extracts have antiradical activity. This effect
was higher for dry ethanol and acetone extracts (16.728% for dUBE, 15.471% for dUBA) than
fluid ones (12.162% for mUBE, 11.146% for mUBA). Only for water extracts, the antiradical
activity of dUBW (3.951%) is lower than the mUBW one (6.429%).

2.6. Antibacterial Activity

The obtained results proved that the negative control (DMSO 0.1%) has no inhibitory
effect on the bacteria tested (IZD = 0 mm). Only U. barbata extracts in acetone and ethanol
inhibited bacterial strains” growth. (Figure S2, Supplementary Materials). Neither UBWs
have any inhibitory effect on the tested bacteria (IZD = 0 mm).

Given that usnic acid is the major secondary metabolite of the genus Usnea, we
considered this phenolic compound as a positive control. For the optimal interpretation of
the obtained IZD values, we used two bactericidal antibiotics with different mechanisms of
action and breakpoints: ofloxacin (OFL) and ceftriaxone (CTR).
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The data displayed in Table 5 show the IZD values (mm) for all U. barbata extracts,
UA, and standard antibiotics drugs (OFL and CTR).

Table 5. Antibacterial activity of U. barbata extracts.

Bacteria S. aureus S. pneumoniae P. aeruginosa K. pneumoniae
Inhibition Zone Diameter—IZD (mm)
UA 16.33 +0.82 17.33 + 0.47 16.67 = 0.47 0
Liquid extracts
mUBA 12.00 +0.82° 17.67 + 0.47 17.33 £1.25 0
mUBE 11.00 + 0.82 4 18.67 + 0.47 20.33 £1.70 0
mUBW 0 0 0 0
Dry extracts
dUBA 13.66 £ 0.47 2 18.00 £ 1.63 17.00 + 1.63 0
dUBE 1233 £1.25¢ 18.33 &+ 0.47 20.00 £ 1.63 0
dUBW 0 0 0 0
Standard antibacterial drugs inhibitory activity
OFL 5 26.33 £ 1.70 19.00 + 1.63 19.33 £ 1.70 30.00 £ 0.82
CTR 30 25.00 £ 2.45 32.33 £2.05 21.00 £2.16 32.33 £2.49
Standard antibacterial drugs breakpoints *
Ofloxacin
S* >18* >16* >16* >16*
OFL 5 I* 17-15* 15-13* 15-13 * 15-13*
R* <14* <12* <12* <12*
Ceftriaxone
S* >21* >26* >18* >23*
CTR 30 I* 17-15* 22-20*
R* <20* <25* <14* <19*

UBA—U. barbata acetone extract, UBE—U. barbata ethanol extract, UBW—U. barbata water extract; m—
macerate, d—dry extract, UA—usnic acid (positive control), * Data adapted from CLSI breakpoints analyzed
by Humphries et al. [46]; OFL—ofloxacin, CTR—ceftriaxone; 5, 30 ug—the antibiotic amount from the standard
antibiotic disc; S—sensitivity, I—intermediate (dose-dependent action), R—resistance. The superscripts letters
noted the statistically significant IZD mean values (p < 0.05).

Therefore, comparing the IZD values of the U. barbata extracts to those of both standard
antibiotics on S. aureus, none had antibacterial action (IZD = 11.00-13.66 mm). Only usnic
acid has an IZD (16.33 mm) in the “I” range of ofloxacin (17-15 mm); this means that
antibacterial activity on S. aureus is dose dependent. Compared to ceftriaxone, the IZD
value for UA belongs to the resistance range (<20 mm).

S. pneumoniae is sensitive to all U. barbata extracts as well as to usnic acid
(IZD = 17.33-18.67 mm) when IZD values are compared to ofloxacin (S > 16 mm *). How-
ever, it could be considered resistant when IZD values were compared to CTR (S > 26 mm *).

Among Gram-negative bacteria, P. aeruginosa proves the highest sensitivity; all lichen
extracts showed antibacterial action on P. aeruginosa (1ZD = 16.77-20.33 mm), compared to
ofloxacin (S > 16 mm *). Only ethanol extracts (IZD = 20.00-20.33 mm) had an antibacterial
effect related to ceftriaxone (S > 18 mm *); the others are active in a dose-dependent manner
(I =17-15 mm). Contrariwise, no U. barbata extract inhibited the growth of K. pneumoniae
colonies (IZD = 0 mm).

Considering the data registered in Table 5, we calculated the antibacterial activity
index (Al), reporting the IZD values (mm) of lichen extracts to the ones of the standard
antibiotic drugs [47]. It can be noted that dry and fluid U. barbata acetone and ethanol
extracts had similar inhibitory effects (Table 6).
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Table 6. Antibacterial activity index of U. barbata extracts and UA compared to both standard
antibiotic drugs.

Al Values (Adim)

Bacteria AB
mUBA dUBA mUBE dUBE UA

. 0.455 0.519 0.417 0.468 0.620 OFL5
- aureus 0.480 0.546 0.440 0.490 0.693 CTR30
S pnewmoniae 0.930 2 0.947 2 0.9822 0.964 2 091242 OFL5
P 0.546 b 0.556 b 0577 0.566 P 0.536 b CTR30
P seriteinosa 0.896 0.879 1.051 1.034 0.862 OFL5
- aerug 0.825 0.809 0.968 0.952 0.793 CTR30

Al—antibacterial activity index, adim—without measure unit, UBA—U. barbata acetone extract, UBE—LUI. barbata
ethanol extract, m—macerate, d—dry extract, UA—usnic acid, AB—standard antibiotic drug, OFL—ofloxacin,
CTR—ceftriaxone. 5, 30 pg—the antibiotic amount from the standard antibiotic disc. The Al values noted with
superscripts letters are statistically significant (p < 0.05).

The presence of similar bioactive secondary metabolites, the fluid extracts used after
solvent evaporation, and the additional presence of the polyphenols known for their strong
antibacterial action could explain the results registered in Tables 5 and 6. Thus, UA had
the highest inhibitory activity on S. aureus, showing a dose-dependent antibacterial effect
and the highest Al values; the following are the extracts with a high usnic acid content,
respectively UBA. U. barbata ethanol extracts show the lowest inhibitory effect because
usnic acid is known for its highest inhibition levels on S. aureus; both UBEs have lower
UAC values than the corresponding UBAs ones (Table 5).

On S. pneumoniae and P. aeruginosa, the lichen extracts in ethanol indicated the most
significant inhibitory levels. Antibacterial activities of individual polyphenols could justify
these results. They showed an antibacterial action against S. pneumoniae similar to ofloxacin.
On S. pneumoniae, the Al values compared to OFL are statistically different from those
linked to CTR (Table 6). In this case, for all U. barbata extracts, Al > 0.912, proving that their
antibacterial activity is similar to OFL. Against P. aeruginosa, mUBA and dUBA reported Al
values higher than OFL (Al > 1) and similar to CTR (Al > 0.952) (Table 6).

2.7. Data Analysis

We obtained U. barbata extracts performing two easy-to-use and low-cost conventional
techniques mentioned in Romanian Pharmacopoeia X [48]: maceration for fluid extracts
and Soxhlet extraction for dry ones. They have been one of the most used extraction
procedures for herbal bioactive compounds [49]. According to the green chemistry concept,
the solvents used for lichen extraction are “preferable,” having low toxicity and significant
safety [50]. Our entire study’s data were synthesized in Table 7.

From the beginning, the same ratio—1:10 (w/v) between dried lichen and solvent—
was maintained for all extracts. The fluid extracts were obtained at room temperature
(2022 °C). The Soxhlet extraction was performed by prolonged heating, and the requested
temperature values registered in Table 7 were maintained for 8 h.

The phenolic metabolites contents were strongly influenced by extraction conditions,
as shown in Table 7. Usnic acid content and TPC significantly increase in acetone and
ethanol dry extracts than in fluid ones; UBAs have higher UAC and TPC than UBEs. The
mUBW had the lowest TPC and UAC. However, after 8 h of Soxhlet extraction at 100 °C,
dUBW shows diminished TPC values and no UAC.

The individual polyphenols were quantified only in ethanol and water U. barbata
extracts. The mUBE contains all six polyphenols (CA, CiA, pCA, EA, GA, and ChA) and
mUBW—only three (pCA, GA, and ChA). Regarding the corresponding dry extracts, in
dUBE only two polyphenols (EA and GA) were found in lower content than mUBE; JUBW
has no polyphenols.



Pharmaceuticals 2022, 15, 829

10 of 24

Table 7. Characteristics of U. barbata extracts in ethanol, acetone, and water obtained by two different
conventional techniques, regarding the extraction conditions, phenolic metabolites, and bioactivities.

U. barbata Extract mUBE dUBE mUBA dUBA mUBW dUBW
Extraction conditions
Solvent 96% ethanol Acetone Water
Ratio (w/v) 1:10
Temperature (°C) 20-22 75-80 20-22 55-60 20-22 95-100
Yield (%) 11.150 5.550 1.760
Phenolic metabolites (mg/g extract)
TPC 276.603 573.234 220.597 862.843 176.129 111.626
mg/g extract 0.257 108.74 211.190 241.830 0.045
UA % in dried lichen 0.002 1.212 2.119 1.341 0.0004
CA 0.414
pCA 0.312 0.749
EA 230.820 0.605
GA 27.487 0.870 60.358
CiA 17.948
ChA 0.513 0.627
Antibacterial activity—IZD (mm)
S.a. 11.000 12.330 12.000 13.670
S.p. 18.670 18.330 17.670 18.000
Pa. 20.330 20.000 17.330 17.000
DPPH free radical scavenging activity (%)
AA 12.162 16.728 11.146 15.471 6.429 3.951

pCA—p-coumaric acid, ChA—chlorogenic acid, CA—caffeic acid, CiA—cinnamic acid, EA—ellagic acid,
GA—gallic acid, UA—usnic acid, TPC—total phenolic content, AA—antiradical activity, P.a.—inhibitory activity
against P. aeruginosa, S.a.—inhibitory activity against S. aureus, S.p.—inhibitory activity against S. pneumoniae;
UBA—U. barbata acetone extract, UBE—U. barbata ethanol extract, UBW—U. barbata water extract; mUBE, mUBA,
mUBW—obtained by maceration; dUBE, {UBA, {UBW—obtained by Soxhlet extraction.

These detailed aspects could be explained in the first step by the solubility differences
of phenolic compounds in each extraction solvent. Polyphenols are soluble in polar solvents
(ethanol, water); however, they are affected by prolonged heating [45]; thus, it can justify
their decreasing or absence in the dry extracts after Soxhlet extraction for 8 h at 75-80 °C
(dUBE) and 95-100 °C (dUBA). The lowest solubility of usnic acid in water underlies the
minimal UAC value in mUBW. The high temperature of extraction (100 °C for 8 h) affects
usnic acid stability; thus, the absence of UA in dUBW could be justified. According to
https:/ /www.biocrick.com/Usnic-acid-BCN4306.html (accessed on 2 May 2022), usnic acid
storage requests desiccation and freezing (—20 °C); this information supports our results.

On the other hand, it can be seen that the dry extracts are obtained with a considerably
low yield. When all UAC values are reported to the dried lichen amount used for each
extract preparation, 2.119% corresponds to mUBA and only 1.341% for JUBA.

Principal Component Analysis

Principal component analysis (PCA) was performed for all U. barbata liquid and dry
extracts and variable parameters—according to the correlation matrix from Supplementary
Materials—and illustrated in Figure 6.
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Figure 6. Principal component analysis (PCA): PCA-Correlation circle between phenolic metabolites
and bioactivities of U. barbata extracts (a); PCA-Correlation circle between phenolic metabolites
and extraction temperature (b). pCA—p-coumaric acid, ChA—chlorogenic acid, CA—caffeic acid,
CiA—cinnamic acid, EA—ellagic acid, GA—gallic acid, UA—usnic acid, TPC—total phenolic content,
AA—antiradical activity, P.a.—inhibitory activity against P. aeruginosa, S.a.—inhibitory activity against
S. aureus, S.p.—inhibitory activity against S. pneumoniae, temp—extraction temperature.

The PCA-Correlation circle from Figure 6a explains 84.40% of the data variances [51]
and correlates the lichen extracts metabolites with their bioactivities. It can be observed
that the horizontal axis (PC1) is linked to pCA, GA, and ChA, usnic acid content, TPC, AA,
and antibacterial activities. PC2 is associated with CA, EA, and CiA. Figure 6a shows that
UA moderately correlates with the lichen extracts bioactivities: AA (r = 0.626, p > 0.05), S.a.
(r=0.728,p>0.05), S.p. (r=0.625, p > 0.05), and Pa. (r = 0.545, p > 0.05). TPC displays a good
positive correlation with AA (r = 0.822, p < 0.05) and the moderate ones with antibacterial
activities—r values decrease from 0.693 (S.a.) to 0.603 (S.p.) and 0.563 (P.a.), p > 0.05.
We can also observe that AA is highly correlated with antibacterial activities—r values
are 0.923 (S.a.), 0.900 (S.p.), and 0.897 (P.a.), p < 0.05—Dbecause in both effects involve
the phenolic metabolites, with their phenolic -OH groups (Figure 6a). The individual
polyphenols are insignificantly (positively or negatively) correlated with both bioactivities
for all lichen extracts because these compounds were quantified only in three U. barbata
extracts (Figure 6a).

The PCA-Correlation circle from Figure 6b explains 79.38% of the data variances and
correlates the lichen extracts metabolites with extraction temperature. All parameters
(except TPC, r = 0.209) are negatively correlated with the temperature (p > 0.05). The
temperature values moderately correlate with pCA (r = —0.587), ChA (r = 0.652) and GA
(r = 0.594). Other variable parameters reported a low negative correlation with extraction
temperature (detailed data in Supplementary Materials). Usnic acid with temperature
registered the lowest negative correlation (r = —0.042).

The lichen extracts” phytoconstituents significantly influence their pharmacological
potential. Hence, we explored the metabolites content to explain the differences in the
obtained results regarding antiradical and antibacterial effects. Then, we determined the
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correlations between these bioactivities and phenolic metabolites quantified in each lichen
extract. All data are displayed in Figures 7-10 and detailed in Supplementary Materials.
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Figure 7. PCA-Correlation circle between TPC, UA, and individual polyphenols in mUBE and
antibacterial and antiradical activities. mUBE—UL. barbata liquid ethanol extract, pCA—p-coumaric
acid, ChA—chlorogenic acid, CA—caffeic acid, CiA—cinnamic acid, EA—ellagic acid, GA—gallic
acid, UA—usnic acid, TPC—total phenolic content, AA—antiradical activity, P.a.—inhibitory activity
against P. aeruginosa, S.a.—inhibitory activity against S. aureus, S.p.—inhibitory activity against
S. pneumoniae.
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Figure 8. PCA-Correlation circle between TPC, UA, and individual polyphenols in JUBE and
antibacterial and antiradical activities. {UBE—U. barbata dry ethanol extract, EA—ellagic acid, GA—
gallic acid, UA—usnic acid, TPC—total phenolic content, AA—antiradical activity, P.a.—inhibitory
activity against P. aeruginosa, S.a.—inhibitory activity against S. aureus, S.p.—inhibitory activity
against S. pneumoniae.
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Figure 9. PCA-Correlation circle between TPC, UA, and individual polyphenols in mUBA and JUBA
and antibacterial and antiradical activities; UBA—U. barbata acetone extract, m—macerate, d—dry;
UA—usnic acid, TPC—total phenolic content, AA—antiradical activity, P.a.—inhibitory activity
against P. aeruginosa, S.a.—inhibitory activity against S. aureus, S.p.—inhibitory activity against
S. pneumoniae.
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Figure 10. PCA-Correlation circle between TPC, UA, and individual polyphenols in mUBW and
only between TPC in dUBW and antiradical activities; UBW—U. barbata water extract, m—macerate,
d—dry; pCA—p-coumaric acid, ChA—chlorogenic acid, GA—gallic acid, UA—usnic acid, TPC—total
phenolic content, AA—antiradical activity.

In mUBE, all quantified phenolic secondary metabolites significantly correlate with
DPPH free radical scavenging ability (AA, r > 0.930) and antibacterial activities (Figure 7).
As expected, Figure 7 shows a high correlation (r = 0.999, p < 0.05) between pCA and
TPC and AA and S.a. Ellagic acid remarkably correlates with AA (r = 0.930, p > 0.05) and
all antibacterial effects—r value decreases from 0.996 (P.a.) to 0.989 (S.p.) and 0.930 (S.a.),
p > 0.05. The phenolic compounds correlate with the inhibitory effect against S. aureus
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registering the highest correlation index values (r > 0.930, p > 0.05), followed by the one
against P. aeruginosa (r = 0.817-0.996, p > 0.05) and S. pneumoniae (in the most cases, a
moderate correlation, r = 0.655-0.867, p > 0.05). UA shows the highest correlation with
S.a. (r =0.945, p > 0.05), followed by P.a. (r = 0.817, p > 0.05) and S.p. (r = 0.655, p > 0.05).
Moreover, AA is considerably correlated with all antibacterial activities, S.a. (r = 0.999,
p <0.05), Pa. (r =0.961, p > 0.05) and S.p. (r = 0.866, p > 0.05).

In dUBE, we identified two polyphenols (gallic acid and ellagic acid) and UA. The
phenolic metabolites remarkably correlate with both bioactivities (r > 0.848, p </> 0.05,
Figure 8).

Data illustrated in Figure 8 highlight the strongest correlation (r = 0.999, p < 0.05)
between phenolic compounds (EA, GA, and TPC) and AA and Pa. On P. aeruginosa,
the powerful action of ellagic acid and gallic acid is due to phenolic compound general
mechanisms and biofilm inhibition [52]. The same correlation (r = 0.999, p < 0.05) can be
noticed between UA and S.a.; UA is a valuable antibacterial compound against S. aureus
and, as a positive control, had a dose-dependent antibacterial effect. Both activities—AA
and P.a.—are also highly correlated (r = 0.999, p < 0.05).

TPC of mUBA and dUBA are positively correlated with antibacterial effects (Figure 9).
In mUBA, TPC correlates with S.a. (r = 0.999, p < 0.05); it also corellates with S.p. and
Pa. in dAUBA. UA moderately corellates with S.p. (r = 0.515, p < 0.05) in mUBA and S.a.
in dUBA (r = 0.723, p > 0.05). In both UBAs, UA (r = 0.827 and 0.884, p > 0.05) and TPC
(r=0.996 and 0.978, p > 0.05) display a high correlation with AA. These correlations are
evidenced in Figure 9. Furthermore, in both UBAs, DPPH free-radical scavenging activity
and antibacterial effects are strongly correlated (r = 0.906, 0.962 and 0.970, p > 0.05, Figure 9).

These correlations associated with the bio-activities of all quantified metabolites could
explain the similar inhibitory activity on bacterial strains growing of both U barbata ex-
tracts in ethanol and acetone. Moreover, in these extracts, all phenolic metabolites could
synergistically act.

The PCA-correlation circle for UBWs is displayed in Figure 10.

Data from Figure 10 show that usnic acid (r = 0.910, p > 0.05) and individual polyphenols—
pCA (r =0.951, p > 0.05), GA and ChA (r = 0.999, p < 0.05) highly correlate with AA in
liquid water extract. Furthermore, in both UBWs, TPC show a powerful correlation with
AA (r=0.995, and 0.961, p < 0.05). However, because the phenolic compounds with known
antibacterial action were extracted in water in minimal quantities, both UBWs did not
exhibit any inhibitory effect on bacteria tested (IZD = 0).

Our study deeply analyzed six U. barbata extracts in three solvents, from the description
of extraction conditions to phenolic constituents’” determination and the evaluation of their
biological activities. A detailed data analysis was performed on the correlations between
phenolic metabolites and biological activities for each U. barbata extract, aiming to explain
the obtained results. We correlated phenolic metabolites with antiradical and antibacterial
activities and with extraction temperature for all six U. barbata extracts. The extraction
temperature’s significant role was highlighted by comparing the liquid and dry extracts in
the same solvent. Thus, we evidenced the strong influence of the extraction temperature
on phenolic metabolites diversity and content and, consequently, the strong impact on
antiradical and antibacterial activities.

Correlating and interpreting all data, we made each lichen extract characterization,
highlighting the similar and different properties compared to the others (Figure 11).
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Figure 11. Characterization of U. barbata extracts by positioning each lichen extract according to
its phenolic metabolites correlated with temperature (a) and bioactivities (b). pCA—p-coumaric
acid, ChA—chlorogenic acid, CA—caffeic acid, CiA—cinnamic acid, EA—ellagic acid, GA—gallic
acid, UA—usnic acid, TPC—total phenolic content, AA—antiradical activity; P.a.—inhibitory activity
against P. aeruginosa, S.a.—inhibitory activity against S. aureus, S.p.—inhibitory activity against
S. pneumoniae; temp—extraction temperature. UBA—U. barbata acetone extract, UBE—U. barbata
ethanol extract, UBW—U. barbata water extract; m—macerate, d—dry extract.

Figure 11a shows that the fluid UBE (obtained at room temperature) contains UA in
a low content and all six polyphenols in an appreciable amount. It can be noticed that
CA, EA, and CiA are associated exclusively with mUBE; moreover, it shares ChA, GA,
and pCA with mUBW. Individual polyphenols contribute considerably to the mUBE’s
TPC value (Figure 11a). These constituents could synergistically act, leading to their
significant antiradical and antibacterial potential (Figure 11b). The Soxhlet extraction
at 75-80 °C significantly diminished the polyphenols content; thus, dUBE reported low
concentrations of only two polyphenols (EA and GA, Figure 11a). Moreover, UA and other
phenolic secondary metabolites were resistant to prolonged heating and detected in dry
acetone extract (Figure 11a). Therefore, dUBE shows a higher AA than mUBE and similar
antibacterial effects. The fluid water extract (mUBW) shows the lowest content of phenolic
metabolites compared to other macerates. It contains three individual polyphenols (pCA,
GA, ChA) and usnic acid (Figure 11a). Despite the antibacterial properties of all phenolic
constituents, their content is too low, and mUBW does not inhibit bacterial strains” growth;
it has only moderate antiradical activity (Figure 11b). The prolonged heating at 100 °C
during Soxhlet extraction diminished phenolics content; UA and individual polyphenols
from mUBW were not detected in J{UBW (Figure 11a), and AA decreased.

Both acetone extracts (mUBA and dUBA) have the same metabolites (UA and TPC)
and bioactivities (Figure 11b); the temperature and yield have a quantitative influence,
increasing UAC and TPC in dUBA. Therefore, AA augments and antibacterial properties are
similar. In Figure 11a,b, both UBAs and dUBE are positioned at low distances; both UBWs
are located in the same quarter of the PCA-biplot, thus evidencing their similar properties.

3. Discussion

The low yields associated with diminished UAC in dried lichen can also be observed
in other studies on U. barbata extracts obtained in various conditions [42,43,53,54]. The
most relevant data are displayed in Table 8.
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Table 8. Various U. barbata extracts with different extraction conditions correlated with the yield and
usnic acid content expressed as mg/g extract, and % UA in dried lichen.

Conditions of Extraction 9
U. barbata Extraction v T CO. P Yield (:1]1 ‘;Z; inA)DIi;: d
ressure emperature ressure o,

Extract Solvent (Mpa) E’C) (2m3/kg) Pretreatment %o in Extract) Lichen *
UBDEA ? Ethyl acetate 75-80 6.27 376.73 2.362
UB-SFE 99% CO, 30 60 0.38 594.80 2.226
UB-SFE 99% CO, 30 40 0.60 364.90 2.190

UBO © Canola oil 22 0.915 2.162

UBDA @ Acetone 55-60 6.36 282.78 1.798

UBDE ? 96% ethanol 75-80 12.52 127.21 1.592

UBDM ? Methanol 65 11.29 137.60 1.553
CM 2.28 545 1.243

50 40 992 RM 1.67 585 0.977

UM + RGD 1.50 645 0.968

UB-SFE ¢ 99% CO, UM 1.27 617 0.806
UM + RGD 1.46 423 0.618

30 40 911 UM 0.85 648 0.551

RM 0.78 634.5 0.481

CM 0.86 558.1 0.479

UB SFE—U. barbata extract obtained by supercritical fluid extraction with CO,, UBDEA—U. barbata dry extract
in ethyl acetate, UBDA—U. barbata dry extract in acetone, UBDE—U. barbata dry extract in ethanol, UBDM—
U. barbata dry extract in methanol, UBO—U. barbata extract in canola oil, RM—roller mill; UM—ultra-centrifugal
mill; CM—cutting mill; RGD—rapid gas decompression. * Data registered in decreasing order; superscript letters
evidenced the data adapted from: @ [53], b 142], © [54], 9 [43].

The data from Table 8 indicate that the UAC (%) in dried lichen generally decreases
directly proportional to the extraction yield when the same solvent is used.

The usnic acid chemical structure strongly relates to U. barbata antiradical and an-
tibacterial activities [22]. Due to protonophore and uncoupling action, all three phenolic
OH groups of UA are essential [55], leading to bacterial membrane potential dissipation,
associated with bacterial colonies growing inhibition. Maciag-Dorszynska et al. [56] proved
that usnic acid produces a rapid and strong inhibition of nucleic acids synthesis in Gram-
positive bacteria (S. aureus and B. subtilis). It could also inhibit Group A Streptococcus
(Streptococcus pyogenes) biofilm formation [57], reducing biofilm biomass and depleting the
biofilm-forming cells” proteins and fatty acids. Sinha et al. [58] proved that UA could act
synergistically with norfloxacin and modify S. aureus methicillin-resistant (MRSA) drug
resistance. This effect involves efflux pump inhibition, oxidative stress induction, and
down-regulation of peptidoglycans and fatty acids biosynthesis. These mechanisms alter
membrane potential and perturb cell respiration and metabolic activity.

The polyphenols could synergistically act with usnic acid and other secondary metabo-
lites in U. barbata extracts” antiradical and antibacterial activities. The antibacterial effects of
polyphenols implicate various mechanisms. Thus, Lou et al. [59] proved that the p-coumaric
acid bactericidal effect against S. aureus and S. pneumoniae involves irreversible permeability
changes in bacterial cell walls and binding to bacterial genomic DNA; as a result, it occurs
cell function inhibition followed by bacteria cell death. Caffeic acid (CA) acts as an antibac-
terial drug through various mechanisms; it produces cell membrane depolarization and
disruption, reduces the respiratory activity of bacteria, decreases efflux activity, affects intra-
cellular redox processes, donates protons, and increases intracellular acidity [34]. Moreover,
CA proved to have an appreciable inhibitory effect against S. aureus (IZD = 12 mm) [34].
Cinnamic acid (CiA) preferentially acts against Gram-negative bacteria (P. aeruginosa), de-
termining cell membrane damage, affecting its lipidic profile, and leading to protein loss
and denaturation [60]. Chlorogenic acid (ChA) antibacterial mechanisms involve outer
cell membrane bounding and disrupting, intracellular potential exhausting, and loss of
cytoplasm macromolecules, leading to cell death [61]. On S. pneumoniae, ChA inhibits a key
virulence factor (neuraminidase) [62]. Gallic acid (GA) has a significant antibacterial effect
against Gram-positive bacteria (S. aureus, Streptococcus sp.), increasing their ability to accept
electrons. On Gram-negative bacteria, this property could decrease, indicating that GA is
an electrophilic compound interacting with bacterial surface components [63-65]. Ellagic



Pharmaceuticals 2022, 15, 829

17 of 24

acid (EA) acts on S. aureus damaging the bacteria cell membrane, leading to significant leak-
age of proteins and nucleic acids. Its antibacterial activity could inhibit protein synthesis,
inducing great morphological changes in bacterial cell structure [66]. Both phenolic acids
(GA and EA) also proved bactericidal effects against P. aeruginosa [52]. In encapsulated
form, their antibacterial potential could increase [38].

Numerous researchers analyzed the antibacterial activity of U. barbata and Usnea sp.;
generally, their results were similar to those obtained in our study [39]. The sensibility
of Gram-positive bacteria to usnic acid and various Usnea sp. extracts is most known.
Idamokoro et al. [67] analyzed the effect of U. barbata extracts in methanol and ethyl-
acetate against 13 isolated Staphylococcus sp. involved in cow mastitis. They evidenced
ethyl-acetate extract’s lower inhibitory activity than methanol ones. On S. aureus, they re-
ported an IZD value = 14 mm for methanol extract, similar to our d{UBA (IZD = 13.66 mm).
Mesta et al. [68] indicated the I1ZD values of 12 mm—for U. ghatensis ethanol extract
15 mg/mL against S. aureus—and 18 mm—for U. undullata ethanol extract 15 mg/mL
on S. pneumoniae; both values are similar to those for m/dUBE obtained in the present
study. In a previous study [69], we evaluated the antibacterial activity of U. barbata liquid
extracts against two other Streptococcus sp. (S. oralis and S. intermedius) isolated from the
oral cavity. Those obtained IZD values proved that mUBE had a stronger action for both
Streptococcus sp. than mUBA; mUBW did not show any inhibitory effect. No inhibitory
effects (IZD = 0) displayed the extracts of U. pectinata, U. coraline, and U. baileyi in methanol
and dichloromethane against K. pneumoniae [5]. The methanol extracts of U. articulata
(IZD = 28 mm) and U. florida (IZD = 18 mm) highlighted a remarkable antibacterial action
against P. aeruginosa [41]. U. florida extract in methanol also proved significant activity on
S. aureus (IZD = 30). Boisova et al. [70] optimized the conditions of UA SFE extraction
from U. subfloridana (for 80 min, at a temperature of 85 °C and pressure of 150 atm). Their
obtained extract proved an intense antibacterial activity against S. aureus.

4. Materials and Methods
4.1. Materials

Our study’s chemicals, reagents, and standards were of analytical grade. Usnic
acid standard 98.1% purity, phenolic standards (Z-resveratrol, caffeic acid, E-resveratrol,
chlorogenic acid, ferulic acid, gallic acid, ellagic acid, p-coumaric acid, vanillin, 3-methyl
gallic acid, cinnamic acid) were purchased from Sigma (Sigma-Aldrich Chemie GmbH.,
Taufkirchen, Germany). Folin-Ciocalteu reagent, Pyrogallol, DPPH, acetone, and ethanol
were supplied by Merck (Merck KGaA, Darmstadt, Germany).

The bacterial lines were obtained from Microbiology Department, S.C. Synevo Ro-
mania SRL, Constanta Laboratory, in partnership agreement No 1060/25.01.2018 with the
Faculty of Pharmacy, Ovidius University of Constanta. Culture media Mueller—-Hinton
agar simple and one with 5% defibrinated sheep blood were supplied by Thermo Fisher
Scientific, GmbH, Dreieich, Germany.

4.2. Lichen Extracts

U. barbata was harvested from Calimani Mountains, Romania (47°28' N, 25°10" E,
900 m altitude) in March 2021. The lichen was dried at a constant temperature below
25 °C in an airy room, protected from the sunlight. After drying, the obtained herbal
product was preserved for a long time in the same conditions for use in subsequent studies.
The lichen was identified using standard methods by the Department of Pharmaceutical
Botany of the Faculty of Pharmacy, Ovidius University of Constanta. A voucher specimen
(Popovici 3/2021 Ph/UOC) [71] can be found at the Department of Pharmacognosy, Faculty
of Pharmacy, Ovidius University of Constanta.

The dried lichen was ground in an LM 120 laboratory mill (PerkinElmer, Waltham,
MA, USA) and passed through the no. 5 sieve [19]. The obtained moderately fine lichen
powder (particle size < 315 um) was subjected to extraction in acetone, 96% ethanol, and
water (dried lichen: solvent ratio (w/v) = 1:10) using two conventional techniques.
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The first procedure was maceration—three samples of 10 g ground dried lichen were
extracted with 100 mL solvent (water, acetone, and 96% ethanol) in a dark place at room
temperature (20-22 °C) for 10 days, with manual shaking 3—4 times/day. The resulting
extractive solutions were filtered and made up of a 100 mL volumetric flask with each
solvent. These fluid extracts (mUBA, mUBE, and mUBW) were preserved in dark-glass
recipients with sealed plugs in the same conditions until processing.

The second one was Soxhlet extraction for 8 h, with the temperature values around
each solvent’s boiling point. Thus, three samples of 20 g ground dried lichen were re-
fluxed at Soxhlet for eight hours with 200 mL of each solvent. Acetone and 96% ethanol
were evaporated at the rotary evaporator TURBOVAP 500 (Caliper Life Sciences Inc.,
Hopkinton, MA, USA). Then, these extracts were kept for 16 h in a chemical exhaust
hood for optimal solvent evaporation. After filtration with filter paper, UBW was concen-
trated on a Rotavapor R-215 with a vacuum controller V-850 (BUCHI Labortechnik AG,
Flawil, Switzerland), and lyophilized with a freeze-dryer Christ Alpha 1-2L (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) connected to a vacuum
pump RZ 2.5 (VACUUBRAND GmbH, Wertheim, Germany) [72]. All these dry extracts
(dUBA, dUBE, dUBW) were transferred in sealed-glass containers and preserved in freezer
(Sirge® Elettrodomestici—S.A.C. Rappresentanze, Torino, Avigliana, Italy) at —18 °C [73]
until processing.

4.3. HPLC-DAD Determination of Usnic Acid Content
A previously validated HPLC-DAD method was adapted for quantifying usnic acid [53].

4.3.1. Equipment and Chromatographic Conditions

This analytic method used an Agilent 1200 HPLC (Agilent Technologies, Santa Clara,
CA, USA) with a G1311 quaternary pump, Agilent 1200 G1315B diode array detector
(DAD), G1316 thermostatted column compartment, G1322 vacuum degassing system,
G1329 autosampler.

The system has a Zorbax C18 analytical column 150 mm/4.6 mm; 5 pm (Agilent
Technologies, Santa Clara, CA, USA). As a mobile phase, isocratic methanol: water: acetic
acid = 80:15:5 was selected for 6 min per run, at an injection volume of 20 uL at a flow
rate = 1.5 mL/min. The oven temperature was established at 25 °C, and the detection was
performed at 282 nm.

4.3.2. Sample, Blank, Standard Solutions

All requested solutions were prepared using acetone as a solvent. The standard was
usnic acid dissolved in acetone at concentrations of 2.5, 5, 10, 20, 50 pug/mL, with which the
calibration curve (Figure S3, Supplementary Materials) was drawn (y = 39.672x — 3.8228;
R? =0.999). Each dilution was injected 6 times (20 pL) in the chromatographic system, and
the obtained retention time value was 4.463 & 0.008 min.

4.3.3. Data Processing

Data processing was achieved using the Waters Empower 2 chromatography data
software with ICS 1.05 (Waters Corporation, Milford, MA, USA).

4.4. HPLC-DAD Determination of Polyphenols

The polyphenols quantification was achieved using a standardized HPLC method. It
was described by the USP 30-NF25 monograph and previously validated [74].

4.4.1. Equipment and Chromatographic Conditions

The Agilent HPLC-DAD system was the analytical platform, with the same Zorbax
C18 column, 150 mm 4.6 mm; 5 um. As a mobile phase, two solutions were used: solution
A: 0.1% phosphoric acid and solution B: acetonitrile, with gradient elution, at 22 min per
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run, with the same injection volume and flow The temperature was set at 35 °C and the
detection was performed at UV 310 nm.

4.4.2. Sample, Blank, Standard Solutions

The standard solutions were 70% methanol solutions with various concentrations
of: Z-resveratrol (0.22 mg/mL), caffeic acid (0.36 mg/mL), E-resveratrol (0.37 mg/mL),
chlorogenic acid (0.37 mg/mL), ferulic acid (0.38 mg/mL), gallic acid (0.39 mg/mL), ellagic
acid (0.40 mg/mL), p-coumaric acid (0.41 mg/mL), vanillin (0.42 mg/mL), 3-methyl gallic
acid (0.51 mg/mL), cinnamic acid (0.58 mg/mL). The retention time values (minutes),
established after 6 injections with each standard were displayed in Figure S4 and Table S1,
Supplementary Materials; all phenolic standards have R? values > 0.99, as admissibility
condition. The samples were the U. barbata extracts in different solvents (their preparation
was mentioned in the Section 4.2).

4.5. Total Phenolic Content

The total phenolic content was determined using Folin—Ciocalteu reagent through a
spectrophotometric method detailed in a previous study [53]. Pyrogallol was selected as
the standard, the TPC values being calculated as mg of pyrogallol equivalents (PyE) per
gram extract.

4.6. DPPH Free-Radical Scavenging Activity Assay

The U barbata extracts free radical scavenging activity (AA) was determined spectropho-
tometrically through the DPPH free-radical scavenging assay previously described [19].

4.7. Antibacterial Activity

The antibacterial effects were evaluated by an adapted disc diffusion method (DDM)
from the Clinical and Laboratory Standard Institute (CLSI) [75], previously described [76].

4.7.1. Microorganisms and Media

We obtained all bacteria strains from the American Type Culture Collection (ATCC).
Their identification was performed at the Department of Microbiology and Immunology,
Faculty of Dental Medicine, Ovidius University of Constanta. The Gram-positive bacteria
were S. aureus (ATCC 25923) and S. pneumoniae (ATCC 49619); the Gram-negative ones
were Pseudomonas aeruginosa (ATCC 27853) and K. pneumoniae (ATCC 13883). As a culture
medium for all bacterial strains, Mueller-Hinton agar was used.

4.7.2. Inoculum Preparation

We prepared the bacterial inoculum using the direct colony suspension method (CLSI).
Thus, we obtained a 0.9% saline suspension of bacterial colonies selected from a 24 h agar
plate, according to the 0.5 McFarland standard, with around 10 CFU/mL (CFU—colony-
forming unit).

4.7.3. Lichen Samples Preparations

The fluid extracts were subjected to solvent evaporation in the rotary evaporator
TURBOVAP 500. These concentrated extracts were kept for 2 h in a chemical exhaust hood
for each optimal solvent evaporation. Then, all U. barbata extracts were redissolved in 0.1%
DMSO [77], obtaining a final solution of 15 mg/mL concentration.

The dry lichen extracts were dissolved in 0.1% DMSO, resulting in 15 mg/mL concen-
tration solutions.

4.7 4. Disc Diffusion Method

The 15 mg/mL lichen extracts in 0.1% DMSO were applied on Whatman® filter paper
discs (6 mm, Merk KGaA, Darmstadt, Germany). The negative control was the solvent
(0.1% DMSO); UA of 15 mg/mL in 0.1% DMSO was the positive control for all extracts. We
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impregnated each filter paper disc with 10 pL control and sample solutions. The standard
antibiotic discs (6 mm) with ofloxacin 5 pg and ceftriaxone 30 pg (Oxoid, Thermo Fisher
Scientific GmbH, Dreieich, Germany) were selected for antimicrobial activity evaluation.
These blank discs were stored in a freezer at —14 °C and incubated for 2 h before analysis
at room temperature.

Each inoculum was applied over the entire surface of the plate with the suitable
culture media using a sterile cotton swab. After 15 min of drying, the filter paper discs
were applied to the inoculated plates; they were incubated at 37 °C for 24 h.

4.7.5. Reading Plates

Circular zones of a microorganism growing inhibition around several discs could be
observed, examining the plates after 24 h incubation. The results of the disc diffusion assay
are expressed in the inhibition zone diameter (IZD) measured in mm. These I1ZD values
quantify bacterial strains’ susceptibility levels after 24 h incubation [78].

4.7.6. Interpretation of Disc Diffusion Method results

Usnic acid and U. barbata extracts’ IZD were compared to the IZD values of the positive
controls represented by the blank antibiotic discs, ofloxacin 5 ug and ceftriaxone 30 ug [78].
In DDM, IZD values inversely correlate with minimum inhibitory concentrations (MIC)
from standard dilution tests. According to CLSI [78], the interpretive categories are as
follows: susceptible (“S”), intermediate—dose-dependent susceptibility (“1”), and resistant
(“R”) [46].

4.7.7. Activity Index
The activity index (AI) [47] is calculated using the following formula:

Al — IZD sample

" 1ZD standard ™

where IZD sample—inhibition zone diameter for each U. barbata extract, and IZD standard—
inhibition zone diameter for each antibacterial drug, used as standard.

4.8. Data Analysis, Software

All analyses were accomplished in triplicate, and the results are expressed as the
mean (n = 3) & SD, calculated by Microsoft 365 Office Excel (Redmond, Washington, DC,
USA). The p-values were calculated with the one-way ANOVA test; when the p-value
was <0.05, the differences between the obtained mean values were considered significant.
The principal component analysis (PCA) [51] was performed using XLSTAT 2022.2.1. by
Addinsoft (New York, NY, USA) [79].

5. Conclusions

Our study analyzed the phenolic constituents and bioactivities of six U. barbata lichen
extracts obtained through two low-cost conventional techniques widely used in pharma-
ceutical laboratories. Despite the same ratio between the dried lichen and the solvent
(w/v), all lichen extracts displayed significant differences regarding the phenolic metabo-
lites” diversity and amount due to extraction conditions, with a substantial impact on
their bioactivities. All U. barbata extracts show antiradical activity; the antibacterial study
proves that the U. barbata extracts in acetone and ethanol obtained through both methods
considerably inhibit bacterial colony growth. Both Gram-positive bacteria and P. aeruginosa
of Gram-negative ones reveal the highest sensibility.

Our results suggest that further research could extend the antibacterial studies, explor-
ing their effects on other bacteria species. Future studies could optimize both extraction
processes to obtain U. barbata extracts with valuable bioactivities for potential pharmaceuti-
cal applications.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph15070829 /51, Figure S1. (a). U. barbata fluid extracts: A. mUBW,
B. mUBA, C. mUBE; (b—d) U. barbata dry extracts: (b) dUBW, (c) dUBA, (d) dUBE; Figure S2. Antibacte-
rial activity of usnic acid (1) and U. barbata extracts: mUBA (2), dUBA (3), mUBE (4), dUBE (5), mUBW
(6), on S. aureus (a), S. pneumoniae (b), P. aeruginosa (c), K. pneumoniae (d); Figure S3. Calibration curve
for usnic acid; Figure S4. Polyphenols standards: mixture (a), ellagic acid (b), p-coumaric acid (c),
cis-resveratrol, and trans-resveratrol (d); Table S1. Concentration, retention time, and correlation
coefficient (R?) values for all phenolic standards used in the HPLC-DAD method.
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Abstract: Nowadays, numerous biomedical studies performed on natural compounds and plant
extracts aim to obtain highly selective pharmacological activities without unwanted toxic effects. In
the big world of medicinal plants, Usnea barbata (L) EH. Wigg (U. barbata) and usnic acid (UA) are
well-known for their therapeutical properties. One of the most studied properties is their cytotoxicity
on various tumor cells. This work aims to evaluate their cytotoxic potential on normal blood cells.
Three dry U. barbata extracts in various solvents: ethyl acetate (UBEA), acetone (UBA), and ethanol
(UBE) were prepared. From UBEA we isolated usnic acid with high purity by semipreparative
chromatography. Then, UA, UBA, and UBE dissolved in 1% dimethyl sulfoxide (DMSO) and diluted
in four concentrations were tested for their toxicity on human blood cells. The blood samples were
collected from a healthy non-smoker donor; the obtained blood cell cultures were treated with
the tested samples. After 24 h, the cytotoxic effect was analyzed through the mechanisms that
can cause cell death: early and late apoptosis, caspase 3/7 activity, nuclear apoptosis, autophagy,
reactive oxygen species (ROS) level and DNA damage. Generally, the cytotoxic effect was directly
proportional to the increase of concentrations, usnic acid inducing the most significant response.
At high concentrations, usnic acid and U. barbata extracts induced apoptosis and DNA damage in
human blood cells, increasing ROS levels. Our study reveals the importance of prior natural products
toxicity evaluation on normal cells to anticipate their limits and benefits as potential anticancer drugs.

Keywords: Usnea barbata; usnic acid; secondary metabolites; blood cells; DNA damage; apoptosis;
cytotoxic effect; oxidative stress
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1. Introduction

Natural products have a significant role in modern drug development, especially
as antitumor agents [1]. Since discovering that plant secondary metabolites have been
elaborated for adaptive reasons [2] within living systems [3], they are often understood
as exhibiting more drug-likeness and biological friendliness [4] than totally synthetic
molecules [5]. Complex biomedical studies performed on isolated natural compounds
and plant extracts aim to obtain high therapeutic activity to treat various diseases without
unwanted effects [6]. Especially in oncological pathology, in vitro and in vivo studies have
as their principal objective a selective cytotoxic action against tumor cells without affecting
the normal ones [7].

In the big world of medicinal plants, lichens are symbiotic organisms [8] between a
fungus and microalgae/cyanobacteria [9], known since ancient times for their biological
effects [10]. As an important representative of this plant group, Usnea barbata (L) F.H.
Wigg (U. barbata) is a fruticose thalli lichen with interesting therapeutic properties [11]; this
species has been used for thousands of years in traditional medicine worldwide to treat
various diseases [12]. The wide range of bio-activities (antioxidant [13], antimicrobial [14],
anti-inflammatory [15], anticancer [16], cytotoxic [17], pro-oxidant [18]) is due to the
content of active secondary metabolites [19] synthesized by the mycobiont (lichen-forming
fungus) [20]. The phytochemical profile of U barbata is already known. The metabolomics
of this species belongs to different classes of chemical compounds: depsides (barbatic acid,
methyl-8-hydroxy-4-O-demethylbarbatate, baecomycesic acid, 8-hydroxybarbatic acid),
depsidones (connorstictic acid, fumarprotocetraric acid, hypoconstictic acid, lobaric acid),
lipids (polyhydroxylated lipids), and dibenzofurans (usnic acid, placodiolic acid) [21]. Of
all these lichen secondary metabolites, usnic acid [22] is by far the best known [23] and
responsible for most bio-activities [24] of the U. barbata and, at the same time, of all lichens
of the Usnea genus [25].

Usnic acid is an extensively studied lichen metabolite with controversial [26,27] results
related to its benefits in relationship with the extraction method and the lichen species [28].
It was used to induce human weight loss [29], although unwanted hepatotoxic effects
were also triggered [30]. In addition, UA highlights antimicrobial [31], insecticidal [32],
anticholinergic [33], antioxidant [34], pro-oxidant [35], antigenotoxic [36], genotoxic [37],
teratogenic [38], anti-inflammatory [39], analgesic and antipyretic [40], mutagenic and
carcinogenic [41], anticancer [42], and cytotoxic [43] activities. Numerous researchers have
shown the pharmacological actions of usnic acid and Usnea sp. extracts, especially cytotoxic
activity, on different types of tumor cells [44].

The most important event resulting from the cytotoxic activity is cell death, which
consists of morphological alterations [45]. Hence, the highly described mechanism in usnic
acid and Usnea sp. anticancer activity is apoptosis [46]. This programmed cell death (PCD)
is associated with DNA fragmentation and recognized by morphological characteristics as
well as cytoplasmic condensation, nuclear pyknosis, chromatin condensation, cell rounding,
membrane blebbing, and cytoskeletal collapse. In addition, membrane-bound apoptotic
bodies are formed; macrophages rapidly digest them without activating the immune
response [47]. In apoptosis, biochemical events through two distinct pathways (extrinsic
and intrinsic) are correlated with these morphological changes [48]. Thus, the common
extrinsic pathway (receptor-mediated) begins with receptor binding and activation of the
initiator caspase-8. The following step is caspase-3 activation by caspase-8 or Bid-a B-cell
lymphoma 2 (Bcl-2) pro-apoptotic protein-cleavage. Bid splitting brings mitochondrial
cytochrome c leakage and apoptosomes formation. The intrinsic (mitochondrial) apoptotic
pathway consists of cytochrome c release by Bcl-2 pro-apoptotic proteins action. Next,
cytochrome c interacts with Apaf-1, dATP, and procaspase 9, generating apoptosomes.
As a result, caspase-9 and -3 activation follows in both pathways. Moreover, various
cell apoptosis can occur through common or specific biochemical processes [48,49]; for
instance, a considerable diversity of molecular mechanisms involved in this PCD was
highlighted in the different blood cells types. Thereby, nucleus-free platelets exhibit
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increasing mitochondprial functions in ATP synthesis, energy metabolism, cells survival
and apoptosis activation [49]. Thereby, the major apoptotic pathway is the intrinsic one,
with overexpression of Bcl-2 pro-apoptotic proteins, depolarization of the mitochondrial
membrane potential, and cytochrome c release [50]. The extrinsic apoptotic pathway is
initiated by tumor necrosis factor (TNF) death ligands binding to platelets surface TNF
receptors. Finally, caspase-3 activation induces phosphatidylserine (PS) exposure and
platelet microparticles (PMPs) formation, generating thrombotic phenomena [51].

Otherwise, mammalian erythrocytes (red blood cells, RBCs) have been considered
unable to undergo apoptosis because they contain neither mitochondria nor nucleus.
However, RBCs contain procaspase-3 and procaspase-8 levels comparable with those
found in Jurkat cells [52]. They can express caspase-3 and caspase-8 [53], but they do
not display other elements of the apoptotic machinery, such as Apaf-1, cytochrome c,
and caspases-2, -6, -7 and -9 [54]. Klatt et al. (2018) reported that significant receptors
belonging to the tumor necrosis factors (TNF) family (CD95 [55] and Fas [56]) signaling
in RBCs are known to induce a particular type of programmed cell death, similar to the
apoptotic death of nucleated cells named eryptosis [57], by caspase-3 activation, leading
to cell shrinkage and cell membrane scrambling [58] with PS externalization [59]. The
major trigger of eryptosis is the increase of cytosolic Ca* activity resulting from Ca®*
entry through Ca?*-permeable unselective cation channels (permeable to both Na* and
Ca?*) [60]. Instead, Ca* entry and Ca?*-dependent RBCs membrane scrambling do not
require caspases activation [61,62].

Leucocytes (white blood cells, WBCs) apoptosis displays morphological features like
in other nucleated cells; however, this PCD involves distinct molecular mechanisms in vari-
ous WBCs types. For instance, the extrinsic apoptosis pathway in monocytes is modulated
by CD95, Fas, and TNEF-cell surface apoptosis-triggering receptors (TRAIL-R1 and TRAIL-
R2); it recruits cytoplasmic adaptor proteins, forming a death-inducing signaling complex
(DISC) [63]. Moreover, various apoptotic agents (including commonly used chemother-
apeutic drugs) induce the release of cytochrome ¢ and the second mitochondria-derived
activator of caspase/direct inhibitor of apoptosis-binding protein (Smac/DIABLO) in the
intrinsic pathway; both proteins determine caspase-3 activation [63] in this WBCs type.

Therefore, we aim to explore cell death mechanisms in our study, analyzing the
cytotoxic effects of usnic acid and U. barbata extracts. Usnic acid can be obtained by organic
synthesis, but it can be isolated from various lichens extracts [64]. A previous report
has described UA extraction from U. barbata acetone extract [65]; however, this present
study proposes to show usnic acid isolation from UBEA. Because relatively few studies
are focused exclusively on proving their effects on normal cells [66], the cytotoxicity of
isolated UA and U. barbata dry extracts (UBA and UBE) on human blood cells cultures was
evaluated in our work. Consequently, our study aims to investigate cell death mechanisms,
analyzing cellular apoptosis, caspase 3/7 activity, nuclear shrinkage, lysosomal activity,
ROS levels, cell cycle, and DNA synthesis by flow cytometry techniques. Finally, we
suggest a relationship overview between UA, UBA, UBE concentrations, and cytotoxic
activity on human blood cells cultures.

2. Materials and Methods
2.1. Lichen Samples and Usnic Acid Isolation

U. barbata was harvested from the Calimani Mountains (900 m altitude, Suceava
County, Romania). Three dry extracts were obtained in different solvents: ethyl acetate
(Chemical Company S.A., Iasi, Romania), acetone and ethanol (Chimreactiv SRL Bucharest,
Romania) using a method described in detail in our previous study [13]. The dry extract
in ethyl acetate was used only for usnic acid isolation. Further, in vitro studies were
performed with isolated UA, UBA and UBE dissolved in 1% dimethyl sulfoxide (DMSO).
Therefore, we prepared sample solutions with different concentrations: UA of 25, 50, 75,
125 pg/mL and both UBA and UBE of 75, 125, 250, 500 pug/mL.
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2.1.1. Usnic Acid Isolation by Semi-Preparative Chromatography

This process consists of usnic acid extraction by ultra-high performance liquid chro-
matography (UHPLC) with photodiode array detector (PDA), followed by collecting the
separated fraction. A semi-preparative technique was adapted by our UHPLC analytical
method previously validated [13]. The PerkinElmer® Flexar® FX-15 UHPLC system was
equipped with a Flexar FX PDA-Plus photodiode array detector (PerkinElmer®Waltham,
MA, USA) and a Cosmosil 5-C18-AR-2 chromatographic column with a length of 150 mm
and an inner diameter of 20 mm (producer: Nacalai Tesque, Kyoto, Japan); in addition,
a Gilson FC 203B fraction collector (Gilson Co, Middleton, WI, USA) was used. More
detailed data can be found in the supplementary material. Working conditions con-
sisted of flow rate = 10 mL/min, column compartment temperature = 25 °C, injection
volume = 400 uL, analysis time = 18 min. The mobile phase was an isocratic system of
methanol/water/glacial acetic acid (80:15:5); the detection was performed at 282 nm and
254 nm. The samples were prepared at 3 mg/mL (282 nm), and 8 mg/mL (254 nm). The
retention time of the usnic acid is reported around 13 min, at a flow rate of 10 mL/min.

The usnic acid peak was collected manually between 12.5 and 13.5 min (on approx-
imately 15% of its height, preserving the peak purity) after four successive injections
(4 x 400 uL 8 mg/mL UBEA in DMSO) at 254 nm. Its identity was confirmed by com-
paring the retention time of the most significant peak of the sample solution with the
reference one [13]. Furthermore, the solution was collected in a previously weighed vial
(supplementary material, video sequence S1). The solvent was evaporated under a nitrogen
stream and the vial was placed in an oven for 30 min at 105 °C. After cooling in a desiccator
to remove the last solvent traces, a yellow solid matter was obtained. Finally, the isolated
usnic acid amount was calculated by subtracting the empty vial mass from the whole mass.
The isolated UA was dissolved in 1% DMSO (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) and used for in vitro analyses.

2.1.2. Determination of the Purity of Isolated Usnic Acid

The purity of previously isolated UA was determined using the UHPLC-PDA analyt-
ical method [13]. First, the sample resulting from drying was weighed and brought to a
final concentration of 160 ng/mL. Then, three standard usnic acid solutions were prepared
simultaneously (160 pg/mL). Finally, all solutions were injected in the same sequence. The
purity was calculated according to the following formula:

Ps% = As/Astd x Cstd/Cs x 100,

Cstd = Mstd/d x Pstd% x 1000,
Cs =Ms/d x 1000,

where, Ps% = sample purity %, As = area of the sample, Astd = area of the standard
solution, Cstd = standard solution concentration (p1g/mL); Cs = sample solution concentra-
tion of the sample solution (ug/mL), Mstd = standard mass weighed (mg), d = dilution,
P% std = standard purity %, Ms = sample weighed mass (mg). The previously isolated
usnic acid was diluted with DMSO to a 160 ug/mL concentration. Then, this sample
solution was injected into the chromatographic system according to the method described
in our previous study [13]. The analyzed sequence was represented by the sample solution
in DMSO, and three standard solutions of 160 pg/mL (usnic acid in DMSO) considering
the average aria. Next, the precision of the area expressed in % relative standard deviation
(RSD) was determined. Following the calculation, the purity value (concerning an external
standard) and an RSD value = 0.66% was obtained. Finally, the identity of isolated usnic
acid was certified by the retention time [13] (supplementary material).
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2.2. In Vitro Analysis of the Biological Effects of UA, UBA, and UBE on Human Blood Cells
2.2.1. Human Blood Cell Cultures

Blood samples from non-smoker healthy donor (B Rh+ blood type) were collected into
heparin tubes and used throughout the experiment. The heparinized blood (1.0 mL) in 6.0 mL
of Dulbecco’s phosphate buffered saline with MgCl, and CaCl, medium (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) supplemented with 10% bovine fetal serum
(Sigma-Aldrich, Chemie GmbH, Taufkirchen, Germany), 1% L-glutamine (Merck, KGaA,
Darmstadt, Germany), and antibiotics mix solution (100 uL/mL, 10,000 U penicillin, 10 mg
streptomycin, 25 pg amphotericin B per 1 mL, Sigma-Aldrich, Chemie GmbH, Taufkirchen,
Germany) added in 6 wells untreated Nuncleon plates were incubated in a 37 °C incubator
with 5% CO,. After 72 h of incubation, blood cell cultures were treated with UA, UBA and
UBE dissolved in 1% DMSQO. Human blood samples were treated with final concentrations
of 25,50, 75, and 125 pg/mL of UA. Higher concentrations (75, 125, 250, and 500 pg/mL)
of both UBA and UBE were used to treat the human blood cell cultures. In addition, the
blood cells were treated with 1% DMSO as the negative control (solvent control).

2.2.2. Reagents and Equipment

Our study analyses used the flow cytometer (Attune, Acoustic focusing cytometer, Ap-
plied Biosystems, part of Life Technologies, Bedford, MA, USA). Before blood cells analysis,
the flow cytometer was first set by using fluorescent beads (Attune performance tracking
beads, labelling and detection, Life Technologies, Europe BV, Bleiswijk, Netherlands), with
standard size (four intensity levels of beads population), and the quantity was established
by enumerating cells below 1 um [67]; 10,000 cells per sample for each analysis were gated
by Forward Scatter (FSC) and Side Scatter (S5C). Flow cytometry data were collected using
Attune Cytometric Software v.1.2.5, Applied Biosystems, 2010.

Annexin V-FITC/PI (Bender MedSystems GmbH, Vienna, Austria) was used to ob-
serve the apoptotic cells. Activating caspases 3/7 enzymes that determine a series of
reactions triggered in response to proapoptotic signals were observed with Red Magic
Methodology (MR-DEVD, Caspase-3/7 Assay Kit, Abcam, Shanghai, China). Nuclear
apoptosis and lysosomal activity, dual stain with Hoechst 33,342 and acridine orange from
MR-DEVD, Caspase-3/7 Assay Kit were analyzed. Total ROS level evaluation was per-
formed using ROS Assay Kit 520 nm (Life Technologies Europe BV, Bleiswijk, The Nether-
lands). Propidium iodide (PI) (1.0 mg/mL, Sigma-Aldrich, Chemie GmbH, Taufkirchen,
Germany) and RNase A (4 mg/mL, Promega, Madison, USA) were used in cell cycle analy-
sis. Cell proliferation assay was performed using EdU proliferation kit, iFluor 488 (Abcam,
Shanghai, China). Negative control was 1% DMSO (PanBiotech, Aidenbach, Germany).

2.2.3. Apoptosis Assay

After 24 h incubation, the treated blood cells with each tested solution reported to
the negative control were double-stained with Annexin V-FITC/PIL Next, blood cells were
incubated in flow cytometry tubes with 2 pL. Annexin V-FITC and 2 pL PI (20 pg/mL) for
30 min, at room temperature, in darkness. After incubation, 1 mL of flow cytometry staining
buffer (FCB) (eBioscience™, Life Technologies Europe BV, Bleiswijk, The Netherlands)
was added. Viable cells, early apoptotic cells, late apoptotic cells, and necrotic cells were
examined at flow cytometer, using a 488 nm excitation, green emission for Annexin V-FITC
(BL1 channel), and orange emission for PI (BL2 channel).

2.2.4. Caspase 3/7 Assay

After 24 h incubation, 300 uL of blood cell culture was transferred to flow cytometry
tubes, 20 uL. of MR-DEVD solution was added and mixed with the cells. Next, 20 uL of
PI was added. After incubation, was added 1 mL FCB. The early stages of cell apoptosis
by activating caspase 3/7 were analyzed by flow cytometry, using a 488 nm excitation,
red emission for MR-DVD (BL3 channel), and orange emission for PI (BL2 channel).2.2.5.
Nuclear Condensation and Lysosomal Activity Assay
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After 24 h of treatment with the tested solutions, 300 pL of blood cell culture was
introduced in flow cytometry tubes, 2 uL of Hoechst 33,342 stain was added, and blood
cells were mixed well. After this process, 50 uL of acridine orange (AO) 1.0 pM was added,
and the cells were incubated 30 min at room temperature into darkness. After incubation,
1 mL FCB was added; the cells were examined at flow cytometer. UV excitation and blue
emission for Hoechst 33,342 (VL2) at 488 nm, and green emission acridine orange (BL1
channel) were used for examination.

2.2.5. Total ROS Activity Assay

After 24 h treatments with the tested solutions, 100 uL of ROS Assay Stain solution
was added for each 1 mL of blood cell culture in flow cytometry tubes and mixed well.
Next, the cells were incubated for 60 min at 37 °C, in an incubator with 5% CQO,. After
incubation, the blood cells were analyzed by flow cytometry, using a 488 nm excitation and
green emission for ROS (BL1 channel).

2.2.6. Cell Cycle Analysis

Blood cells were treated with UA (25-125 pg/mL), UBA and UBE (75-500 pg/mL)
and incubated for 24 h; 1 mL of each cell culture was washed in FCB, introduced in flow
cytometry tubes, and fixed with 50 pL ethanol for 10 min. After this process, the cells
were treated with PI (20 pg/mL) and RNase A (30 ng/mL) and incubated for 30 min at
room temperature, into darkness. After this time, 1 mL FCB was added, and the cell cycle
distribution was detected at flow cytometer, using a 488 nm excitation and orange emission
for PI (BL2 channel).

2.2.7. Cell Proliferation Assay

After 24 h of treatment, 1 mL of blood cell culture was incubated with 50 uM EdU
(500 uL), at 37 °C, for 2 h. Then, the cells were fixed (100 uL of 4% paraformaldehyde
in PBS) and permeabilized (100 pL of Triton X-100 1x). After washing in 3% BSA in
flow cytometry (2 mL) and centrifuging at 300 x g for 5 min, at 4 °C, the blood cells were
incubated with a reaction mix (500 uL), 30 min at room temperature, into darkness. After
washing in permeabilization buffer (2 mL) and centrifuging (300x g, 5 min, at4 °C), 1 mL
FCB was added. Finally, the blood cells were examined by flow cytometry, using a 488 nm
excitation and green emission for EdU-iFluor 488 (BL1).

2.2.8. Statistical Analysis

All analyses were performed in triplicate, and the obtained results were presented
as means values * standard deviation (SD). Our results are presented as percent (%) of
cell and nuclear apoptosis, caspase 3/7 activity, autophagy, cell cycle, DNA synthesis, and
count (x10%) of oxidative cellular stress after flow cytometry analyses were performed with
SPSS v. 23 software, IBM, 2015. The Levene test was analyzed for homogeneity of variances
of samples, while paired ¢-test, ANOVA [68], was used to establish the differences between
samples and controls, and p < 0.05 was considered statistically significant. Figures 2, 4, 6,
7,9, 11 and 13 were made with Attune Cytometric Software v.1.2.5, Applied Biosystems,
2010 (Bedford, MA, USA). Figures 3, 5, 8, 10, 12 and 14 were made by the v. 14.8.1, 2014 of
MedCalc program (Ostend, Belgium).

3. Results
3.1. Usnea Barbata Dry Extracts and Usnic Acid Isolation

The obtained chromatograms in both UHPLC determinations from Sections 2.1.1 and 2.1.2
are presented in Figure 1. From 12.8 mg UBEA, 3.6 mg of isolated usnic acid (Figure 1d)
with 89.36% purity was obtained. The yield of this process was 28.15%.
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Figure 1. The chromatograms of usnic acid and sample solution for usnic acid separation; (a-c) chromatograms of usnic acid

from semi-preparative chromatography, at the same flow rate (10 mL/min) and different wavelengths and concentrations:
(a) usnic acid standard at 282 nm and 1.25 mg/mL; (b) usnic acid in UBEA at 282 nm and 3 mg/mL; (c) usnic acid in
UBEA at 254 nm and 8 mg/mL; (d,e) chromatograms obtained at 282 nm from purity determination of isolated usnic acid:

(d) sample solution (usnic acid isolate) (e) usnic acid standard solution.
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3.2. In Vitro Analysis of the Biological Effects of UA, UBA, and UBE on Human Blood Cells
3.2.1. Cell Apoptosis Assay

Cell apoptosis induced by UA, UBA, and UBE treatments was determined based on
morphology and cell membrane integrity in blood cell cultures. The obtained results are
illustrated in Figure 2A—C and Figure 3a—c (V-cell viability, EA-early apoptosis, LA-late
apoptosis, N-necrosis).

The influence of UA (25, 50, 75, 125 pg/mL) on blood cells viability and apoptosis is
presented in Figure 2A(b—e) and Figure 3a.

It can be noted that the viability of blood cells treated with 25 pg/mL of UA (Figure 2A(a,b))
insignificantly decreased in comparison with the solvent control: 96.45 &+ 0.27% vs. 96.89 & 0.14%
(p > 0.05, Figure 3a). On the other hand, a concentration of 50 pg/mL of UA on blood
cell cultures (Figure 2A(a,c)) determined reduced cell viability reported to 1% DMSO:
95.75 £ 0.63% vs. 96.89 £0.14% (p < 0.05, Figure 3a).

Likewise, these low concentrations of UA (25 and 50 pg/mL) induce insignificant dif-
ferences of early apoptosis (Figure 2A(a—c)) collated to control: 3.12 & 0.26%; 3.69 + 0.71%
vs. 2.72 £ 0.16% (p > 0.05, Figure 3a).
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Figure 2. Cell apoptosis models of usnic acid (UA), U. barbata acetone (UBA), and U. barbata ethanol (UBE) treatments in
normal blood cell cultures. Annexin V-FITC/PI patterns of 1% dimethyl sulfoxide (DMSO) Negative Control (A(a), B(a),
C(a)); A(b-e) UA 25, 50, 75, 125 pug/mL; B(b-e) UBA 75, 125, 250, 500 ug/mL; and C(b-e) UBE 75, 125, 250, 500 pg/mL.
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Figure 3. Statistical analysis of cell apoptosis: (a) UA; (b) UBA; (c) UBE. * p < 0.05 and ** p < 0.001 represent significant
statistical differences between control and samples made by paired samples ¢-test.

Moreover, higher concentrations of UA (75 and 125 pg/mL) significantly influenced
both parameters (Figure 2A(a,d,e)). They induced an evident decline of cell viability
(71.34 = 0.90%; 61.43 £ 0.88% vs. 96.89 £0.14%, p < 0.001), and an augmentation of early
apoptosis (27.27 = 1.00%; 37.04 &= 0.66% vs. 2.72 = 0.16%, p < 0.001, Figure 3a).

UBA activity (75, 125, 250, 500 pg/mL) on blood cells viability and apoptosis compared
with 1% DMSO is shown in Figure 2B(a—e) and Figure 3b.

The obtained data revealed that 75 ug/mL of UBA (Figure 2B(a,b)) determined a
diminution in cell viability: 80.16 & 0.57% vs. 96.89 & 0.14%, (p < 0.001); also, it induced an
increase of cell apoptosis: 19.45 & 0.60% vs. 2.72 & 0.16% (p < 0.001, Figure 3b).

Higher concentrations of UBA (125, 250, and 500 pg/mL) remarkably reduced blood
cells viability, triggering apoptosis (Figure 2B(c—e)). Hence, previously mentioned con-
centrations of UBA had a significant cytotoxic effect on blood cells, with diminishing
viability compared with solvent control: 66.93 £ 1.37%; 54.57 £ 0.65%; 52.15 £ 0.81%;
vs. 96.89 + 0.14% (p < 0.001, Figure 3b). Moreover, these results indicated high rise of
early apoptosis: 32.18 & 1.22%; 43.99 £ 0.66%; 45.98 £ 0.78% vs. 2.72 £ 0.16% (p < 0.001,
Figure 3b).

The flow cytometry results regarding UBE effects on the apoptosis process are indi-
cated in Figure 2C(b—e) and Figure 3c.
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It can be seen that 75 pg/mL of UBE (Figure 2C(a,b)) determined a diminution of
blood cell viability reported to 1% DMSO: 86.66 £ 0.45% vs. 96.89 + 0.14%, p < 0.001;
therefore, it raised their apoptosis: 12.81 £ 0.66% vs. 2.72 &+ 0.16% (p < 0.001, Figure 3c).

In addition, higher concentrations of UBE (125, 250, and 500 pg/mL) had a consid-
erable cytotoxic effect on blood cells (Figure 2C(a,c—e)); viability has substantial reduced
values, compared with the solvent control: 65.96 % 0.68%; 57.91 & 0.96%; 42.65 £ 0.32% vs.
96.89 £ 0.14% (p < 0.001, Figure 3c). In addition, our results indicate that UBE at the same
concentrations promoted significantly augmented levels of early apoptosis reported to 1%
DMSO: 30.19 £ 0.77%; 30.99 % 0.77%; 45.52 £ 0.18% vs. 2.72 £ 0.16% (p < 0.001, Figure 3c).

Finally, Figure 2 indicates that insignificant late apoptosis and necrosis phenomena
occurred in blood cell cultures after 24 h treatment.

3.2.2. Caspase 3/7 Activity Assay

The apoptotic effects of UA, UBA, and UBE evaluated by measuring the caspase-3/7
activity compared with 1% DMSQO, were registered in Figure 4A—C and Figure 5a—c.

We noted that the minimum concentration of UA (25 pug/mL) induces a low increase of
cell apoptosis (Figure 4A(a,b)) reported to control (3.75 £ 0.36% vs. 1.38 &= 0.03%, p < 0.01,
Figure 5a). Forwards, a remarkable increase of caspase-3/7 activation was registered
on blood cell cultures treated with 50, 75, and 125 ug/mL of UA (Figure 4A(a,c—e)) in
comparison with 1% DMSO: 6.81 + 0.43%; 29.49 £ 1.96%; 44.74 = 0.41% vs. 1.38 + 0.03%
(p < 0.001, Figure 5a).

oo Caspase &35 U casparse 3 5 50 U Caspase 575 UA caspazs 3 & LETUN canpse 3

[EA o oad ot

. aook X N K . . R R | K
Lo R N T A N AT WA [ERE
[T a1 [ [ T
(a) (b) (c) (d) (e)
Control caspose 3 ' IS e TSN e G 250 UBA caspass @ 5 500 UBA [a5pase =
rf [N
- (N
. = g
r 1T
i
LA e P S N A " 1=
L 1t orE o g [T R R W T T BN
[ETRT MA-DEVD: [SENTIRYH [ETRTIEH
(a) (b) (d) (e)
Tounlenly Hegsae 1 L NI (P

5 250 UBE cassrse 3 & D00 UEE [aspasc ¥

]

AT A WA A NN [N

1 1 | .L1 P .LH
[LERETRH R ERERT (LU RF]
(© (d) (e)

Figure 4. Caspase 3/7 activity status of UA, UBA, and UBE treatments in normal blood cell cultures. MR-DEVD/PI patterns
of 1% DMSO as Negative Control (A(a), B(a), C(a)); A(b-e) UA 25, 50, 75, 125 ug/mL; B(b—e) UBA 75, 125, 250, 500 pg/mL;
C(b—e) UBE 75, 125, 250, 500 pug/mL.
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Figure 5. Statistical analysis of caspase 3/7 activity: (a) UA; (b) UBA; (c) UBE. * p < 0.01 and ** p < 0.001 represent significant
statistical differences between the control and samples made by paired samples ¢-test.

Remarkably, the lowest UBA concentration (75 pg/mL, Figure 4B(a,b)) induces mild
apoptosis in blood cells cultures: 16.16 £ 0.93% vs. 1.38 &+ 0.03% (p < 0.01, Figure 5b).
Furthermore, we aimed to confirm that 125, 250, and 500 pg/mL of UBA produce significant
blood cells apoptosis (Figure 4B(c—e)). Consequently, we evaluated the intracellular activity
of effector caspase 3/7, and we observed that the biochemical cascade of reactions implied
into pro-apoptotic signal has considerably increased more than 1% DMSO: 22.35 + 1.58%;
32.53 £ 0.57%; 43.57 £ 0.73% vs. 1.38 £ 0.03%, (p < 0.001, Figure 5b).

Similarly, 75 ug/mL of UBE (Figure 4C(a,b)) induced a low apoptosis in blood cells
cultures: 11.25 4 0.96% vs. 1.38 £ 0.03% (p < 0.01, Figure 5c). Higher UBE concentrations
(125, 250, and 500 pg/mL) triggered proapoptotic signal with considerable increased
values (Figure 4C(a,c—e)) compared with solvent control: 18.15 % 0.52%; 30.18 £ 0.09%;
43.54 £ 0.72% vs. 1.38 £ 0.03% (p < 0.001, Figure 5c).

Our results indicate a similar trend to the previous assay in UA, UBA, and UBE activity
on blood cell cultures (Figure 2). The effect on caspase 3/7 activity is directly proportional
with the sample concentration, which registers significantly increased levels at high doses,
and decreases in the order of: usnic acid, U. barbata dry extract in acetone, and ethanol
(Figures 4 and 5).



Antioxidants 2021, 10, 1171

12 of 27

Tonlrul e &

B duar whirinkagn

Hoochst

A. (@)

Contraol RE-A,

o Muclear shrinkage

.

oF ot et f

T lit
B. @)
Cordral k5=

\.

1::':%

H
.
I
L,

[
ot ot

Nl.u1mrihrinhuue

EEC-H

| mlq_%j |
i |
|
I\.
S
HEHI]

3.2.3. Nuclear Condensation and Lysosomal Activity Assay

Apoptosis is the mode of cell death that includes pyknosis; in this assay, pyknotic
nuclei were stained with Hoechst 33,342 on blood cell cultures. Another aimed objective
was an evaluation of lysosomal activity directly related to autophagy.

Therefore, blood cells were also colored with acridine orange (AO). The obtained
results were synthesized in Figures 6 and 7.

The lowest concentration of UA (25 pug/mL, Figure 6A(a,b)) induced an insignificant
increase of nuclear condensation: 1.36 £ 0.20% vs. 1.03 &+ 0.03% (p > 0.05, Figure 8a)
and a mild increase of lysosomal activity (Figure 7A(a,b)) reported to solvent control:
6.59 £ 0.33% vs. 1.04 £ 0.04% (p < 0.01, Figure 8a).

The higher concentrations of UA (50, 75, and 125 ug/mL, Figure 6A(a,c—e)) continued
to have directly proportional effects on nuclear shrinkage: 1.49 £ 0.02%; 3.00 % 0.10%;
3.19 4+ 0.30% vs. 1.03 + 0.03% (p < 0.01; p < 0.001, Figure 8a). In addition, the same UA
concentrations (Figure 7A(a,c—e)) induced a substantial increase of the autophagy levels
compared with 1% DMSO: 12.97 £ 1.55%; 21.72 £ 0.38%; 27.05 £ 1.52% vs. 1.04 £ 0.04%
(p <0.01; p < 0.001, Figure 8a).

Nuclear shrinkage and autophagy were concomitantly examined to evaluate the
mechanism of UBA cytotoxicity on blood cells cultures. Thereby, it can be noted that
75 ng/mL of UBA had minimal effects on both processes (Figure 6B(a,b) and Figure 7B(a,b))
compared with 1% DMSO: nuclear condensation 1.41 & 0.09% vs. 1.03 £ 0.03%, (p < 0.05,
Figure 8b), and autophagy 4.64 + 0.38% vs. 1.04 &+ 0.04% (p < 0.01, Figure 8b).
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Figure 6. Nuclear shrinkage status of UA, UBA, and UBE treatments in normal blood cell cultures. Hoechst patterns of UA
25,50, 75, 125 ug/mL A(b-e); B(b—e) UBA 75, 125, 250, 500 pg/mL; C(b—e) UBE 75, 125, 250, 500 pg/mL reported to 1%
DMSO (A(a), B(a), C(a)).
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Figure 7. Autophagy status of UBA, UBA, and UBE treatments in normal blood cell cultures. Acridine orange patterns of
UA 25, 50, 75, 125 pg/mL A(b—e); B(b—e) UBA 75, 125, 250, 500 ug/mL; C(b—e) UBE 75, 125, 250, 500 pug/mL reported to 1%
DMSO (A(a), B(a), C(a)).
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Figure 8. Statistical analysis of nuclear shrinkage and autophagy: (a) UA; (b) UBA; (c) UBE. * p < 0.05. **p < 0.01, and
*** p < 0.001 represent significant statistical differences between the control and samples made by paired samples t-test.
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On nuclear condensation, the following concentrations of UBA: 125, 250, and 500 pg/mL
(Figure 6B(a,c—e)) continued to show mild effects reported to control: 1.85 + 0.10%;
2.36 £ 0.16%; 4.41 £ 0.32% vs. 1.03 £ 0.03% (p < 0.01, p < 0.001, Figure 8b). In addition,
previously mentioned concentrations of UBA (Figure 7B(a,c—e)) significantly increased
autophagy: 13.49 & 0.45%; 21.99 &£ 0.57%; 42.32 £ 0.85% vs. 1.04 £ 0.04% (p < 0.001,
Figure 8b).

Finally, 75 pg/mL UBE (Figure 6C(a,b)) showed a similar effect on nuclear contraction
with UBA (Figure 7B(a,b)) at the same concentration as the solvent control: 1.85 £ 0.03%
vs. 1.03 + 0.03% (p < 0.01, Figure 8c).

However, this effect considerably increases at the following UBE higher concentrations
(125,250 and 500 pg/mL, Figure 6C(a,c—e)) reported to control: 4.29 = 0.06%; 14.27 £ 0.93%;
18.64 £ 1.22% vs. 1.03 & 0.03% (p < 0.001, Figure 8c)

Besides, UBE acted slowly, inducing a moderate increase of the lysosomal activity
(Figure 7C(a—e)) from 75 pug/mL to 500 ug/mL reported to 1% DMSO: 2.87 £ 0.09%;
5.59 £ 0.44%; 11.08 £ 1.21%; 16.77 = 0.69% vs. 1.04 £ 0.04% (p < 0.01, p < 0.001, Figure 8c).

3.2.4. Total ROS Activity Assay

The ranges 25-125 ug/mL UA and 75-500 ug/mL UBA and UBE were selected to
evaluate oxidative stress in blood cells by ROS level determination.

As shown in Figure 9A-C(a—e), except for 1% DMSO, all samples (UA, UBA, and UBE)
induced ROS generation, highlighted by the moving of the peaks to the right of the graph.
Hence, the lowest concentration of UA (25 ug/mL) slowly stimulated ROS production
(Figure 9A(a,b)) reported to 1% DMSO: 34.33 x 10* & 4.04 vs. 10.40 x 10* +1.00 (p < 0.01,
Figure 10a). A remarkable increase in ROS levels was observed in blood cells treated
with 50, 75, and 125 pug/mL of UA (Figure 9A(a,c—e)) compared with the negative control:
56.33 x 10* + 1.52;80.33 x 10* 4 0.57; 84.67 x 10* + 0.57 vs. 10.40 x 10* £ 1.00 (p < 0.001,
Figure 10a).
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Figure 9. Reactive oxygen species (ROS) status of UA, UBA, and UBE treatments in normal blood cell cultures. ROS patterns
of UA 25, 50, 75, 125 ug/mL A(b-e); B(b-e) UBA 75, 125, 250, 500 ug/mL; C(b—e) UBE 75, 125, 250, 500 ug/mL reported to
1% DMSO (A(a), B(a), C(a)).
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Figure 10. Statistical analysis of cellular oxidative stress: (a) UA; (b) UBA; (¢) UBE. * p < 0.01 and ** p < 0.001 represent
significant statistical differences between the control and samples made by paired samples t-test.

The lowest concentration of UBA (75 pg/mL) slightly stimulated ROS production
(Figure 9B(a,b)) compared with 1% DMSO: 21.00 x 10* & 1.00 vs. 10.40 x 10* + 1.00
(p < 0.001, Figure 10b).

Subsequent higher concentrations of UBA (125, 250, and 500 pg/mL) continued to
increase ROS levels (Figure 9B(a,c—€)) and the differences reported to solvent control remained
significant: 26.00 x 10* £ 1.00; 35.66 x 10* £ 1.15; 63.66 x 10* £ 3.21 vs. 10.40 x 10* + 1.00
(p < 0.001, Figure 10b).

Likewise, 75, 125, 250, and 500 pg/mL UBE considerably stimulated ROS production
in blood cells, directly proportional with the concentrations (Figure 9C(a—d)).

Our results showed that ROS levels in blood cells compared with the negative
control were as follows: 24.66 x 10* & 0.57; 35.63 x 10* £ 0.57; 46.00 x 10* + 1.00;
62.53 x 10* £ 2.50 vs. 10.40 x 10* £ 1.00 (p < 0.001, Figure 10c).
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3.2.5. Cell Cycle Analysis

To explore the effects of UA, UBA, and UBE on cell cycle distribution on blood cell
cultures, the DNA content was evaluated. Propidium iodide/RNase A staining was
performed using flow cytometry analyses for DNA content (Figure 11A-C).
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Figure 11. Cell cycle model of UA, UBA, and UBE treatments in normal blood cell cultures. PI/RNase A patterns of UA 25,
50, 75,125 ug/mL A(b-e); B(b—e) UBA 75, 125, 250, 500 pg/mL; C(b-e) UBE 75, 125, 250, 500 pg/mL reported to 1% DMSO
(Negative Control, A(a), B(a), C(a)).

As shown in Figure 11A(a—e) and Figure 12a, UA concentrations of 25, 50, 75, and
125 pug/mL induce a noteworthy cell cycle arrest in the G1/GO0 phase: 64.13 £+ 1.55%;
78.52 £ 0.87%; 81.91 & 1.41%; 88.09 £ 0.98% vs. 39.29 £ 0.76%; p < 0.01, p < 0.001 compared
to solvent control. This activity is directly proportional to UA concentrations.

To understand whether the cell growth inhibition was due to cell cycle arrest, blood
cells were treated with UBA of 75-500 pg/mL concentrations (Figure 11B(a—e)). U. barbata
dry extracts exhibited a noticeable cell cycle arrest in GO/G1 phase reported to 1% DMSO:
65.13 £ 0.15%; 76.35 £ 0.94%; 78.93 £ 0.54%; 81.86 £ 1.11%; vs. 39.29 £ 0.76% (p < 0.01,
p <0.001, Figure 12b).

Thereby, 75, 125, 250, and 500 pug/mL of UBE (Figure 11C(a—e)) induced cell cycle arrest
in GO/G1 phase reported to the negative control as follows: 68.16 & 0.14%; 68.47 £ 0.58%;
76.06 % 0.68%; 82.75 £ 0.55% vs. 39.29 + 0.76% (p < 0.001, Figure 12c).

Finally, it can be observed that UA proved the highest effect on cell cycle arrest in
G0/G1, followed by UBA and UBE with similar activities.
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In this study, we observed that the lowest concentration (25 ug/mL) of UA determined
an increase of DNA synthesis (Figure 13A(a,b)) in comparison with 1% DMSO (17.25 +
0.36% vs. 11.43 = 1.04%, p < 0.05, Figure 14a).
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Figure 12. Statistical analysis of DNA content: (a) UA; (b) UBA; (c) UBE. * p < 0.01, and ** p < 0.001 represent significant
statistical differences between control and samples made by paired samples ¢-test.
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3.2.6. Cell Proliferation Assay

Flow cytometry analyses with EAU incorporation were used for examining DNA
synthesis in blood cells (Figure 13).

Instead, UA at 50, 75 and 125 pg/mL did not significantly alter DNA synthesis
(Figure 13A(a,c—e)) relative to the control (11.25 % 0.83%; 10.32 £ 0.64%; 6.49 £ 1.25% vs.
11.43 £ 1.04%, p > 0.05, Figure 14a).

The lowest concentration of UBA (75 ng/mL) did not significantly modify the DNA
synthesis (Figure 13B(a,b)) more than 1% DMSO: 12.78 =+ 0.67% vs. 11.43 & 1.04% (p > 0.05,
Figure 14b).
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Figure 13. Cell proliferation status of UA, UBA, and UBE treatments in normal blood cell cultures. EdU-iFluor 488 patterns
of UA 25, 50, 75, 125 ug/mL (A(b-e)); (B(b-e)) UBA 75, 125, 250, 500 pg/mL; (C(b-e)) UBE 75, 125, 250, 500 pg/mL reported
to 1% DMSO (A(a), B(a), C(a)).
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significant statistical differences between the control and samples made by paired samples ¢-test.
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Regarding higher concentrations of UBA (125 and 250 ng/mL), a decrease of DNA
synthesis (Figure 13B(a,c,d)) was registered, compared with 1% DMSO, with moderate
differences: 3.12 4= 0.18%; 4.81 £ 0.15% vs. 11.43 = 1.04% (p < 0.05, Figure 14b).

Finally, the highest UBA concentration (500 png/mL) did not significantly affect DNA
synthesis (Figure 13B(a,e)) more than the solvent control: 10.77 £ 0.43% vs. 11.43 £ 1.04%
(p > 0.05, Figure 14b).

In blood cells treated with 75 ug/mL UBE, an evident higher stimulation of DNA
synthesis reported to solvent control (19.05 £ 0.64% vs. 11.43 £+ 1.04%, p < 0.01) was
registered (Figure 13C(a,b) and Figure 14c).

The treatment with 125 and 250 pg/mL of UBE (Figure 13a,d) did not significantly
alter DNA synthesis in comparison with 1% DMSO: 9.92 + 0.43%; 10.60 £ 0.63% vs.
11.43 £ 1.04%, (p > 0.05, Figure 14c).

Furthermore, 500 pg/mL of UBE produced a lower DNA synthesis stimulation
(Figure 13C(a,e)) than the negative control: 8.89 £ 0.30% vs. 11.43 + 1.04% (p < 0.05,
Figure 14c).

4. Discussion

Our previous study analyzed five U barbata dry extracts in different solvents [13]; we
calculated the yield and evaluated the usnic acid, total polyphenols, and tannins content of
each obtained extract. Therefore, we opted only for three lichen dry extracts for the present
study: in ethyl acetate, acetone, and ethanol.

The highest usnic acid content (376.73 ng/mg) was the reason for selecting UBEA in
the first phase of our study-usnic acid isolation. Then, isolated usnic acid was purified in
the sample matrix. As a result, we obtained usnic acid with 89.36% purity and a yield of
28.15%. Rankovi¢ et al. (2012) obtained 95 mg usnic acid with 98.6% purity from 500 mg
U. barbata dry acetone extract [59]. The purity value difference could be due to the solvents
used. We used only DMSO, while in the previously mentioned study, dry acetone extract
was dissolved in benzene and then, usnic acid was recrystallized using chloroform/ethanol.
We can state that our isolated usnic acid is (+)-UA because Usnea sp. tends to produce this
enantiomer exclusively; in addition, (+)-UA registers antiviral, insecticidal, and phytotoxic
activities significantly higher than (—)-UA [69].

Isolated UA and both UBA and UBE were used to evaluate their cytotoxic activity
on blood cells. We opted for UBA because it contains an appreciable usnic acid amount
(282.78 ug/mg) and other secondary metabolites. In addition, only 127.21 pg/mg of UA were
extracted in UBE and a wider lichen secondary metabolites variety. UBE also had the highest
extraction yield (12.52%) compared with UBA (6.36%) and UBEA (6.27%) [13]. Consequently,
the obtained biological effects could be correlated with the secondary metabolites content.

The present study proved that UA generally induced a significant cytotoxic effect on
normal blood cells, more intense than both U. barbata extracts, UBA, and UBE. Hence, in
early apoptosis events, the appearance of PS residues (commonly hidden within the plasma
membrane) on the surface of the cells can be used to detect and measure this PCD. In our
flow cytometry method, we opted for annexin V as staining to detect apoptotic cells due
to its ability of PS-binding [70]. Moreover, translocation of PS to the external cell surface
can occur during apoptosis and necrosis. The difference between these two forms of cell
death is that the cell membrane remains intact in early apoptosis; however, it loses integrity
and becomes permeable when necrosis is installed [71]. Shlomovitz et al. (2019) showed
that PS externalization is also available in necroptosis [72]. However, in RBCs, this process
corresponds to eryptosis (quasi-apoptosis) [73]. The intact cells membrane consists of the
bilayer with choline-containing phospholipids (phosphatidylcholine and sphingomyelin)
in the outer layer and amine-containing phospholipids (phosphatidylethanolamine and
PS) in the inner layer. This normal disposition is known as phospholipid asymmetry. Lipid
asymmetry is disturbed when the erythrocytes enter into eryptosis, and PS is exposed
on RBCs surface [74]. This process involves three ATP and Ca?* -dependent transporters
activation (flippase [75], floppase [76], and scramblase [77]). In addition, spectrin [78,79]
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oxidation and increasing cytoplasmic Ca?* [80] concentration lead to membrane proteins
denaturation [81]. Usnic acid oxidative stress-induced plays an essential role in all blood
cells PCD, triggering these various molecular mechanisms [35]. One of the prominent
protein families that regulate and execute programmed cell death is caspases; they cleave a
subset of essential cellular proteins to promote apoptotic cell death [82].

In all blood cells types PCD involves caspases [50,52,53,59,63,73,83-86]. In response
to apoptotic stress, the activated initiator caspases (caspase-2, 8, 9) cleave and activate the
effector caspases (caspase-3, 6, 7), which execute the death process [87]. They regulate
the extrinsic (receptor-mediated) apoptosis pathway involving receptor binding, followed
by activation of the initiator caspase, caspase-8, which activates caspase-3 or amplifies
caspase-3 activation cleaving BH3 Interacting Domain Death Agonist protein. Bid cleavage
induces mitochondrial cytochrome c release, forming a protein complex (apoptosome)
and activating caspase-9 [88]. During apoptosis, caspase-3 is also actively transported to
the nucleus through the nuclear pores, playing a significant role in its disintegration by
processing several nuclear substrates. Caspase-7 plays a significant role in cell viability
loss [89]. According to Sundquist et al. (2006), the late apoptotic events occur after
activating the effector caspases. Late apoptosis includes exposure of phosphatidylserine
on the external surface of the plasma membrane (which can be measured by annexin V
binding), cleavage of poly (ADP-ribose) polymerase (PARP), and internucleosomal DNA
fragmentation [48]. McComb et al. (2019) revealed that efficient apoptosis requires feedback
amplification of upstream apoptotic signals by effector caspase-3 or -7 [90]. For this reason,
we aimed to evaluate the influence of our tested samples on caspase 3/7 apoptosis pathway.
The obtained results showed that caspase 3/7 activity was significantly stimulated during
PCD process.

During apoptosis, caspase-3 is actively transported to the nucleus through the nuclear
pores, playing a significant role in its disintegration by processing several nuclear sub-
strates [89]. Nuclear apoptosis is characterized by chromatin condensation and progressive
DNA cleavage into high-molecular-weight fragments and oligo-nucleosomes [91]. We
analyzed the nuclear shrinkage to validate that UA, UBA, and UBE caused apoptosis;
this process occurs only in white blood cells [92], RBCs, and platelets being enucleate.
Chromatin condensation and fragmentation of nuclei are included in PCD [93]; exclusively,
UA at high concentrations showed an appreciable stimulatory effect compared with the
solvent control and UBA, and UBE samples.

Various studies have recently shown that lysosomes have been implicated in the
regulation of cell death. Increasing their membrane permeability, released hydrolytic
enzymes can contact cytosolic targets and contribute to apoptotic cell death [94]. Further-
more, lysosomal activity is directly associated with autophagy, another decisive process
for cell death [95]. Various studies from accessed scientific literature analyze autophagy in
platelets [96,97] and different WBCs [98-100].

Moreover, according to numerous studies, mitochondrial dysfunction consists of
structural alteration, membrane potential disruption, and electron transport reaction in-
stability. These events generate ROS overproduction, caspase cascades activation, and
apoptosis pathway initiation [101]. The mitochondrial apoptotic pathway is available only
at platelets [102,103], and WBCs [104].

In addition, low ROS concentration can promote cell proliferation, whereas excessive
ROS levels cause DNA oxidative damage, consequently inducing cell death [105]. ROS
levels are implicated in all blood cell lines death: platelets [106,107], RBCs [108,109], and
WBCs [110,111].

It is known that the cell cycle consists of few successive phases in mammals: synthesis
(S) with DNA replication and mitosis (M) with repartition of replicated DNA into two
daughter cells. Separation of DNA replication from mitosis is performed by two gap phases
(G1 and G2). In G1, the cell increasing size, RNA, and protein synthesis occurs, while in
G2, after DNA synthesis, the cell grows and synthesizes proteins. Only in RBCs cell cycle
arrest occurs in G1 [112]. After division, the cell enters the resting phase, known as the G0
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gap phase [113]. Thus, cell cycle arrest represents the first response to DNA damage and
one of the first steps in cell apoptosis. However, nucleate WBCs proliferation is a tightly
controlled process, and DNA replication is essential [114].

According to the obtained results, the high ROS levels produced by 75 and 125 pg/mL
of UA in blood cells triggers a series of consecutive events: cell apoptosis, effector caspases
3/7 activation, pyknosis, autophagy, and cell-cycle arrest in the G0/G1 phase. Furthermore,
many studies on numerous cell types proved apoptosis induction by ROS [115].

We have also shown that 125, 250, and 500 pug/mL concentrations of UBA and UBE
triggered blood cells apoptosis by caspase 3/7 pathway, oxidative stress, and accumulation
of cells in GO/G1. Moreover, altered cell-cycle checkpoints and cell apoptosis parameters
conformed with references [116].

Our results proved that UA and UBE at the lowest concentrations stimulated DNA
replication (S-phase of the cell cycle). At higher concentrations, they highlighted inhibitory
activity on blood cell proliferation. In great measure, these opposite effects manifested
at low and high concentrations and can be associated with ROS levels, as previously
mentioned. Similar data are mentioned by Damiano et al. (2019), revealing ROS dual
function in skeletal muscle: at low levels, they improve muscle force and adaptation to
exercise, while at high levels, they decrease muscle performance [117].

However, relatively few studies from the accessed scientific literature are focused exclu-
sively on proving the effects of Usnea sp. extracts and usnic acid on normal cells [60,118]. A few
years ago, dietary supplements containing usnic acid used for weight loss (Lipokinetix, [119])
reported severe hepatotoxic effects [120-122]. Fujimoto et al. (2010) reported that in vitro
usnic acid hepatotoxicity involves oxidative stress, mitochondrial toxicant depletion of
glycogen [123], and potential ATP biosynthesis inhibition mediated by mitochondrial
electron transport chain [124], triggering necrotic death of hepatocytes. The structural
properties of usnic acid can explain these molecular mechanisms. Thus, usnic acid is a
lipophilic compound that can easily pass the mitochondrial membranes into the matrix,
releasing a proton. Next, usniate anion diffuses into the intermembrane space to bind to a
proton to restore usnic acid. The resulting cycle causes a proton leak that could dissipate
the proton grad across the membrane, altering ATP levels and changing mitochondrial
membrane potential [125]. Usnic acid can induce structural changes in intracellular glu-
tathione molecules, decreasing its reduced form (GSH) [126]. In the same mode, usnic acid
can perform spectrin oxidation with cell membrane shrinkage and PS exposure during
apoptosis. Thus, usnic acid prooxidant potential can induce oxidative stress and liver cell
death signaling. Concomitantly, using natural or synthetic antioxidants to neutralize the
prooxidative activity of UA might also be a cell-protecting measure. Due to high hepato-
toxicity induced by usnic acid, FDA released a Safety Alerts for Human Medical Products
about Lipokinetix [119]. This notification is also current and supports the necessity for
identification of natural or synthetic compounds to ensure the safe use of AU as potential
anticancer drug.

Instead, the most numerous researchers pointed out these activities on various tumor
cell lines [127]. For instance, Ozturk et al. (2019) reported several extract types of different
Usnea sp. which determine cell apoptosis and DNA damage on cancer cells [128]. In
addition, methanol extracts of U. barbata induced cell apoptosis, as evidenced by the
increasing Annexin V expression and pan-caspase activation in human breast and lung
cancer cells [16]. Additionally, Disoma et al. (2018) mentioned caspase 3/7 activation
as an apoptotic mechanism on colon cancer cells proved by U. filipendula extracts [129].
In their study, Koparal et al. (2006) examined usnic acid effects on two types of lung
cells (normal and tumor cells). They described usnic acid cytotoxic activity on both cell
types and highlighted that cancer cells are more sensitive than normal cells [130]. Geng
et al. (2018) reported that usnic acid induces cycle arrest, apoptosis, and autophagy in
gastric cancer cells types in vitro and in vivo [131]. In another study, Wang et al. (2019)
proved antileukemia action of (+) usnic acid derivatives, inhibiting pan-Pim kinases [116].
Besides, Rabelo et al. (2012) suggested that usnic acid displays variable redox-active
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properties, acting as an antioxidant and prooxidant agent, according to different system
conditions and cellular environment [27]. High cytotoxic effects on cancer cells and minimal
unwanted effects on normal cells represent the essential quality of an antitumor agent.
High cytotoxicity levels on cancer cells and low damage on normal cells represent the
meaningful purpose in antitumor activity. Finally, Tram et al. (2020) evidenced the highly
different cytotoxicity of the same compound against tumor and normal cells [23].

Our study highlights the relationship between concentration and biological effect on
normal blood cells. Thereby, usnic acid at a minimal concentration (25 pg/mL) shows low
cytotoxicity on human blood cells, slowly inducing cell apoptosis, caspases 3/7 activation,
mild ROS level and stimulating DNA synthesis. On the other hand, higher concentrations
(50-125 pg/mL) of UA progressively display significant cytotoxic effects: increasing cell
apoptosis, effector caspases 3/7 proapoptotic signal, nuclear condensation, autophagy,
oxidative stress, and causing cell-cycle arrest in G1/GO0 phase.

U. barbata dry extracts in acetone and ethanol, at low concentration (75 ng/mL), exhibit
minor cytotoxicity, inducing cell and nuclear apoptosis, autophagy, and increased DNA
synthesis. In contrast, higher concentrations (125-500 pg/mL) of UBA and UBE report
directly proportional significant toxic effects on blood cells, enhancing cell and nuclear
apoptosis, autophagy, ROS levels and promoting cell-cycle arrest G1/GO0 phase.

5. Conclusions

The novelty of our study consists of analyzing U. barbata and usnic acid cytotoxic
effects on human normal blood cells cultures. The principal points of this complex activity
have been highlighted, exploring the cell and nuclear apoptosis, caspase 3/7 activity,
autophagy, oxidative cellular stress, cell cycle, and DNA synthesis.

High cytotoxicity levels on cancer cells and relatively lower damage to the normal
blood cells represent the meaningful purpose in antitumor activity. Based on this state-
ment, our study can offer essential data to target the previously mentioned objective by
evaluating the blood cells sensitivity to various concentrations of U. barbata dry extracts
and usnic acid. The obtained results suggest that future researches may select several
concentration domains to evaluate their various pharmacological activities. Moreover,
exploring anticancer potential, we can select which extracts highlight optimal and exclusive
cytotoxicity on a broad domain of cancer cells, also displaying minimal or no side effects
on normal cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/antiox10081171/s1: video S1 Isolated usnic acid.
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The diagnostic value of miR-92a, -143, and -145
expression levels in patients with colorectal

adenocarcinoma from Romania

Costel Brinzan, PhD*P, Mariana Aschie, MD, PhD? Georgeta Cozaru, MD, PhD*®, Eugen Dumitru, MD, PhD®,
Anca Mitroi, MD, PhD®>"*

Abstract N\
MicroRNAs (miRNAs) refers to a small, short non-coding RNA of endogenous class. They have shown to have an increasingly altered |
expression in many types of cancer, including colorectal cancer (CRC).

In the present study, miRNA TagManMGB and gRT-PCR was used to quantify the expression and clinical significance of 3 mature
human miRNA in 82 pairs of colorectal adenocarcinoma tissues and normal adjacent tissue samples (NATS) collected from patients
of the south-east part of Romania. Differences between CRC and NATS were analyzed using Wilcoxon test, while correlations
between miRNAs expression levels and clinicopathological features were examined using non-parametric tests. In addition, the
ability of selected miRNAs to function as biomarkers and, as potential indicators in CRC prognosis was also examined.

When the miRNA expression was compared in CRC related NATS, miR-143, and miR-145 were significantly underexpressed
(4.99+-1.02 vs -5.66+-1.66, P<.001; —4.85+-0.59 vs -9.27 +-1.51, P<.001, respectively), while the pattern of miR-92a was
significantly overexpressed (-5.55+-2.83 vs —4.92 +-2.44, P < .001). Moreover, the expression levels of selected miRNAs were
identified to be correlated with gradual increases in fold change expression with the depth of tumor invasion, lymph node invasion,
and maximal increases with distant metastasis. Furthermore, the receiver operating characteristic analysis demonstrated that
potential diagnostic of miR-143, miR-145, and miR-92a in discriminating CRC from NATS, with the area under the curve of 0.74,
0.85, and 0.84 respectively. The Kaplan—Meier and the log-rank test showed that a high level of miR-92a and low levels of miR-143
and miR-145 predicted poor survival rate in our cohorts.

In conclusion, we can summarize that miR-145 and miR-143 are decreased, while miR-92 is increased in CRC compared to
NATS, and associated with different stages of CRC pathogenesis. Thus, the expression of selected miRNAs can represent potential
diagnostic and prognostic tools in patients with CRC from Romania.

Abbreviations: AUC = area under the curve, Cl = 95% interval of confidence, CRC = colorectal cancer, miRNA = microRNA,
ncRNAs = non-coding RNAs, NATS = normal adjacent tissue samples, gRT-PCR = real-time quantitative polymerase chain reaction
analysis, ROC = receiver operating characteristic, RT = room temperature, TNM = tumor-node-metastasis, UTR = 3’ noncoding
region, WHO = World Health Organization.

Keywords: colorectal cancer, miR-92a, miR-143, miR-145, real-time quantitative polymerase chain reaction analysis, expression
profiling

1. Introduction it is the fourth leading cause of cancer-related mortality.!"! As per
Among all ranges of tumors, colorectal cancer (CRC)isone of the  the findings of the Global Burden of Cancer Reports in the
most common malignancies and a significant public health ~ Romania population, the relative incidence of CRC increased
burden. Moreover, the incidence rate of CRC is 9.7%, thereby ~ from 8.660 in 2012 to 11.076 in 2018, thus representing the
making it the third most common form of cancer worldwide and ~ second most common malignancy, after lung/bronchus cancers in
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men and breast cancer in women.”! CRC is a multifactorial
disease characterized by a sequential process associated with
alteration of the molecular architecture in oncogene or tumor
suppressor gene regulatory networks, mainly due to genomic
mutation or epigenetic alterations and the involvement of small
noncoding RNA species, named microRNAs (miRNAs) and long
noncoding RNAs, >4

In this regard, numerous studies and resources have been
devoted to elucidating the molecular mechanisms of the CRC,
however, the underlying mechanisms are not yet well understood.
Therefore, improving the survival rate of patients with CRC
requires a better understanding of tumor biology as well as the
development of novel therapeutic and diagnostic strategies. A
rapidly developing field of cancer research is the examination of
miRNAs genes in CRC carcinogenesis. Molecules that are
widespread and differentially expressed in CRC samples when
compared to normal non-cancerous samples and may provide
new insights into the mechanisms involved.

Functionally, miRNAs represent a novel class of small, non-
coding RNAs (ncRNAs), found in plants, animals, and humans
that use endogenous RNA interference pathways in order to
modulate gene expression networks. Typically, miRNA genes are
initially transcribed into the nucleus as longer primary transcripts
guided by RNA polymerase II (pri-miRNAs), which are
subsequently enzymatically cleaved by the Drosha into small
miRNAs precursor (pre-miRNA). These pre-miRNAs are
comprised of 70 nucleotides with hairpin stem-loop structures
and are translocated into the cytoplasm through the assistance of
Exportin-5 to undergo final maturation, within a functional
miRNA to approximately 22 nucleotides catalyzed via RNase III
endonuclease Dicer.”! Predominantly, miRNAs exert their
functionality in post-transcriptional modulation of gene expres-
sion through direct binding to the 3’ untranslated region (UTR) of
specific messenger RNA targets, thereby leading to cleavage and
degradation or suppression of translation.”®! The latest version of
the miRBase database contains — 1.917 entries of mature human
miRNAs (http://www.mirbase.org), which can be classified into
clusters and families based on seed sequence or genomic
relatedness, able to regulate the expression of one-third of
human protein-coding genes.

It is now widely accepted that the altered functionality of
miRNAs plays an important role in various biological and cancer-
related processes, such as control of cellular homeostasis,
differentiation, cell growth, and apoptosis. In colorectal tumori-
genesis, the specific expression patterns of human miRNAs have
been used by many researchers to understand the involvement of
these regulatory molecules in the diagnosis and prognosis of this
type of cancer.!® Some of these deregulated mature miRNAs, due
to high tissue specificity, altered stability, and unique expression in
tumor development, might help distinguish CRC from other colon-
related diseases, representing a new field of molecular diagnosis
and prognosis of CRC. For instance, deregulation of miR-92a,
miR-143, and miR-145 have been documented in plenty of
pathophysiological events, including neoplastic diseases./*>**!
This suggests that miRNAs clusters function as oncogenic,
respectively tumor suppressor genes and their inadequate expres-
sion is the result of excessive or deficient processing, and that
ultimately leads to altered cellular homeostasis, essential events of
tumorigenesis. In light of these data, miRNA genes have relevant
biological and biomedical consequences in the detection and
evolution of cancer, and their inadequate expression is an almost
universal feature in human malignancies.

Medicine

The present research aimed to investigate the signature of 3
mature human miRNAs involving miR-143, miR-145, and miR-
92a in 82 pairs of colorectal adenocarcinoma tissues in the
normal adjacent tissue samples (NATS) collected from patients in
south-east Romania. The ability of the selected miRNAs to
function as potential biomarkers, discriminating between CRC
and NATS and, their potential as indicators in CRC prognosis
was also examined. The miRNAs were selected based on previous
studies on their clinical relevance in complex mechanisms of
carcinogenesis.'72"!

2. Materials and methods

2.1. Case selection

This study included 82 selected patients diagnosed with CRC at
the Pathology Department of the Clinical Emergency County
Hospital in Constanta, Romania. the Local Ethics Commission
for the Approval of Clinical and Research Developmental Studies
approved the study and all eligible patients provided written
informed consent. Immediately after the surgical resection, CRC
tissues and NATS (located at least 5 cm from the tumor site) were
stabilized in RNAlater solution (Invitrogen by Thermo Fisher
Scientific, USA) and frozen at —80°C until further processing. A
section of each sample (tumor and non-tumor) was stained with
hematoxylin and eosin and evaluated by an experienced
pathologist. All tumor specimens used in this study were
histologically classified as colon or rectum adenocarcinoma.
The histological tumor stage and differentiation grade was
classified using the tumor-node-metastasis staging system of the
American Joint Committee on Cancer, in accordance with
standards set by World Health Organization.”! Subsequently,
clinicopathological features of patients were obtained from
observation sheets and pathology reports and included age, sex,
tumor location, tumor-node-metastasis stage, tumor differentia-
tion degree, and eventual metastasis.

2.2. RNA extraction

Total RNA including miRNA molecules was isolated from the tissue
samples using a miRNeasy kit (Qiagen, Germany) closely following
the manufacturer’s recommendations. We started with 30 mg of
tissue which was thoroughly homogenized in 750 .l QIAzol Lysis
Reagent for 90 seconds. Thereafter, 140 wL of chloroform was
added to tissue homogenate and after 5 minutes incubation at room
temperature, the sample was centrifuged for 15 minutes at 12.000
rpm at 4°C. The upper aqueous phase containing RNA was
transferred and precipitated in a new Eppendorf tube by adding 1.5
volumes of 100% ethanol. Approximately 650 L of the precipitat-
ed sample was transferred to a RNeasy Mini column placed in an
appropriate collection tube and centrifuged at 12.000rpm for 1
minute at room temperature. After centrifugation, the filtrate was
discarded and then 700 pL wash buffer RW1 was pipetted and
centrifuged at 12.000 rpm for 1 minute. Next, 500 wL of wash buffer
RPE was pipetted and centrifuged at 12.000rpm for 1minute at
room temperature. To dry the membrane, the column was
centrifuged at maximum speed for 1minute. Following this, the
column was placed in a new tapered collection tube, and 30 pL
RNase-free water was added and centrifuged at maximum speed for
1 minute to collect an eluate.

The purity and yield of the RNA solutions were assessed by
measuring the optical density at 260/280 nm using a NanoDrop
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The mature miRNA sequences.

miRNA Lot ID Mature miRNA Sequence

hsa-miR-143 P170309-001 HO8 GGUGCAGUGCUGCAUCUCUGGU
hsa-miR-145 P170206-005 HO9 GGAUUCCUGGAAAUACUGUUCU
hsa-miR-92a P161221-005 HO3 UAUUGCACUUGUCCCGGCCUGU
hsa-miR-26b P161118-006-GO1 UUCAAGUAAUUCAGGAUAGGU
RNU44 P181019-000 G11 UAUUGCACUUGUCCCGGCCUG

One Spectrophotometer (Thermo Fisher Scientific, USA), where a
ratio A260/A280=2 to 2.1, and A260/A230 >2 was considered
acceptable. The concentration of the samples was measured with
Qubit 3.0 Fluorometer (Thermo Fisher Scientific) using the Qubit
RNA HR (High-Range) Assay Kit. Furthermore, the RNA
integrity number was conducted using the 2200 TapeStation
Bioanalyzer (Agilent Technologies GmbH, Germany) with an
RNA HS ScreenTape kit.

2.3. Reverse transcription of miRNA to complementary
cDNA and gPCR reaction

Selected human miRNAs were reverse-transcribed to comple-
mentary DNA (cDNA) using the TagMan MiRNA Reverse
Transcription Kit (Applied Biosystems, San Diego, CA). Each
reaction was initiated using an RNA-specific stem-looped for
reverse transcription (RT) (Table 1). The RNA concentration was
set between 1 to 10 ng per 15 wL of RT reaction. Each 15 uL RT
reaction consist of 7L master mix (0.15pL dNTP mix, 1L
Multiscribe RT enzyme, 1.5 pL 10 x RT Buffer, 0.19 pL. RNase
inhibitor and 4.16 pL Nuclease-free water), 3 pL primer, and 5
L RNA sample. Samples were incubated in a thermocycler with
the following parameters: 16°C for 30 minutes, 42°C for 30
minutes, 85°C for 5mintes, and then cooled to 4°C.

The complementary DNA strand for selected targets of
miRNAs was synthesized using a specific sequence TagManMGB
Assay (Applied Biosystems, San Diego, CA). For the 20pL
reaction mix, 10 pL of TagMan 2 x Universal PCR Master Mix
was added to 1.33 pL of the product from the RT reaction, 7.67
L of RNase-free dH,0O, and 1 pL of TagMan Small RNA assay
(20X). The quantitative real-time polymerase chain reaction
analysis (QPCR) was performed in triplicate for each sample using
the ABI 7500 Fast qPCR instrument for 40 cycles, where each
cycle contained denaturation step at 95 °C for 3 seconds, and an
annealing step at 60 °C for 30 seconds, followed by the extension
of the primers with cleavage of the probe. Fluorescence was
detected at the end of each cycle. A negative control without a
template was used with all the qRT-PCR runs.

The average of cycle threshold (Ct) values obtained from
triplicates of each miRNAs and endogenous control (miR-26b/
RNU44) was calculated using an automatic baseline/threshold
setting (7500 Fast Real-Time PCR software, version 2.3, Applied
Biosystems, San Diego, CA) in concordance with the equation of
Livak, Fold-change (FC) =24 where AACt=ACt (Ctumir targer
- CtmiR26b/RUN44) tumoral tissue ACt (CtmiR target CtmiRZGb/
RNU44)normal tissue- o) A fold change value <1 meant that the
miRNAs were downregulated, where a value > 1 meant that the
miRNAs were upregulated in the CRC relative to NATS. Thus,
the results were expressed as FC in comparison with the
calibrator sample, which was considered the normal value and
assumed to equal 1.
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Figure 1. Expression levels of each microRNAs (ACt) in colorectal cancer

tissue relative to normal adjacent tissue samples are normalized using RNU44

and miR-26b as endogenous controls. The statistically significant difference

between colorectal cancer tissue and normal adjacent tissue samples samples
was calculated using the Wilcoxon test (**P< .001).

2.4. Statistical Analysis

Data obtained were analyzed and graphs were constructed
using SPSS version 20.0 software (SPSS, Chicago, IL) and
MedCalc version 19.0.3 software (MedCalc, Ostend, Belgium).
Differences between CRC and NATS were analyzed by the
Wilcoxon test, while correlations between miRNAs expression
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Analysis of miR-143, miR-145, and miR-92a with the clinicopathologic features of CRC patients.

Clinicopathological FC* miR-143 median
variables N (%) (95% CI for median)

FC* miR-92a median
(95% ClI for median)

FC* miR-145 median
(95% CI for median)

Age (yr)
<65-17 yr (20.73)
>65-65 yr (79.26)
Test statistic Z
P-value (2-tailed)
Gender
Female—38 (46.34)
Male-44 (53.65)
Test statistic Z
P-value (2-tailed)
Tumor location
Proximal colon—30 (36.58)
Distal colon—-30 (36.58)
Rectum—22 (26.84)
Test statistic Z
P-value (2-tailed)
Tumor size
<5-59 c¢m (71.95)
>5cm-23 cm (28.05)
Test statistic Z
P-value (2-tailed)
Histological grade
G1-12 (14.63)
G2-60 (73.17)
G3-10 (12.20)
Test statistic Z
P-value (2-tailed)
Depth of tumor invasion
T1-T2-14 (17.07)
T3-T4-68 (82.93)
Test statistic Z
P-value (2-tailed)
Nodal status
NO-37 (45.12)
N1-N2—-45 (54.87)
Test statistic Z
P-value (2-tailed)
Distant metastasis
M0—-49 (59.75)
M1-33 (40.24)
Test statistic Z
P-value (2-tailed)

1.46 (0.81-2.24)
1.60 (1.38-3.13)
177
07"

1.46 (1.15-1.83)
1.60 (1.39-3.13)
-1.04
29"

1.60 (1.41-2.88)
1.54 (0.80-4.62)
1.46 (1.06-2.03)
0.02
09¢

1.94 (1.41-2.96)
1.41 (1.00-1.58)
1.41
157

2.48 (0.81-3.13)
1.56 (1.37-2.07)
3.65 (1.05-46.3)
1.55
38t

0.87 (0.66-1.38)
1.60 (1.37-2.96)
3.68
<.001"

1.56 (1.15-1.67)
1.94 (1.35-4.63)
2.17
.02f

1.54 (1.20-1.67)
462 (1.23-7.02)
227
021

1.75 (1.50-2.66)
2.08 (1.58-3.26)
-1.24
217

2.13 (1.53-4.65)
1.75 (1.51-2.87)
0.95
347

2.08 (1.63-3.16)
2.77 (1.03-4.68)
1.58 (1.26-2.07)
0.80
31#

213 (1.66-3.09)
1.58 (1.30-2.41)
0.98
32

1.50 (1.25-3.21)
1.75 (1.57-2.29)
6.30 (1.08-27.06)
1.84
13

1.63 (0.79-1.89)
3.05 (1.70-3.39)
2.97
<.001"

1.58 (1.38-1.89)
3.21 (2.07-9.76)
2.49
<017

1.63 (1.50-2.07)
4.70 (1.60-12.47)
230
02

1.56 (0.85-1.97)
2.00 (1.59-2.47)
-1.85
06

1.76 (1.15-2.33)
1.78 (1.56-2.24)
-0.47
637

2.07 (1.46-2.89)
2.77 (1.03-4.68)
1.76 (0.97-3.08)
0.90
34%

1.73 (1.56-2.22)
1.74 (1.57-2.23)
-0.01
1.017

1.56 (1.27-2.25)
1.76 (1.42-2.15)
2.26 (1.79-5.18)
1.73
07*

0.86 (0.68-1.35)
2.47 (2.11-2.97)
6.42
<.001"

1.46 (0.82-1.87)
2.15 (1.77-2.56)
3.24
<.0017

1.58 (1.11-1.76)
221 (2.01-2.91)
2.70
<.001

 Mann-Whitney U Test.
Kruskal-Wallis H Test.
* Fold change expression.

Cl = 95% interval of confidence.

levels as well as clinicopathological features were examined
using the Mann—Whitney U test for 2 independent groups and
Kruskal-Wallis H test for three independent groups. Survival
rates for each miRNA were estimated using the Kaplan-Meier
method and differences between low and high expression were
calculated by using log-rank tests. The diagnostic efficacy of
selected miRNAs to function as prognostic biomarkers were
evaluated by using Receiver operating characteristics (ROC).
Similarly, the area under the curve(AUC) was plotted to assess
to evaluate the power of selected miRNAs to functions as a
diagnostic tool in order to discriminate CRC from NATS.
Sensitivity and specificity were then defined by the optimal cut-
off point, which refers to the maximized value of the area under

the ROC (Youden index). The univariate prognostic analysis
revealed the parameters which affected the prognosis of CRC
patients, as miRNAs expression levels and clinicopathological
characteristics.

3. Results

3.1. Dysregulated expression levels of miRNAs in tumors
and NATS from CRC patients

In the present study, 82 patients with colorectal adenocarcinoma
along with their NATS, were investigated. This included 30 of
proximal colon cases, 30 of distal colon cases, as well as 22 of
rectal cases. In order to evaluate the miRNAs expression patterns
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in tumor tissue, the quantitative reverse transcription real-time
polymerase chain reaction (QRT-PCR) was used. Additionally, it
was observed that miR-143 and miR-145 were down-regulated,
whereas miR-92a was up-regulated (Fig. 1).

Consequently, the expression levels of miR-143 and miR-145
were found to decrease in 75.60% of CRC cases (-4.99 +-1.02 vs
-5.66+-1.66,P <.001) and 83% of cases, respectively (-4.85 +—
0.59vs-9.27+-1.51, P <.001). On the other hand, the mean FC
level expressions of miR-143 and miR-145 in CRC samples were
downregulated around 8.21 times less and around 11.66 times
less, respectively. In a similar vein, miR-92a expression level was
upregulated in 78.00% of cases of CRC as compared to NATS (-
5.55+-2.83 vs —4.92+-2.44, P<.001), with its fold increase
being 2.32.

3.2. Selected miRNAs expression and association with
clinicopathological characteristics

Associations with clinicopathological characteristics were deter-
mined in order to explore the clinical relevance of selected
miRNAs. Some of these clinicopathological features were
grouped, such as histological grade (G1, G2, and G3), pT stage
(T1-T2 and T3-T4), pN stage (NO and N1-N2) and pM stage
(MO and M1). As illustrated in Table 2, the higher expression of
miR-92a was found to be closely associated with the depth of
tumor invasion (P=.03), the involvement of regional lymph node
(P<.001), and distant metastasis (P <.001).

In addition, expression levels of miR-143 and miR-145 were
tended to be associated with late-stage tumor invasion (P=.04,
P <.001, respectively), involvement of lymph’s node (P=.02,
P <.001, respectively) and with distant metastasis (P <.001) as
illustrated in Figure 2.

Moreover, no significant statistical differences were observed
between selected miRNAs expression levels and gender, age,
locations of tumor, tumor size, or tumor differentiation,
respectively.

3.3. Correlation between deregulated expression levels of
miRNAs and prognosis of CRC patients

In our study, the survival condition of the patients was followed
and recorded, beginning from surgery to death or until the date of
the last observation (censored data). The follow-up period
ranging from 12 to 60 months and was monitored through the
Oncology Department. In accordance with the relative expres-
sion levels of miR-92a, miR-143, and miR-145, patients were
divided based on median values into high-expression groups and
low-expression groups. The median survival time in CRC
patients with high expression levels of miR-92a was found to
be 36 months, which was significantly statistically lower than
that median survival time in the low expression group (51
months, x2=10.28; P<.01) (Fig. 3).

In addition, the survival probability of § years in the high
expression group of miR-143 was 48 months significantly
higher than that in the low expression group (36 months, x2=
4.43; P=.03). Moreover, the median survival rates of CRC
patients in the low expression group of miR-145 was 35
months, significantly lower than that in the high expression
group (48 months, x2=7.05; P<.01). According to the
univariate analysis of the overall survival rate, the level of
miR-92a expression was an independent prognostic indicator
for CRC (P <.01, Table 3).
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Figure 2. Fold change of miR-143, miR-145, and miR-92a in Romanian
patients with colorectal cancer tissue according to different clinical stages. A
boxplot showing fold change represented as median and 95% interval of
confidence of the median, exhibited that the expressions of analyzed
microRNAs increased with increasing pT stage- pT-stage (Fig. A), nodal
metastasis - pN-stage (Fig. B), and distant metastasis - pM-stage (Fig. C). All
experiments were conducted in triplicate (*P< 05, "P< .001).

3.4. ROC analysis

Analysis of the ROC curves and AUCs revealed that expression
levels of miR-92a, miR-143, and miR-145 could help distinguish
tumor tissue from normal adjacent tissues with very good specificity
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Figure 3. Kaplan-Meier survival curves for CRC patients. CRC patients with high miR-92a expression levels had a significant statistically poorer prognosis than
those with low expression (P < .001). Moreover, the 5 yr survival probability in the low expression groups of miR-143 and miR-145 had a significant statistically
poorer prognosis than in the high expression groups (P< .01, P<.001 respectively).

and sensitivity (Fig. 4). With regard to the AUC of miR-92a was 0.84
(95% interval of confidence (CI): 0.77 — 0.89, P<.001), the
specificity was 80.49% and the sensitivity was 71.95% at a cut off
value of 0.52. For miR-143 the specificity was 80.49% and the

sensitivity was 60.98% at a cut off value of 0.41 and AUC of 0.74%
(95% CI: 0.67 - 0.81, P <.001). Meanwhile the miR-1435 exhibited
a specificity of 85.37% and a sensitivity of 82.93% at a cut off value
of 0.68 and AUC of 0.85 (95% CI: 0.78 - 0.91; P<.001).
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Logistic regression of prognostic values of microRNAs associated
with the clinicopathological features in colorectal cancer tissue
patients.

Parameters Subset HR 95% Cl P-value
Age <65/>65 yr 105  1.01-1.09 <01”
Gender Female/Male 0.86 0.48-1.51 .60
Location of tumor Proximal colon/distal 1.09 0.77-1.54 .60
colon/rectum

Grading G1/G2/G3 1.03 0.51-2.08 91
pT T1-T2/T3-T4 0.85 0.44-1.63 .62
pN NO/N1-N2 1.10 0.78-1.55 .55
pM MO/M1 1.29 0.64-2.60 46
miR-143 Low/high expression 0.60 0.31-1.18 14
miR-145 Low/high expression 0.90 0.44-1.82 e
miR-92a Low/high expression 0.27 0.13-0.54 <.01”

“ P-values <.01 were considered significant statistically.
HR = hazard ratio, Cl = 95% interval of confidence.

4. Discussion

CRC continues to be a major cause of mortality induced by
cancer worldwide. However, since conventional strategies for
CRC treatments have not yet been deemed satisfactory, and an
ideal therapeutic target should be associated with the causality of
disease. Over the past few decades, numerous studies and
resources have identified the involvement of ncRNAs in
carcinogenesis and tumor progression.”! Among all types of
ncRNAs, miRNAs have received particular attention and have
been proposed as useful diagnostic and prognostic biomarkers.
This is attributed to the fact that their profile of tumor tissue has
been found to have a close association with a tissue of origin, due
to their ability to resist degradation by endogenous ribonuclease,
as well as their ease of quantitation involving several methods
(e.g., QRT-PCR, microarray or sequencing technology).[1%13!

Dysregulated expressions of miRNAs with oncogenic or tumor
suppressor activities have been reported in cancer development,
metastasis, angiogenesis and drug resistance."*3! In CRC, a
large variety of miRNAs are up- or down-regulated as compared
to normal tissues. MiRNAs that are consistently found to be
down-regulated in CRC act as tumor suppressor genes and are
accordingly termed “mirsupps.” In contrast, miRNAs that are
consistently found to be upregulated in CRC act as oncogenes
and are referred to as “oncomirs”. Against this backdrop,
studying the specific function of miRNAs in human carcinogene-
sis will help characterize new targets for cancer research,
diagnosis, and treatment of cancer at the molecular level.

In the present study, we demonstrated that the expression
profiles of miRNAs were significantly altered in the selected
group of CRC patients from the south-eastern region of
Romania. This was done by using the qRT-PCR method and
miRNA specific hydrolysis probes TagManMGB. Moreover, 2
miRNAs, namely, the miR-143 and miR-145, exhibited
significantly lower expression, while 1 miRNA, namely the
miR-92a, showed increased expression in CRC than in the
NATS.

The miR-143 and miR-145 genes are situated in close
proximity to each other in a ~1.7kb region on chromosome
5q32-33. In addition, they are co-transcribed together from a
single bicistronic unit, thereby suggesting that they originate from
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Figure 4. Receiver operating characteristic curves were analyzed to evaluate
the miR-92a, miR-143, miR-145 expression levels as potential biomarkers in
colorectal cancer tissue detection. area under the curve of upregulated miR-
92a (A) expression was 0.84 (sensitivity: 71.95%, specificity: 80.49%;
P <.001). For downregulated miR-145 (B), and miR-143 (C) expressions,
the area under the curves were 0.85 (sensitivity: 82.93%, specificity: 85.37%;
P <.001), and 0.74 (sensitivity: 60.98%, specificity: 80.49%, P <.001).
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the same primary transcript and they could be involved in similar
functions.”®! Michael et al were the first authors to report the
correlation between miRNAs and CRC by uncovering the down-
regulation of miR-143 and miR-145 in both precancerous and
cancer neoplasia tissues as compared to normal colon epithelium
in CRC patients."”!

In most studies, miR-143 and miR-1435 have been presented as
independent miRNAs and were not considered as concomitant
re-expression genes. On the other hand, co-expression of both
miRNAs has been shown to be an early event in the course of
cancer development, with anti-oncogenic activities by targeting
the same genes, or different genes that regulating the same
pathway.""®! Functionally, miR-143/miR-145 cluster expression
regulates cell proliferation and differentiation in the Lovo cells by
inhibiting the KRAS gene.!"”! It is notable that miR-143 and miR-
145 could suppress cancer cell proliferation through target sites
of the 3>-UTR of insulin-like growth factor 1 receptor and
regulate their expression.?"!

In our study, an 8.21-fold decreased expression level of miR-
143 in the colorectal samples was observed, as compared to the
NATS. However, in the present study in consonance with other
authors, we found a significant association between expression of
miR-143 and different stages of CRC pathogenesis, including
depth of invasion, lymph node metastasis, and distant metasta-
sis 21221

Also, miR-145 expression was decreased 11.66-folds in CRC
tissue compared with NATS. Furthermore, we found that miR-
145 expression was correlated with a depth of the tumor
invasion, lymph node involvement, and distant metastases in
CRC patients. Our observation that miR-143 and miR-145 were
downregulated in CRC patients was confirmed by other
reports.m’%]

On the other hand, many studies had indicated that
dysregulated miR-143, and miR-145 expressions in CRC, are
often associated with the CRC progression, and metastasis,
which may create a new opportunity to develop the ways of
disease mechanism understand, and the potential diagnostic and/
or the prognostic biomarkers. Moreover, our obtained results for
the expression levels of these miRNAs from CRC samples, are
suggesting their use as biomarkers for the diagnostic of the
disease with a good performance indicators values (miR-143:
80.49% of specificity and 60.98% of sensitivity; miR-1435:
85.37% of specificity and 82.93% of sensitivity, respectively). In
addition, the § years survival probability time of CRC patients
with low expression of miR-143 was shorter than that with the
high expression of miR-143. The same difference in survival time
was observed in patients with low expression of miR-143 who
had a poor prognosis and it can be used as a potential indicator of
CRC prognosis.

In CRC research, the role of miR-92a becomes important, as
they belong to the miR-17-92 polycistronic cluster, which resides
at chromosome 13q13, a region known to be frequently
implicated in the proliferation of cancer cells, by suppressing
carcinoma cells apoptosis whilst accelerating the progression of
the tumor in CRC.?”! Abnormal expression of miR-92a has been
known to play a decisive role in various diseases, including breast
cancer, CRC, and leukemia.[*?28-°!

Meanwhile, the upregulation of miR-92a plays a pivotal role In
CRC pathogenesis, which leads to up-regulation of -catenin and
vimentin, along with the down-regulation of E-cadherin during
the regulation of epithelial-mesenchymal transition by specifical-
ly targeting phosphatase and tensin homolog, which denotes

Medicine

inhibitory enzyme that is known to block the pathway of PI3K/
Akt

Our study showed that miR-92a was upregulated in CRC,
noticing a 2.32-fold increase in colorectal tumors of patients as
compared to usual adjacent tissue samples. Furthermore,
heightened expression of miR-92a was found to have a significant
correlation with the late stage of tumor invasion, lymph node
metastasis, and development of distant metastasis in CRC
patients.

According to the research carried out by Zhou et al, the
upregulation of miR-92a has prognosis prediction in CRC
patients; moreover, it was linked to worsening clinical variables
and poor rate of survival.®!! Similar conclusions were drawn by
our study, which demonstrated that the CRC patients mean
survival time was 36 months with a high expression of miR-92a,
which is significantly lower as compared to low expression 51
months, respectively. This implies the use of miR-92a as a
potentially feasible indicator of prognosis CRC. Meanwhile,
Chen et al showed that as an oncomir, diagnostic biomarker miR-
92a plays a pivotal role in CRC. In addition, its regulating
network may potentially facilitate the mechanism of CRC
pathogenesis.[** When it comes to distinguishing between NATS
and CRS, the high specificity (80.49%) and sensitivity (71.95%)
of miR-92a expression indicate the potential use of this miRNA
as a potential biomarker for CRC diagnosis, which is in
alignment with the views of earlier authors.3%3!

Notably, our study has some limitations. First, because of the
small number of cases investigated. The second limitation in
agreement with the assumption that abnormal expression levels
of selected messenger RNAs were examined only in tissue
samples without matching their expression in cell cultures and
sera. Therefore, further investigations are needed to confirm our
findings.

5. Conclusion

In conclusion, we may summarize that patterns of selected
miRNAs are differentially expressed in colorectal adenocarcino-
ma compared with their normal counterparts with 2 miRNAs
decreased (miR-145 and miR-143) and 1 increased (miR-92).
Furthermore, the expression levels of selected miRNAs were
correlated with gradual increases in fold change expression with
different stages of CRC pathogenesis, including depth of tumor
invasion, lymph node invasion, and maximal increases with
distant metastasis. In addition, ROC analysis and AUC
demonstrates the ability of selected miRNAs to discriminating
CRC from NATS with good performance of specificity and
sensitivity. Prognosis indicators of CRC were also examined
using Kaplan-Meier curves and the log-rank test which showed
that 5-year overall survival of patients with a high level of miR-
92a and low levels of miR-143 and miR-145 are significantly
associated with poor prognosis in our cohorts.
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microRNAs in colorectal adenocarcinoma in

patients from south-eastern part of Romania
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Georgeta Cozaru, MD, PhD#P

Abstract N\
MicroRNAs (miRNAs) are endogenous, non-coding class of RNAs with functions in the regulation of genes expressions. |
Dysregulated expressions of miRNAs play important roles in carcinogenesis and cancer progression by targeting various oncogenes
and tumor-suppressor genes. MiRNASs represent a new field for molecular diagnosis and prognosis of colorectal cancer (CRC) due to
their high tissue specificity, their stability, and their dysregulated expression in tumor development.

This study aimed to investigate using the gRT-PCR method the expression profile and prognostic value of 11 mature miBNAs in a
cohort of 82 Romanian patients diagnosed with CRC. The relationship between the expression levels of selected miRNAs and
clinicopathologic features were evaluated using ANOVA and Pearson test. In addition, the receiver operating characteristic (ROC) and
area under the curve (AUC) were used to assess the diagnostic values of the miRNAs to discriminate cancerous from non-cancerous
states of the samples.

The expression levels of miR-30c, miR-144, miR-375, miR-214, and miR-195 in CRC tissue were significantly downregulated (all
P < .05; Paired T-Test) than that in normal adjacent tissue sample (NATS), while the expression of miR-141, miR-182, miR-183, miR-
21, and miR-370 in CRC tissue were significantly upregulated (all P < .001) than that in NATS. Moreover, the expression levels of miR-
182, miR-183, miR-141, and miR-21 were demonstrated to be associated with a gradual increase in fold change expression with
depth of tumor invasion (all P < .05), lymph node invasion (all P <.001), and maximal increase with distant metastasis (all P <.001).
Moreover, the analysis of ROC curves revealed that AUC (95% ClI) of miR-182, miR-183, miR-141, and miR-21 in diagnosis of CRC
was 0.76 (0.66-0.87), 0.85 (0.78-0.94), 0.77 (0.62-0.92), 0.83 (0.73-0.90), respectively. The univariate and multivariate Cox-
proportional hazard regression for all variables revealed that the nodal status, distant metastasis, miR-21, miR-141, miR-182, and
miR-183 were independent prognostic markers of CRC.

In conclusion, altered expressions of miR-21, miR-141, miR-182, and miR-183 in CRC varies at different stages of CRC
development and may serve as potential diagnosis molecular biomarkers in Romanian patients with CRC. Further investigations are
needed to confirm our findings.

Abbreviations: AJCC = American Joint Committee on Cancer, AUC = area under the curve, Cdc25a = cell division cycle 25
homolog A, Cl = 95% interval of confidence, CRC = colorectal cancer, EMT = epithelial to mesenchymal transition, FC = fold change,
miRNA = microRNA, miRNAs = microRNAs, mMRNA = messenger RNA, NATS = normal adjacent tissue samples, NPV = negative
predictive value, PDCD4 = programmed cell death4, PPV = positive predictive value, PTEN = phosphatase and tensin homolog,
gRT-PCR = real-time quantitative polymerase chain reaction analysis, RECK = reversion-inducing cysteine-rich protein with kazal
motifs, RIN = RNA integrity number, ROC = receiver operating characteristic, RT = room temperature, TNM = tumor-node-
metastasis, TPM1 = tropomyosin 1, UTR = 3’ noncoding region, WHO = World Health Organization, ZEB1/2 = E-box-binding
homeobox factors.
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1. Introduction

Colorectal cancer (CRC) is one of the most common types of
malignant tumors. Worldwide, CRC poses a major threat to
human life and continues to be a significant economic burden."!
The incidence of CRC is 9.7%, making it the third most common
form of cancer after lung and breast cancers and the fourth leading
cause of death.!”! According to the results of the Global Burden of
Cancer reports, CRC is the second most common malignancy in
Romania, after lung cancer in men and breast cancer in women,
with 8.660 new cases diagnosed in 2012.1°! Although, in recent
years, substantial progress has been made in the prevention,
diagnosis, and treatment options as a result of improved clinical
management and treatment efficiency. However, CRC remains a
public health issue due to the increased prevalence of risk factors
associated with Westernization, including unhealthy diets, obesity,
and smoking.! Colorectal carcinogenesis is linked to the
activation of oncogene gene-signaling pathways and the inactiva-
tion of tumor suppressor genes, mainly due to genetic mutation and
epigenetic changes, including germline or somatic mutation, DNA
methylation, histone acetylation, and the involvement of noncod-
ing RNAs, such as those of microRNAs (miRNAs) and long
noncoding RNAs.!*!

The discovery of miRNAs took place in the early 1990s when
Ambrose et al identified a small RNA that exerted regulatory
functions on a specific messenger RNA (mRNA), resulting in the
suppression of its action.’! miRNAs form a class of small, single-
stranded, highly conserved, noncoding RNA molecules contain-
ing approximately 19 to 24 nucleotides. They bind directly to the
3’ noncoding region (UTR) of the target mRNA and act as
negative regulators in the expression of the majority of human
protein-coding genes.!®’

Currently, a total of 1917 annotated human miRNA precursor
genes have been identified, which are processed into ~2654
mature sequences (http:/www.mirbase.org), and are able to
regulate the expression of one-third of the human genome.
miRNAs bind to their mRNA targets by achieving an almost
perfect complementarity between the base pairs. A perfect match
between base pairs is essential only in the central region of the
miRNA and mRNA target to enable the degradation and
destabilization or inhibition of mRNA translation and the
suppression of the gene expression.!”!

The role of miRNAs in cancer development is well studied, but
their biogenesis and mode of action have not yet been fully
elucidated. However, it is known that miRNA mediates
translation repression and is involved in almost all cellular
processes (e.g., proliferation, differentiation, development, cell
cycle regulation, metabolism, apoptosis, and carcinogenesis).®!
Pathological alterations in the expression of miRNAs are
commonly associated with the occurrence of various diseases,
and their expression patterns are used to diagnose various types
of cancer, such as breast, lung, pancreatic, and ovarian cancer, as
well as colorectal carcinoma.”"3!

Specific miRNA expressions patterns help distinguish cases of
CRC from other colon-related diseases, where they may function
either as tumor suppressor or oncogenic genes; however, the
mechanisms underlying their potential involvement in prolifera-
tion and tumor cell survival are unclear.!'¥

In the present study, we aimed to analyze the expression of 11
mature humans miRNA species in colorectal cancer tissues and
normal adjacent tissue samples (NATS) collected from 82
Romanian patients and to further explore their association with
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clinicopathological features. We also examined the ability of
selected miRNAs to function as potential biomarkers, discrimi-
nating between CRC and NATS states of samples. The miRNAs
were selected from a literature review based on their clinical
relevance to the complex mechanisms of carcinogenesis./**>#!

2. Material and methods

2.1. Case selection

Tumor samples with paired adjacent normal tissues (harvested at
>S5cm from the cancer tissue) were collected from 82 patients
diagnosed with CRC at the Clinical Emergency County Hospital
in Constanta, Romania. The study was approved by the Local
Ethics Commission for the Approval of Clinical and Research
Developmental Studies and informed consent was signed by all
patients. Specimens were processed and evaluated by an
experienced pathologist according to standard protocols, and
only adenocarcinoma types were selected for the miRNA
expression analysis. All samples were preserved in RNAlater
solution until the total RNA was extracted. The tumor staging of
the cancer was classified using the tumor-node-metastasis (TNM)
staging system of the American Joint Committee on Cancer
(AJCC), in accord with World Health Organization (WHO)
standards.['>! The clinicopathological features of the CRC
patients were obtained from observation sheets and pathology
reports, including age, gender, tumor location, tumor type, tumor
size, TNM stage, tumor grade, and eventual metastasis.

2.2. RNA isolation

Small RNA molecules were isolated from the CRC and NATS by
using a miRNeasy kit (Qiagen, Germany) according to the
manufacturer’s instructions. About 30 mg of tissue was homoge-
nized in 700 wlQIAzol lysis buffer for 90 seconds. After 5 minutes
of incubation at room temperature (RT), 140 pl chloroform was
added and it was centrifuged for 15 minutes at 12.000 rpm at 4°C.
The upper aqueous phase was transferred and precipitated in a
new Eppendorf tube by the addition of 530 ul 100% ethanol.
Approximately 700 ul of the precipitated sample was transferred
to a RNeasy Mini column and centrifuged at 12.000rpm for 1
minute at RT. After centrifugation, the filtrate was discarded and
then 700 pl wash buffer 1 was pipetted and centrifuged at 12.000
rpm for 1 minute. Next, 500 wl wash buffer 2 was pipetted and
centrifuged at 12.000 rpm for 1 minute at RT. The column was
then placed in a new tapered collection tube, and 30 pLLRNase-
free water was added and centrifuged at maximum speed for 1
minute to collect an eluate.

The purity of the RNA solutions was assessed by measuring the
optical density at 260/280nm using a NanoDrop One Spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA). The
concentration of the samples was measured using the Qubit3.0
(Thermo Fisher Scientific, Waltham, MA, USA), and RNA
integrity number (RIN) was conducted using 2200 TapeStation
Bioanalyzer (Agilent Technologies GmbH, Waldbronn,
Germany) with an RNA ScreenTape kit.

2.3. Reverse transcription of miRNA to complementary
cDNA and qRT-PCR

miRNA molecules were reverse transcribed to complementary
DNA (cDNA) using the TagMan MicroRNA Reverse Transcrip-
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tion Kit (Applied Biosystems, San Diego, CA). Each reaction was
initiated using a miRNA-specific stem-looped RT primer, with
the aim of prolonging the target of the miRNAs from ~22bp to
over 60bp (Table 1). The RNA concentration was set between 1
and 10 ng in a final volume of 15 pl of the reaction mixture used.
Reverse transcription reagents were combined with total RNA
and incubated in a thermocycler with the following parameters:
16°C for 30 minutes, 42°C for 30 minutes, 85°C for 5 minutes,
and then cooled to 4°C.

In the second step, the complementary cDNA strand was
synthesized using TagManMicroRNA Assays Inventoried (Ap-
plied Biosystems, San Diego, CA). For the 20 pl reaction mix,
10 wl of TagMan 2 x Universal PCR Master Mix was added to
1.33 I of the product from the reverse transcription reaction,
7.67 ul of RNase-free dH,O, and 1pl of TagMan microRNA
assay. The real-time quantitative polymerase chain reaction
analysis (QRT-PCR) was performed in triplicate for each sample
using the ABI 7500 Fast qPCR instrument for 40 cycles, where
each cycle contained a denaturation step at 95°C for 3 seconds,
and an annealing step at 60°C for 30 seconds, followed by the
extension of the primers with cleavage of the probe. Fluorescence
was detected at the end of each cycle. A negative control without
a template was used with all the gqRT-PCR runs.

The Ct fluorescent level of each miRNAs was calculated using
an automatic baseline/threshold setting (7500 Fast Real-Time
PCR software, version 2.3) in concordance with the equation 2~
AACt \which represents the fold change (FC) between samples.['®!
The miR-26b and miR-92N were selected as reference genes in
our experiments, and both were found to be stably expressed in
all samples. An FC value < 1 meant that the miRNAs were
downregulated. An FC value > 1 meant that the miRNAs were
upregulated in the cancer tissue relative to the normal mucosa.
Thus, the results were expressed as FC in comparison with the
calibrator sample, which was considered the normal value and
assumed to equal 1.

2.4. Statistical analysis

Results obtained were analyzed with SPSS version 20 software and
GraphPad Prism version 8.0 software. Paired-Samples T Tests
were applied to determine the statistical difference of miRNA
species between CRC and NATS. Differences between miRNA
expression levels and clinicopathological features of colorectal
cancer were analyzed using 2 tests (One-Way ANOVA and
Pearson correlations), where P value <.05 was considered to be

The mature miRNA sequence.

miRNA Mature miRNA Sequence
hsa-miR-30c UGUAAACAUCCUACACUCUCAGC
hsa-miR-182 UUUGGCAAUGGUAGAACUCACACU
hsa-miR-183 UAUGGCACUGGUAGAAUUCACU
hsa-miR-21 UAGCUUAUCAGACUGAUGUUGA
hsa-miR-195 UAGCAGCACAGAAAUAUUGGC
hsa-miR-144 GGAUAUCAUCAUAUACUGUAAG
hsa-miR-141 CAUCUUCCAGUACAGUGUUGGA
hsa-miR-375 UUUGUUCGUUCGGCUCGCGUGA
hsa-miR-370 GCCUGCUGGGGUGGAACCUGGU
hsa-miR-214 UGCCUGUCUACACUUGCUGUGC
hsa-miR-299 UAUGUGGGAUGGUAAACCGCUU
hsa-miR-92N UAUUGCACUUGUCCCGGCCUG
hsa-miR-26b UUCAAGUAAUUCAGGAUAGGU

www.md-journal.com

statistically significant. Furthermore, univariate and multivariate
Cox-proportional hazard regression were performed to determine
the prognostic values of selected miRNA expressions and the
clinicopathological features in CRC patients. Receiver operating
characteristic (ROC) and area under the curve (AUC) were used to
evaluate the sensitivity and specificity and to establish the accuracy
of the biomarkers in CRC diagnosis. We defined the sensitivity and
specificity of the optimal threshold cut-off point as the values that
maximized the area under the ROC curve.

3. Results

3.1. miRNAs expressions in tumor and normal adjacent
tissue samples from CRC patients

Among the 82 patients included in our study, 42 patients
(51.21%) were males and 40 patients (48.78%) were females;
between 48 years and 89 years with a median age of 63.00 years.
The tumor site location was the proximal colon for 36.58% of
patients (n=30), the distal colon for 34.14% of cases (n=28),
and the rectum for 29.26% of cases (n=24).

When the miRNA expressions were compared in the CRC
relative to the NATS, 5 miRNAs (miR-21, miR-141, miR-182,
miR-183, and miR-370) were found to be overexpressed, and 6
(miR-30c, miR-144, miR-375, miR-214, miR-195, and miR-
299) were found to be underexpressed in the CRC samples
(Fig. 1). The overexpressions of miR-182, miR-183, and miR-
370 and the underexpressions of miR-30c, miR-375, and miR-
195 presented the most significant changes in expression.

Among the miRNAs that were overexpressed in the CRC
samples, miR-21 was overexpressed in 84% of cases (69/82;
P=.02), miR-141 in 75% of cases (62/82; P=.02), miR-182 in
92% of cases (76/82; P <.001), miR-183 in 90% of cases (74/52;
P<.001), and miR-370 in 86% of cases (71/82; P<.001,
Table 2). The mean FC level expressions of miR-182, miR-183
and miR-370 in the tumor samples as compared to the NATS
were the most significantly overexpressed. Indeed, miR-182 was
expressed by about 4.3 times, miR-183 by about 6.1 times, and
miR-370 by about 6.0 times, whereas the miR-141 over-
expression was only 1.86 times.

Quantification analyses were shown that levels of miR-30c,
miR-144, miR-375, miR-214, miR-195, and miR-299 were
significantly downregulated in CRC relative to NATS. Thus miR-
30c was underexpressed in 75% of cases (62/82; P<.001), miR-
144 in 75% of cases (62/82; P=.04), miR-375 in 78% of cases
(64/82; P<.001), miR-214 in 70% of cases (58/82; P=.04), miR-
299 in 73.1% of cases (60/82; P=.32), and miR-195 in 90% of
cases (74/82; P <.001). The mean FC level expressions of miR-
375, miR-195, and miR-144 in tumor samples were the most
underexpressed. Indeed, miR-375 was downregulated by about
38.1 times, miR-195 by about 4.6 times, and miR-144 was
expressed 2.2 times less frequently in the tumor samples as
compared to the NATS. The relative expression ratio for miR-
299 suggested that it was also underexpressed in CRC by about
1.7 times; however, the statistical analysis did not reveal any
significant differences.

3.2. Correlations between expression of miRNAs and
clinicopathological features of CRC patients

Expression of selected miRNAs in CRC patients was not
significantly correlated with age, gender, tumor size, tumor
grade, and tumor locations. Among all miRNAs studied, we
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Figure 1. Dots-plot showing the results of deregulated miRNAs’ expressions in colorectal cancer tissue (CRC) in relation to normal adjacent tissue samples (NATS).
ACt values of upregulated miRNAs’ expression: (A) miR-21, (B) miR-141, (C) miR-182, (D) miR-183, (E) miR-370. Downregulated miRNAs’ expressions levels (ACt):
(F) miR-30c, (G) miR-144, (H) miR-375, (I) miR-195, (J) miR-214, and (K) miR-299. The statistical difference ranks between the two groups, were calculated using
Paired-Samples T-Test, were *P <.05, **P <.001.

MiRNAs overexpressed or underexpressed in CRC relative to NATS.
95% CI° of the 95% CI° of the

miRNA Relative expression” difference in NATS' Relative expression” difference in CRG* Fold increase/ ,

species in NATS' (Mean + SD) Lower Upper in CRC’ (Mean +SD) Lower Upper decrease in CCR P value
miR-141 —0.43+0.86 —0.70 0.16 0.01+0.95 —0.28 0.31 1.86 .02
miR-21 —-311+1.14 —3.48 2.74 —2.25+1.22 —2.65 1.86 3.21 .02
miR-182 7.2+1.07 6.89 7.56 8.69+1.22 8.30 9.07 4.34 <.001
miR-183 7.29+1.99 6.58 7.99 8.93+1.11 8.54 9.33 6.16 <.001
miR-370 8.92+2.05 8.19 9.64 10.5+1.73 9.94 141 6.07 <.001
miR-30c 1.65+0.86 1.28 1.82 0.90+0.82 0.62 1.18 191 <.001
miR-144 10.0+£1.75 9,48 10.5 9.29+1.39 8.86 9.73 2.29 .04
miR-375 2.55+2.64 1.72 3.39 0.52+1.86 —0.06 1 38.1 <.001
miR-214 7.61+£1.27 7.21 8.02 7.11+0.96 6.81 7.42 1.96 .04
miR-299 10.2+1.27 9.78 10.6 9.85+1.09 9.48 10.21 1.76 .32
miR-195 9.97+1.29 9.56 10.3 8.51+0.80 8.25 8.76 4.65 <.001
“ACT,

T 2'AACT;

*Colorectal cancer;
% Normal adjacent tissue sample;
"Confidence interval.
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Figure 2. Fold change of the 4 miRNAs genes in Romanian patients with CRC at different clinical stages. The dot plots (using 24t method) represent mean +
standard deviation of miR-182, miR-183, miR-141, and miR-21 according to the depth of tumor invasion - pT-stage (Fig. A), nodal metastasis - pN-stage (Fig. B),
and distant metastasis - pM-stage (Fig. C). All experiments were conducted in triplicate (*P < .05%*P < .001).

found that the miR-183, miR-182, miR-141, and miR-21 levels
were positively correlated with some clinicopathological char-
acteristics (Fig. 2 and Table 3).

The ANOVA test indicated a tendency of associations between
higher expression of miR-182 in CRC tissue relative to NATS in
advanced T stages (T3-T4: 6.85+4.70 vs T1-T2: 2.90+2.30;
P=.02), with the metastasis stage (M1: 10.14+5.76 vs M0: 3.04
+2.13; P<.001), and nodal status (N1-N2: 10.13 +4.82 vs NO:
2.57+1.82; P<.001). In addition, miR-183 expression was

Pearson correlations between miRNAs expressions and clinico-
pathological features in tumor samples at CRC patients.

Clinicopathological features = miR-21 miR-182  miR-183  miR-141
Depth of tumor invasion
r 0.41 0.34 0.36 0.11
P-value <.001 .029 .019 48
Nodal status
r 0.71 0.62 0.65 0.25
P-value <.001 <.001 <.001 10
Distant metastasis
r 0.54 0.63 0.63 0.36
P-value <.001 <.001 <.001 .019

significantly higher in advanced tumor stages (T3-T4: 8.26 +
3.58 vs T1-T2: 3.44+2.23; P<.001), lymph node metastasis
(N1-N2: 10.5+4.01 vs NO: 4.01+2.17; P<.001), and in
extension of metastases (M1: 12.6+4.29 vs MO: 4.63+2.49;
P<.001). The miR-141 was upregulated in CRC compared with
NATS, and its expression was higher in patients in M1 stage
relative to those in MO stage (M1: 5.63 +1.90 vs M0: 1.39+0.89;
P<.001).

The advanced stage of distant metastasis (M1: 7.01+2.22 vs
MO0:2.66+3.58; P <.001), the late stages of tumor invasion (T3—
T4:4.86+3.91 vs T1-T2:1.14+0.61; P=.011) and lymph node
involvement (N1-N2: 7.08 +3.83 vs NO: 1.67+1.14; P <.001)
all presented higher values for miR-21 expression in CRC
patients.

Furthermore, in univariate and multivariate analysis (Cox
regression), nodal status, distant metastasis, miR-30c, miR-144,
miR-375, miR-214, miR-21, miR-195, miR-141, miR-182, miR-
183, and miR-370 were independent and significant predictor
factors associated with CRC (Table 4).

3.3. ROC curve analysis

ROC curve analyses were performed to determine the sensitivity
and specificity of selected miRNAs and used as a discriminatory
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Logistic regression of prognostic values of miRNAs associated with the clinicopathological features in CRC patients.

Univariate analysis

Multivariate analysis

Clinical variables Hazard ratio 95% CI" P value Hazard ratio P value 95% CI°
Age 1.65 0.73-3.98 32 - - -
Gender 1.23 1.07-3.50 .32 - - -
Tumor Location 1.52 1.28-3.79 .63 - - -
Depth of tumor invasion 1.23 1.26-3.86 .063 - - -
Nodal Status 2.83 0.88-7.29 .035 3.86 .012 0.77-3.90
Distant metastasis 6.32 0.79-1.17 .023 3.29 .035 1.00-3.54
Tumor size 2.62 0.10-9.31 .32 217 .047 1.29-3.79
miR-30c 3.62 1.02-5.31 .032 4.97 .012 1.02-5.24
miR-144 3.23 0.81-5.06 .028 3.31 .016 0.80-5.51
miR-375 3.22 0.65-5.90 012 2.06 .035 0.88-5.22
miR-214 3.95 0.54-5.88 .023 4,90 .014 1.00-3.54
miR-21 3.76 1.00-5.20 <.001 1.88 .042 1.29-3.79
miR-195 2.86 0.82-5.56 <.001 2.20 .034 1.24-3.86
miR-141 2.41 0.79-6.17 .035 1.00 .023 0.80-5.51
miR-182 2.32 0.10-7.31 .035 3.98 .023 0.88-5.22
miR-183 2.42 0.73-4.97 .023 4.50 .042 0.76-6.14
miR-370 2.53 1.02-4.31 011 3.79 .031 1.75-5.62

“ Confidence interval

tool to classify tissues in CRC and NATS. Analysis of the ROC
curves and AUCs revealed that miR-183, miR-182, miR-141, and
miR-21 expressions could be potential diagnostic biomarkers in
CRC patients. The AUC of miR-182 was 0.76 (95% interval of
confidence - ClI: 0.66-0.87; P <.001), the specificity was 80.8%
and the sensitivity was 66.6%. For miR-183, the AUC was
0.85% (95% CI: 0.78-0.94, P <.001), the specificity was 85.0%
and the sensitivity was 80.9%. The AUC for miR-141 was 0.77
(95% CI: 0.62-0.92; P <.001), the specificity was 75%, and the
sensitivity was 84%. The specificity of miR-21 was 87.5%, the
sensitivity was 73.8%, and the AUC was 0.83 (95% CI: 0.73—
0.90; P<.001, Table 5 and Fig. 3). All 4 miRNAs were able to
distinguish tumor tissue from normal mucosal tissues with good
specificity and sensitivity.

4. Discussion

Now-a-days, the dysregulated expression of miRNAs is observed
in almost all types of cancer. This may be attributed to genomic
alterations/mutations, inadequate biogenesis of miRNA, tran-
scriptional disorders, or epigenetic silencing.'”? Predominantly,
miRNAs play an essential role in the post-transcriptional
regulation of gene expression by targeting several oncogenes
or tumor suppressor genes that are critical in the pathogenesis of
cancer.!"8 In CRC, a large variety of miRNAs have been found to
be either upregulated or downregulated in tumor tissues as

compared to healthy tissues. Upregulated miRNAs in CRC
essentially act as oncogenes and are termed “oncomiRs”, while
downregulated miRNAs act as tumor suppressor genes and are
termed ”tsmiRNAs".

Wang et al evaluated the expression of 3 miRNAs (miR-34a,
miR-155, and miR-200c¢) in 109 pairs of tumor and non-tumor
tissues using qRT-PCR. They found that the selected miRNAs
were overexpressed in most cases of CRC.['?! Al-Sheikh et al
investigated the expression of 4 mature miRNAs (miR-145, miR-
195, miR-29, and miR-92) in the plasma and tissues of a group of
20 patients with CRC using qRT-PCR.?"! In a study conducted
by Ahmed et al when compared with 27 healthy control patients,
upregulated patterns of miR-92a and downregulated patterns of
miR-375 and miR-760 were found in the sera of 64 CRC
patients.'*!! Similarly, in the present study, we demonstrated that
the expression profiles of miRNAs were significantly altered in
the selected group of Romanian CRC patients. This was
determined using the TagManMGB qRT-PCR method. More-
over, 5 miRNAs namely miR-21, miR-141, miR-182, miR-183,
and miR-370, showed increased expression, while 6 miRNAs,
namely miR-30c, miR-144, miR-375, miR-195, miR-214, and
miR-299 showed significantly lower expression in the CRC than
in the NATS. It should be noted that other studies previously
revealed expression profiles of miRNAs species examined in
CRC.?>281 In the present study, we focused our attention on

Receiver operating characteristic (ROC) analysis of selected miRNAs in CRC.

miRNAs AUC 95% CI° P value Youden J index Cut-off value Sensitivity Specificity PPV % NPV %
miR-183 0.85 0.78-0.94 <.001 0.65 >4.70 80.95 85.00 92.68 81.71

miR-182 0.76 0.66-0.87 <.001 0.46 >5.44 66.75 80.89 70.73 87.56
miR-141 0.77 0.62-0.92 <.001 0.59 >2.08 84.00 75.00 58.54 73.17
miR-21 0.83 0.73-0.90 <.001 0.61 >3.68 73.81 87.50 71.95 78.05

/jUC = area under the curve, NPV = negative predictive value, PPV = positive predictive value, ROC = receiver operating characteristic.

~ Confidence interval; Youden J = sensitivity + specificity — 100.
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Figure 3. The miR-182, miR-183, miR-141, and miR-21 expressions levels as potential biomarkers in CRC diagnosis. Receiver operating curve (ROC) analyses
were generated from 82 patients had a value of the area under the curve (AUC) for miR-183 of 0.85 (sensitivity: 80.95%, specificity: 85%; P < .001), for miR-182,
miR-141, and miR-21, the AUC were 0.76 (sensitivity: 66.75%, specificity: 80.89%; P <.001), 0.77 (sensitivity: 84%, specificity: 75%, P <.001), and 0.83

(sensitivity: 73.81%, specificity: 87.50%; P <.001), respectively.

miR-21, miR-141, miR-183, and miR-182, which are positively
correlated with clinicopathological features. In addition, ROC
curves analysis revealed that they could function as potentially
useful diagnostic tools in differentiating between colorectal
cancer tissue and adjacent non-cancerous tissues.

miR-21 is regarded as an oncomiR and is frequently overex-
pressed in many types of solid tumors, including CRC.!**! Slaby
et al, indicated that the presence of increased levels of miR-21
correlated significantly with clinicopathological features, includ-
ing lymph node involvement and the development of distant
metastases. This indicated a potential role for miR-21 in
initiating, progressing and metastasizing CRC.!"3! Overexpres-
sion of miR-21 may increase cell proliferation, migration,
invasion and survival in a variety of cancer cell lines through

the targeting and repression of the expression of several tumor
suppressor genes. These include programmed cell death4
(PDCD4), phosphatase and tensin homolog (PTEN), cell division
cycle 25 homolog A (Cdc25a), reversion-inducing cysteine-rich
protein with kazal motifs (RECK), and tropomyosin 1
(TPM1).3934 Upregulation of miR-21 has been demonstrated
to promote metastasis, invasion and intravasation in CRC cells
through the repression of the PTEN/PI-3K/Akt signaling
pathway.*!

Our findings demonstrated that miR-21 levels were signifi-
cantly upregulated in CRC tissue than in paired NATS, and
Pearson statistical analysis revealed a marked correlation
between the expression of miR-21 and the depth of tumor
invasion (r—0.41; P<.001), lymph node metastasis (r—0.71;
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P<.001), and the development of distant metastasis (r —0.54;
P <.001). Moreover, the analysis of the ROC curve revealed that
the miR-21 expression level could discriminate between CRC and
NATS with a sensitivity of 73.8 %, specificity of 87.5%, positive
predictive value (PPV) of 71.9% and negative predictive value
(NPV) of 78% at a cutoff value greater than 3.68 (P <.001). All
of these are in accordance with prior studies.[>¢77]

miR-141 is part of the miR-200 family, which includes the
following 4 members: miR-200a, miR-200b, miR-200c¢, and
miR-429. The miR-200 family is organized into 2 clusters with
different genomic loci localizations. Cluster 1 (miR-200a, miR-
200b, and miR-429) are located on chromosome 1 (1p36.3),
whereas cluster 2 (miR-200c and miR-141) are located on
chromosome 12 (12p.13.3).°%) Previous studies have demon-
strated the role of the miR-200 family in cancer where they are
associated with tumorigenesis and the progression of various
types of human malignancies.**~*! Downregulation of miR-141
and miR-200b regulates the epithelial to mesenchymal transition
(EMT) by directly targeting the zinc finger E-box-binding
homeobox factors (ZEB1/2), which are repressors of E-cadherin
and vimentin transcription.'*?! miR-141 as part of the miR-200
family is dysregulated in various types of human malignancies.
This demonstrates the dual role it can play in carcinogenesis,
where it can either act as an oncogene or a tumor suppressor gene.
Previous studies have shown that miR-141 and miR-200c are
highly expressed in the plasma of patients with CRC (n=354) and
that miR-141 levels are increased in patients with liver metastases
compared to non-metastatic patients. This suggests that the
expression of miR-141 may be used as an indicator of CRC
metastasis.'*?! In another study, Cheng et al demonstrated that an
increased plasma level of miR-141 in 102 patients with stage IV
CRC was associated with poor survival. In addition, they found
that miR-141 may be a new, useful, non-invasive biomarker in
the detection of CRC with distant metastases.**!

In the present study, miR-141 expression was shown to be
significantly upregulated in CRC compared to NATS, and its
expression was increased in patients in stage M1 relative to those
in stage MO (r—0.36; P=.019). Since increased expression of
miR-141 is associated with an epithelial phenotype, it can be
assumed that miR-141 expression varies at different stages of
carcinogenesis, increasing in primary tumors, and decreasing
during the metastatic process when cells acquire mesenchymal
characteristics. It may be overexpressed again in metastases
where the cells again exhibit epithelial features.**! Furthermore,
the miR-141 expression level at a cutoff value greater than 2.08
(P<.001) could discriminate between tumoral tissue and NATS
samples among CRC patients with a sensitivity of 84% and
specificity of 75%, PPV of 58%, and NPV of 73.1%.

miR-182 and miR-183 belong to the miR-183-96-182 family,
which is a highly conserved polycistronic cluster across species
and is located within a 5-kb region on chromosome 7q32.2.14¢!
Either individually, or as a cluster, expression levels of the miR-
183 family have been demonstrated to be deregulated in diverse
types of malignant tumor. In CRC, the miR-183 family is
overexpressed and acts as an oncomiR cluster by promoting cell
proliferation, inhibition of apoptosis, accelerated tumor progres-
sion and metastasis, with phenotypes that are essential for
carcinogenesis.*”! Elevated levels of miR-183 were found by
Zhou et al, in 94 CRC specimens relative to their adjacent normal
pairs. In relation to clinicopathological features, in the same
study, the authors demonstrated that increased expression of
miR-183 tends to correlate with lymph node metastasis, depth of

Medicine

tumor invasion, and distant metastasis, suggesting that miR-183
could be considered a promising biomarker for the prognosis or
the aggressiveness of CRC.[*#!

Similarly, in this study, we found that miR-183 expression was
significantly upregulated in CRC relative to NATS, in accordance
with prior authors.*”=°! Furthermore, our data showed that
increased levels of miR-183 were correlated with advanced
clinical stage T (r — 0.36; P=.019), lymph node involvement (r —
0.65; P<.001), and distant metastases (r—0.63; P<.001) in
CRC patients. Moreover, miRNA-183 presented the best
diagnostic performance in discriminating CRC tissue from
NATS at a cutoff value greater than 4.70 (P<.001) with a
sensitivity of 80.8% and specificity of 85%, PPV of 92.6%, and
NPV of 81.7%.

miR-182 is involved in several key steps of tumorigenesis,
including EMT, cell cycle regulation, proliferation, survival,
migration, aggressiveness, and drug resistance.’' 2! A study by
Hui et al, showed that the expression of miR-182 is higher in
CRC compared to adjacent noncancerous tissues, and its
overexpression correlates positively with the TNM stage, lymph
node metastasis and tumor size, representing an independent
prognostic factor for CRC patients.”3! In this study, miR-182
was also found to be upregulated in the CRC samples and the
higher expression was positively correlated with the advanced
clinical stage T (r — 0.34; P=.029), with lymph node involvement
(r—0.62; P<.001) and with distant metastases (r—0.63;
P<.001). In addition, miR-182 at a cutoff value higher than
5.44 (P<.001) could predict patients with tumoral status from
those with non-tumoral status among CRC patients with a
sensitivity of 66.6% and specificity of 80.8%, PPV of 70.7% and
NPV 87.5%. This finding agrees with those of prior authors.**

miRNAs have some features that make them attractive as
biomarkers of malignancy, offering new opportunities for
improving diagnosis, prognosis, and the management of CRC.
Their suitability includes the altered expression of miRNAs in
malignant vs normal tissue, their ability to resist degradation by
endogenous ribonuclease, their ease of quantitation using several
methods (e.g., qRT-PCR, microarray, or sequencing technology),
and especially their differentiated expression in different types of
tumor.’*! Furthermore, the ROC curve analysis demonstrated
that miR-21, miR-183, miR-182, and miR-141 are useful tools
for differentiating between tumor samples and normal adjacent
tissues in CRC patients, with a sensitivity of between 66.7% to
84.0% and a specificity between 75.0% to 87.5%, suggesting the
clinical relevance of these biomarkers.

Nevertheless, this study has several limitations. First of all, the
small number of patients enrolled. Second, all selected humans
miRNAs were based on a review of literature, and perhaps other
miRNAs may be more prominently deregulated in Romanian
patients. Third, the panels of miRNAs were investigated only in
tumor tissue samples, without matching their expression in sera
samples so as to ensure dysregulated expression pattern in both
tissues and sera. The fourth limitation is represented by
normalization strategies based on endogenous miRNAs control.
In the present study we used a combination of 2 careful selected
controls (miR-2b and miR-92N), which we consider to reduce the
effects of intra- and inter-variability in the gRT-PCR assay.

5. Conclusions

In conclusion, the present study demonstrated that the selected
miRNAs species were shown to be differently expressed in
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colorectal cancer tissue as compared to normal adjacent tissue
samples in a cohort of 82 Romanian patients. Furthermore,
altered expression levels of 4 miRNAs genes (miR-21, miR-141,
miR-182, and miR-183) in CRC varies at different stages of CRC
development. In addition, evaluating expression of these 4 genes
in tumor tissue could be a valuable tool in the diagnosis of
Romanian patients with colorectal cancer. Therefore, further
investigations are needed to confirm our findings.
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