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ARTICLE INFO ABSTRACT

Keywords: The current study was purported to assess the: (i) in vitro toxicity of betulin silver nanoparticles (AgNPs-B), bare
Betulin silver nanoparticles and capped with polyethylene glycol (PEG), on two murine melanoma cell lines (B164A5 and B160va) and on
Melanoma

healthy cell lines (keratinocytes and melanocytes), and (ii) in vivo antitumor efficacy of PEGylated AgNPs-B in an
experimental melanoma model. Bare and PEG-capped AgNPs-B were synthesized by a chemical reduction
method resulting in stable and non-aggregated spherical AgNPs-B and PEG-AgNPs-B, of narrow size distributions
and mean hydrodynamic diameters of 25 nm and 75 nm, respectively. In vitro assessments were achieved by MTT
and Annexin V-FITC assays and in vivo evaluation involved non-invasive techniques for the surveillance of the
physiological skin parameters changes and histopathological examination of the harvested organs. The in vitro
results revealed selective cytotoxicity against melanoma cells, at low doses that are nontoxic to normal cells;
higher doses were associated with the loss of selectivity and toxicity for healthy cells. PEGylated formulation of
betulin exerted a dose-dependent pro-apoptotic effect, more obvious in the case of B164A5 cells.
Histopathological analysis suggested that PEGylated AgNPs-B developed relevant in vivo effects as antimelanoma
agents by decreasing the tumor volume and inhibiting the development of secondary tumors.
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Histopathological assessment
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1. Introduction melanoma, respectively, if treated by systemic interventions which are

aggressive and partially efficacious with the remark that for stage IV

Melanoma is considered a multietiologic disorder and a major
health problem worldwide in the light of an increased incidence, ag-
gressiveness and high costs needed for prevention, diagnosis and
treatment. Although it is less common compared to other skin cancers,
melanoma is the most aggressive among all types of cutaneous cancer
and the survival rate depends on several factors (stage, age, sex etc.).
Moreover, it proved to have an advanced metastatic potential and a
significant resistance to chemotherapy leading to a high death rate [1].
More than 90% of deaths from skin cancers are caused by melanoma.
To give an overview of the respective survivals rates: nearly 100%
survival at 10 years if identified in early stages and treated by surgical
excision; 63 and 50% survival after 10years, for stage III and IV

* Corresponding author.

melanoma the average survival time is 9 months [2,3]. The risk of de-
veloping the disease is related to both genetic/phenotype and en-
vironmental/exposure factors, such as: sun exposure, pigmentary
characteristics (hair, eye, and skin color), number of naevi, im-
munosuppression, family history of melanoma, and environmental ex-
posures [4].

At present, five types of standard treatment are approved and ap-
plied for melanoma patients, namely: surgery, radiation, chemo-, im-
mune-, and targeted therapies, which despite countless discoveries
about melanoma treatment, remain aggressive, laborious and very ex-
pensive [5,6]. Melanoma has been the prime example of successful
therapies with so-called check-point inhibitors in recent years,
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comprising antibodies towards immune suppressive, co-inhibitory
membrane molecules like CTLA4 and PD-L1 [7,8]. Nevertheless, albeit
the results are promising, the percentage of cancer patients responding
to treatment is limited. Moreover, as with conventional, synthetic/
chemical drugs used for melanoma, the immune check-point inhibitor
treatment is hampered by multiple serious side effects and resistance
[9]. Therefore, thorough studies with reference to biologically active
compounds of natural origin remain of high interest. This type of
compounds has several advantages as low or devoid of toxicity, low cost
and frequent use in the form of natural medicines or dietary supple-
ments [6]. Also, these compounds exhibited adjuvant properties that in
combination may support re-activation of anticancer immunity [10].

Betulin [betulinol, lup-20(29)-ene-33,28-diol] belongs to the class
of pentacyclic triterpenes and is the predominant compound of the
outer bark of the Betula birch tree with notable biological properties,
such as anti-cancer, anti-bacterial, anti-inflammatory, anti-fungal, and
anti-viral, effective on lesions and severe skin damage, as both pro-
phylactic and curative agent [11]. Its activity related to skin diseases is
outstanding mostly due to the multitargeted mechanism of action, as
follows: (i) acts as a suppressor of superoxide generation preventing
tyrosyl phosphorylation of a 45 kDa-protein in human neutrophils, (ii)
targets membrane melanocortin receptors which are expressed in the
skin as well as in melanoma and immune cells and (iii) exerts inhibitory
activity against different melanoma and skin cancer cell lines and anti-
angiogenic activity [1,12]. Despite these beneficial properties, the use
of betulin in vivo is restricted due to some major disadvantages namely
reduced solubility and stability [12,13]. Finding suitable formulations
to increase the solubility and stability of this molecule without affecting
its pharmacological properties is still a challenge for researchers in the
field.

Metallic nanoparticles, recognized as “theranostic” compounds due
to their ability to exert diagnostics and treatment properties, represent
a solution for stabilizing and targeting biologically active molecules.
Silver nanoparticles (AgNPs) possess prophylactic environmental and
antibacterial effects and were proved to have anticancer effects, due to
the capacity to generate DNA damage, chromosomal aberrations, cell
cycle arrest, oxidative stress, apoptosis and necrosis [14,15]. Pinzaru
et al. obtained both, stable, non-aggregated spherical silver nano-
particles and PEGylated silver nanoparticles (PEG-AgNPs) to use them
as carriers for agents with low aqueous solubility administered in skin
pathologies and had proven that these formulations are applicable in
certain doses on biological studies [15].

Preclinical studies aiming to understand the etiology and mechan-
isms involved in the occurrence and progression of malignant diseases
and to assess the effectiveness of new therapies imply most frequently
xenograft, syngeneic, and genetically engineered animal models [5,16].
Transplantable murine melanomas are well-established tools for the
assessments of different compounds with anti-cancer properties. B16 is
a murine melanoma cell line obtained for the first time in 1954 in
Jackson Laboratories in Maine from a malignant melanocytic tumor
developed spontaneously in a C57BL/6 mouse, marking the starting
point for the generation of other B16 sublines. B16 melanoma 4AS5 is
one of the most widely used cell lines for the murine melanoma model,
presenting fibroblast-like characteristics and the ability to produce
melanin [16-18]. Murine B160va melanoma cells (H2-Kb) are derived
from a B16.F1 clone transfected with a pcDNA3.1ova plasmid [19,20].

The research presented here provides relevant data considering: (i)
the development and characterization of betulin-loaded, bare and
PEGylated silver nanoparticles, (ii) evaluation of the cytotoxic and anti-
proliferative properties of the compounds on normal keratinocytes and
melanocytes and on tumor cells (B16 melanoma 4A5 and B160va), and
(iii) assessment of the in vivo behavior of PEGylated formulations (with
and without betulin) on a murine melanoma model based on skin
parameters and histopathological analysis.
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2. Materials and methods
2.1. Reagents and cell lines

The reagents used in the present study, such as: silver nitrate
(Merck, Germany), trisodium citrate (Sigma-Aldrich, Germany), sodium
lauryl sulfate, (Acros Organics, Belgium), polyethylene glycol (PEG-
400) (Sigma-Aldrich, Germany), and betulin (Sigma-Aldrich, Germany)
were of analytical grade and used without any purifying step. Solvents
utilized throughout the experiments were Milli-Q water, methanol and
dimethyl sulfoxide — DMSO (Sigma Aldrich, Germany). The highest
concentration of DMSO in the medium did not exceed 0.1% and had no
influence on the parameters evaluated in all experiments presented.

The reagents applied for the in vitro tests were acquired from Sigma
Aldrich (Munich, Germany): fetal calf serum (FCS), saline phosphate-
buffered (PBS), penicillin/streptomycin mixture, trypsin-EDTA solu-
tion, from Gibco (Karlsruhe, Germany): Dulbecco's Modified Eagle's
Medium (DMEM), HEPES 4-(2-hydroxyethyl)-1 piperazine-ethane-sul-
fonic acid, and from ATCC (American Type Culture Collection): Dermal
Cell Basal Medium and Adult Melanocyte Growth Kit. The MTT Cell
Proliferation Assay Kit was purchased from Roche Applied Science
(Mannheim, Germany), Annexin V-fluorescein from ImmunoTools
GmbH (Oldenburg, Germany), 7-Amino-actinomycin D (7-AAD) from
eBioscience (Germany), and staurosporine from LC Laboratories
(Woburn, USA).

The cell line B16 melanoma 4A5 was purchased from Sigma-Aldrich
Chemie GmbH (Munich, Germany) (94042254) and the cell line
B160va was received as a gift from Prof. Dr. Med. Heinfried Radeke,
Department of Pharmacology, Immunology, Universitdtsklinikum
Goethe, Frankfurt, Germany. The healthy cell lines: HEMa — primary
epidermal melanocytes (ATCC® PCS-200-013™) and HaCat - im-
mortalized human keratinocytes were obtained from ATCC.

2.2. Preparation and physicochemical characterization of silver colloids

AgNPs were prepared using a slightly modified Turkevich’s process
[21]. Briefly, an aqueous solution of silver nitrate (1 mM) was added
under continuous stirring to a solution of trisodium citrate (0.4 mM)
and sodium lauryl sulfate (0.5 mM) over a period of 30 min, and the
reaction mixture was kept at temperature until the formation of a
yellow pale characteristic color. An aqueous solution of polyethylene
glycol (PEG 400) was dropped under continuous stirring to the AgNP
colloid, to obtain PEG-capped AgNPs. Bare or PEG-capped betulin AgNP
colloids (AgNPs-B and PEG-AgNPs-B) with a final concentration of
0.02mM have been synthetized by adding dropwise and with con-
tinuous stirring a liquid form of betulin in methanol to the previously
obtained AgNP and PEG-AgNP colloids. The resulting colloids were
kept at cold and were protected from light.

To confirm the formation of nanoparticles, standard physicochem-
ical measurements such as UV-Vis absorption spectrophotometry (Cary
60 UV-Vis spectrophotometer, 200-600 nm domain) and Raman spec-
troscopy (LabRam HR 800 system, confocal Raman microscope — BX41,
a 50x Olympus objective, a He-Ne laser, 15 mW output, a thermoelec-
trically cooled CCD camera) were carried out. The morphology, di-
mensions and stability of AgNPs were assessed by TEM (FEI Tecnai 12
Biotwin microscope) and zeta analysis (Zetasizer Nano ZS system,
Malvern Instruments, Malvern, UK).

2.3. Drug loading capacity and encapsulation efficiency

A betulin solution in methanol (1 mM) was prepared, analyzed by
UV-Vis spectrophotometer (Cary 60 UV-Vis spectrophotometer,
190-400 nm domain) and used as control. The substance showed a
maximum absorption wavelength at 210 nm and the calibration curve
was achieved by applying various dilutions (in the range 0.05-0.5 mM).
The drug loading capacity, corresponding to AgNPs-B and PEG-AgNPs-
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B, respectively, in a mass ratio of 1:1, was determined by two methods:
(1) indirectly, by assessing the drug content in the supernatant and (2)
directly, by evaluating the drug content present in the drug sediment
resulted after centrifugation. The drug concentration either in the su-
pernatant or in the re-dispersed drug sediment was determined at
210 nm wavelength.

The drug loading capacity (LC) and encapsulation efficiency (EE)
were calculated by the following formulas [22].

W - W

Loading efficiency (LC) = ———— x 100%
Whap (€))

Encapsulation efficiency (EE) = W= W X 100 %
Wi (2)
were:
Wnyp = quantity of silver nanoparticles added
W, = total amount of drug added
W, = drug quantity in the supernatant, spectrophotometrically de-
termined

2.4. Cell culture

The B16 melanoma 4A5, B160va and HaCat cells were cultured in
specific culture medium — Dulbecco’s modified Eagle Medium (DMEM)
supplemented with 2% Hepes 4-(2-hidroxietil)-1-piper-
azineethanesulfonic acid, 2mM L-glutamine, 1% penicillin/strepto-
mycin 10,000 Ul/mL and 10% fetal calf serum (FCS). HEMa cells were
cultured in Dermal Cell Basal Medium supplemented with an Adult
Melanocyte growth kit, 1% penicillin/streptomycin mixture and 1%
FCS. Cells were kept in a humidified atmosphere with 5% CO, at 37 °C
and were passaged every other day. Countess™ II Automated Cell
Counter and Trypan blue were used to establish the number of cells for
the tests.

2.5. Cell viability and proliferation assays

The viability test applied in the present study was MTT (3- (4,5-
Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay. B160va
and B16 melanoma 4A5 cells (6 x 10° cells/well) were seeded in a 96
well microplate (100 pL/well) using DMEM with 10% FCS and allowed
to attach. In the case of HaCat and HEMa cells, 10* cells/well was
considered to be the optimum number based on previous tests [15,23].
After 24 h, a new medium containing 1% FCS (100 pL/well) was added
and the cells were stimulated with different concentrations of the tested
compounds (0, 0.5, 1, 5, 15, 30, 50 and 100 uM) for 72h. The MTT
reagent (10 puL) was added and incubated for 4 h. The resulting purple
crystals were dissolved in a solubilization buffer (100 pL/well) and the
samples were spectrophotometrically analyzed at 570 nm, using a mi-
croplate reader (SpectraMaxMb5e). The data were presented as the mean
% of viable cells compared to the control + SD, n = 3 for each con-
centration. Betulin was considered as positive control using the same
concentrations as test compounds. The ICsy value was calculated using
GraphPad Prism version 5.00, GraphPad Software.

Apoptosis was evaluated by using Annexin V-FITC staining. The
cells were cultivated for 24 h with different concentrations between 0.5
and 100 uM of test compounds (silver colloids). A number of 1 X 108
cells were incubated with 5 pL of Annexin V-fluorescein and 5 pL of 7-
Amino-actinomycin D (7-AAD) in a scheduled buffer for 15 min and
then analyzed by flow cytometry on FACS Canto II system (BD
Biosciences, Heidelberg, Germany) using a FACS DIVA device. The
DMSO treated cells were used as negative control, and the cells treated
with 500 nM staurosporine were used as positive control.

2.6. In vivo toxicity protocol

To obtain the murine melanoma model, C57BL/6J adult female
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mice (12-14 weeks, weight: 23 = 2 g, from Charles River Laboratory,
Budapest, Hungary) and murine B16 melanoma 4A5 cells were used.
The animals were acclimatized to the laboratory conditions for 14 days
before the experiment, being hosted in the University animal facility in
compliance with standard conditions: a 12 h light/12 h dark cycle, food
and water ad libitum, ambient temperature between 22 and 24 °C, and
humidity around 55%. The experiments were conducted in agreement
with the European Directive 2010/63/EU, the AVMA Guidelines for the
Euthanasia of Animals (2013 Edition) and the National Law 43/2014
regarding the protection of animals used for scientific purposes and
were approved by the University Research Ethics Committee.

The experimental protocol comprises three stages: (a) preparation of
B16 melanoma 4A5 cell suspension, 1 X 10° cells/100 L of PBS/mice,
(b) subcutaneously administration of cell suspension in the mice hair-
depilated dorsal area and (c) treatment of mice with PEGylated silver
colloid suspensions after tumor appearance. The B16 melanoma 4A5
cells were cultured in the similar manner as described above in the cell
culture paragraph. The mice were divided in four groups (n = 6 mice/
group): group 1 — control group (no interventions were applied); group
2 — mice inoculated with B16 melanoma 4A5 cells; group 3 — mice in-
oculated with B16 melanoma 4A5 cells and administered 6 doses of
PEG-AgNPs, 10 mg/kg body weight, group 4 — mice inoculated with
B16 melanoma 4A5 cells and administered 6 doses of PEG-AgNPs-B,
10 mg/kg body weight, at every two days. The mice were monitored
daily, and the tumor volume was measured with a caliper and calcu-
lated using the formula V = ba?/2, where a represents the tumor width
and b the tumor length.

2.7. Non-invasive assessment

Changes in skin physiological parameters were evaluated using a
Multiprobe Adapter System, MPA5 (Courage-Khazaka, Germany), fitted
with a specific probe for each parameter, as follows: skin hydration —
Corneometer CM 825 (Courage-Khazaka, Germany), transepidermal
water loss — Tewameter® TM300 probe (Courage-Khazaka, Germany),
and melanin and erythema - Mexameter® MX 18 (Courage-Khazaka,
Germany). The skin measurements were done in triplicate every three
days.

2.8. Histopathological evaluation

At the end of the experiment, the mice were euthanized under an-
esthesia followed by cervical dislocation. The techniques used to eu-
thanize the mice were in agreement with AVMA Guidelines for
Euthanasia. Clinically normal skin, cutaneous tumor and several organs
(heart, kidney, liver, lung, and spleen) were harvested from all animals,
weighed, fixed in 4% v/v buffered formaldehyde and embedded in
paraffin. Sections of 3 uM thickness were obtained using a Leica rotary
microtome RM2255 and dyed with hematoxylin and eosin (H&E) using
the standard histopathological method. Microscopic observations were
made using a Leica light microscope DM750 and images were captured
using a Leica DMShare System.

2.9. Statistical analysis

Origin 8, Graph Pad Prism 5, and Flow Jo (7.6.5) were employed for
the description and performance of the data. One-way ANOVA followed
by the Bonferroni test was used to determine the statistical differences
between the various experimental and control groups. Significant re-
sults (p < 0.05) between the different groups were denoted as follows:
“forp < 0.05, " forp < 0.01and " for p < 0.001. The results were
expressed as the means * standard deviation.

2.10. Compliance with ethics requirements

Researchers involved declare that the experiment implying animals
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Fig. 1. TEM images of the silver nanoparticles: (a) AgNPs, (b) AgNP-B, (c) PEG-AgNP and (d) PEG-AgNP-B. Scale bars are 500 nm.

for scientific purposes complied with the related legislation; this pro-
tocol was analyzed and approved by the Ethics Committee of the
“Victor Babes” University of Medicine and Pharmacy Timisoara,
Romania.

3. Results
3.1. Physicochemical characterization

Both AgNPs-B and PEG-AgNPs-B were successfully synthetized and
characterized. Particle size analysis showed that the silver colloids
obtained had broad size distribution (AgNPs-B) and some narrow size
distributions (PEG-AgNPs-B) with mean hydrodynamic sizes around
25nm and 75nm, respectively. TEM images demonstrated that the
majority of AgNPs were spherical and multifaceted (Fig. 1).

The electrostatic stabilization of betulin-loaded, bare and PEGylated
silver nanoparticles was evaluated by measuring their zeta potential
values. Zeta potential value was found to be in the range of —37.3
(AgNPs) mV to —27.4 (PEG-AgNPs-B) for silver colloids with an
average size between 25 and 75nm (Fig. 2). This can be assigned to
extremely high surface energies of nanoparticle suspensions tested in
cell medium.

Changes in the profile of the localized surface plasmon resonance
(LSPR) peak of AgNPs demonstrate adsorption of betulin to nanosilver
surface (Fig. 3). DMSO and water vibrational modes were present in all
samples. Vibrational modes characteristic to PEG were observed in all
Raman spectra of PEG-AgNPs samples at 830, 1065, 1126, 1244, 1283,
1470, and 2877 cm ™~ ' suggesting the PEGylation of AgNPs, while peaks
attributed to betulin were detected in both AgNPs and PEG-AgNPs
samples at 760, 900, 1018, and 1384 cm ™! [24-26] (Table 1, Fig. 4).
The experimental and theoretical FT-Raman spectra of free betulin were
performed during the present experiment (Fig. 5), being also described

thoroughly in a previous study conducted by our group [25] and in-
dicate that betulin was adsorbed onto AgNPs and PEG-AgNPs surface
through the —COO ™ group. This is confirmed by: (a) the appearance of
a new Ag-O stretching mode at 236-238 cm ™! [24,26] and (b) the band
at 1524 cm ™! characteristic to the —COO ™~ functional group adsorbed
to the silver surface [24,26].

Drug delivery represents a process which is directly dependent on
loading capacity, also known as payload efficiency. As presented in
Table 2, results showed that both methods employed for LC determi-
nation provided fairly similar values for both formulations AgNPs-B and
PEG-AgNPs-B, respectively.

3.2. Cells viability assessment — MTT

In order to assess the effects induced by AgNPs-B and PEG-AgNPs-B
on B16 melanoma 4A5 and B160va murine melanoma cells viability,
dose-response experiments were conducted employing various con-
centrations (0, 0.5, 1, 5, 15, 30, 50 and 100 uM) in a 72h exposure.
Betulin, the positive control was also tested in the same experimental
conditions, and the results obtained for test compounds (AgNPs-B and
PEG-AgNPs-B) were statistically analyzed in rapport with the results of
betulin. Betulin proved to be highly toxic for B16 melanoma 4A5 cells
at concentrations > 15 uM leading to a viability rate lower than 9%
(ICso value = 4.269 uM), the effect being dose-dependent. A similar
effect was induced by betulin in the case of B160va cells with an ICsq
value of 3.89 uM (Fig. 6).

The AgNPs-B formulation exerted a strong decrease of B16 mela-
noma 4A5 living cells percentage even at concentrations as low as 1 yM
(around 60%). The decrease induced by AgNPs-B was dose-dependent,
concentrations higher than 50 uM being extremely toxic for the cells
leading to a viability rate of 5% (Fig. 6). The ICs, value was 0.9301 M,
a value lower than the one obtained for betulin (4.269 uM), what
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Fig. 2. Zeta potential values recorded for betulin-loaded, bare and PEGylated silver nanoparticles.

proves the potent inhibitory effect of AgNPs-B on B16 melanoma 4A5
cells viability. The evaluation of bare AgNPs also showed a reduced
viability percentage, but the viability rate (%) of B16 melanoma 4A5
cells started to significantly decrease at concentrations higher than
15 uM, whereas the highest concentration tested — 100 uM affected al-
most all cells (4.592 + 1.62% viable cells). The ICsq value calculated
for AgNPs was 70.81 uM (Fig. 6). The B160va cells seemed to be less
sensitive to the effect of AgNPs-B; the calculated ICs, value was
20.26 uM, a value higher as compared to the ICsy value recorded for
betulin (3.89 uM), even though the media percentages of viable cells at

AgNPs-B
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low concentrations — 0.5 and 1 M were more reduced as compared to
the ones recorded for B16 melanoma 4AS5 cells (0.5 pM: 95.176 *= 3.88
vs. 53.125 + 3.64 and 1uM: 62.163 = 4.02 vs. 49.503 + 6.85, re-
spectively). AgNPs induced a decrease in living cells percentage in the
case of B160va cells similar to the one recorded for B16 melanoma 4A5
cells, the calculated ICsy value was 73.07 uM with a significantly re-
duced percentage of viable cells at 100 uM (6.75 * 2.99% viable cells)
(Fig. 6).

PEGylated formulation of AgNPs-B induced a significant reduction
of both B16 melanoma 4A5 and B16Ova living cells percentage with

PEG-AgNPs-B
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Fig. 3. UV-Vis absorbance spectra of diluted colloid samples (1:10 v:v in water) obtained with a Cary 60 UV-Vis spectrophotometer (600 nm min ' scan rate). Insets

show the 300-600 nm spectral range with no dilution.
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Table 1
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Tentative assignments of fingerprint Raman bands of colloidal betulin silver nanoparticles compared to the literature.

Experimental Raman modes (cm ™) Samples

Literature Raman Shift (cm™?) Tentative assignment

238-243 AgNPs, AgNPs-B, PEG-AgNPs, PEG-AgNPs-B
756-760 AgNPs, AgNPs-B, PEG-AgNPs
894-901 AgNPs-B, PEG-AgNPs, PEG-AgNPs-B
924-933 AgNPs-B, PEG-AgNPs, PEG-AgNPs-B
1015-1022 AgNPs-B, PEG-AgNPs-B

1375-1384 AgNPs-B, PEG-AgNPs, PEG-AgNPs-B
1534-1548 AgNPs-B, PEG-AgNPs-B

1599-1603 PEG-AgNPs-B

1631-1639 AgNPs-B, PEG-AgNPs

1703-1717 AgNPs-B, PEG-AgNPs, PEG-AgNPs-B
2808-2810 AgNPs-B

242 [24] AgsbnCl, AgsbnO
739 [24] COO~ bend
883 [26,27] CsbnH deformation

910 [24], 913 [25]
1018 [25], 1017 [26]
1367, 1373 [24]

CH,, CHj3 rocking
p(CH3) + p(CH,) + 7 (C16Ha0Hz21) + 3(CH)
CH, bend, v,(CO0)

1524 [26] —COOH

1606 [24] C=C stretch
1636 [24] C=0 stretch
1705 [24] COO " stretch
2800 [28] C—H stretch

ICsp values of 2.47 uM and 5.74 uM, respectively (Fig. 7). These results
indicate a stronger effect of PEG-AgNPs-B against B160va cells as
compared to AgNPs-B formulation (ICs, values: 5.74 vs. 20.26 pM), and
a similar one in comparison with betulin (ICso value = 3.89 uM). In the
case of B16 melanoma 4A5 cells both formulations were more potent
than betulin (0.9301 and 2.47 vs. 4.269 uM). The dose-response tests
revealed a dose-dependent decrease of cell viability, statistically sig-
nificant effects being observed even at the lowest concentration used —
0.5uM (Fig. 7). In the case of bare PEG-AgNPs, the 72h stimulation
decreased considerable the viability of both B16 melanoma 4A5 and
B160va cells in a dose-dependent manner, the calculated ICs, values
were 28.44 and 17 uM, respectively (Fig. 7).

The impact of test compounds (AgNPs-B, AgNPs, PEG-AgNPS-B and

AgNPs-B
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PEG-AgNPs) on cellular viability was also checked in two healthy
human cell lines: HaCat — human keratinocytes and HEMa — primary
human melanocytes, both of these cell types being strongly connected
with the development of melanoma [29]. Our findings indicate that
concentrations higher than 15 uM of AgNPs-B were associated with a
significant decrease of living cells percentage both in the case of HaCat
and HEMa cells; the calculated ICsq values were: 39.73 and 25.72 uM,
respectively (Fig. 8). AgNPs formulations exerted a strong reduction
(over 50%) of cells viability starting with 30 pM in the case of HEMa
cells and at 50 uM for HaCat cells, which indicates a susceptibility of
human melanocytes to AgNPs. The highest concentration used -
100 uM of all test compounds led a very low percentage of viable cells
both for HaCat (around 10%) and HEMa cells (< 1%) (Fig. 8). It was

PEG-AgNPs-B
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Fig. 4. Raman spectra of the colloidal samples acquired with a LabRam HR 800 Raman spectrometer using a 532.134 nm Nd:YAG (a) and 632.8 nm He-Ne (b)

excitation laser and a 20 s acquisition scan averaged over 3 cycles.
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Fig. 5. Raman spectra of free betulin, betulin-loaded, bare and PEGylated silver nanoparticles.
Table 2 HaCat cells; the ICsy values were: 52.98 and 86.83 uM, respectively,

Drug loading capacity for betulin-loaded, bare and PEGylated silver nano-
particles.

Drug-nanoparticle ratio (w:w) LC % (direct method) LC % (indirect method)

AgNPs-B 1:1
PEG-AgNPs-B 1:1

51.7
57.6

2.35
1.23

1.67

53.9 =
+ 1.47

59.5

I+ I+

also verified the effect exerted by betulin on HaCat and HEMa cells
viability after a 72h exposure, and the results indicate a significant
decrease of viability rate at concentrations > 30 uM, at the highest
concentration — 100 uM being recorded a viability percentage lower
than 6%. The ICso values calculated for betulin were 24.70 uM for
HaCat and 21.63 uM for HEMa, respectively, what suggests that AgNPs-
B formulation was less toxic as compared with betulin.

Exposure of HaCat and HEMa cells for 72h to PEGylated formula-
tions of betulin showed a considerable reduction (over 50%) of viable
cells percentage at concentrations > 15 uM for HEMa and > 30 uM for

Betulin Silver Nanoparticles and blank silver nanoparticles vs betulin
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values significantly higher as compared with the ones calculated for
betulin (24.70 uM for HaCat and 21.63 uM for HEMa) what indicates a
reduced toxicity of PEG-AgNPs-B formulation related to betulin (Fig. 9).
The lowest percentage of viable cells was recorded at the highest con-
centration used — 100 pM, and HEMa cells were found to be more
sensitive to the effect of the betulin PEGylated formulations than the
HacCat cells (8.852 = 1.49vs.17.995 + 1.34%). Bare PEG-AgNPs also
presented a significant drop in HaCat and HEMa cells viability (%) at
the highest concentrations used (30, 50 and 100 uM), the ICso values
were: 31.77 and 39.73 pM, respectively (Fig. 9).

3.3. Pro-apoptotic effects of bare and betulin-loaded PEG AgNPs on
melanoma cells

In view of the results mentioned above indicating that PEGylated
formulation of betulin was more effective in decreasing melanoma cells
viability and less toxic against healthy cells (HaCat and HEMa), these
formulations were characterized in terms of pro-apoptotic effects by the

Fig. 6. In vitro cell viability assessment of
AgNPs and AgNPs-B (0.5, 1, 5, 15, 30, 50
and 100 uM) on B164A5 and B160va cells at
72h post-stimulation by MTT assay. The
results are expressed as cell viability per-
centage (%) normalized to control cells. The
data represent the mean values = SD of
three independent experiments performed
in triplicate. One-way ANOVA analysis was
applied to determine the statistical differ-
ences in rapport with betulin followed by
Bonferroni post-test ('p < 0.05,
“p < 0.01,and “p < 0.001).

B164A5 - Betulin
B164A5 - Betulin AgNPs
B164A5 - AgNPs
B160va - Betulin
B160OVA - Betulin AgNPs
B160OVA - AgNPs
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means of flow cytometry using the Annexin V and 7-AAD as markers,
which are frequently applied to differentiate viable (Annexin V nega-
tive/7-AAD negative), apoptotic (Annexin V positive/7-AAD negative),
and demised (Annexin V positive/7-AAD positive) cells. As shown in
Fig. 10 (lowest panel), 72 h exposure of B16 melanoma 4A5 cells to PEG
AgNPs and PEG AgNPs-B caused the following events: (i) a decrease of
viable cells percentage in a dose-dependent manner; (ii) a low per-
centage of early apoptotic cells independent of the concentrations used,
and (iii) an increase in both late apoptotic (Annexin V and 7-AAD
double positive) and necrotic cells populations.

The findings concerning the pro-apoptotic potential of PEG-AgNPs-B
on B160va cells (cells that express at their surface SIINFEKL as antigen
providing OVA peptide-loaded major histocompatibility complex class I
molecules) are displayed in Fig. 11. The highest concentration of PEG-
AgNPs-B, namely 100 pM, induced a high number of total apoptotic
cells. For the other concentrations (0.5, 1, 5, 15, 30 and 50 uM) the
number of total apoptotic cells was linear (dose-dependent), but the
values were lower in comparison with B16 melanoma 4A5 cells. The
observations noted in the case of B16 melanoma 4A5 remain valid for
B160va cells, like: (i) a decrease in the number of viable cells in a dose-
dependent manner; (ii) very low percentages of early apoptotic cells,
and (iii) dose-dependent high percentages of late apoptotic and necrotic
cells, with the mention that PEG-AgNPs-B proved to be active as a pro-
apoptotic agent against B16 melanoma 4A5 cells.

Betulin Silver Nanoparticles and blank silver nanoparticles vs betulin
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Fig. 7. In vitro cell viability assessment of
PEG-AgNPs and PEG AgNPs-B (0.5, 1, 5, 15,
30, 50 and 100 uM) on B164A5 and B160va
cells at 72 h post-stimulation by MTT assay.
The results are expressed as cell viability
percentage (%) normalized to control cells.
The data represent the mean values = SD
of three independent experiments per-
formed in triplicate. One-way ANOVA ana-
lysis was applied to determine the statistical

B160OVA - PEG AgNPs

differences in rapport with betulin followed
by Bonferroni post-test (p < 0.05,
“p < 0.01, and “p < 0.001).

3.4. B16 melanoma inoculation in vivo: non-invasive measurements

Non-invasive measurements were performed to monitor the phy-
siological skin parameters (melanin content, erythema and skin hy-
dration) changes during the in vivo experiment conducted on C57BL/6J
mice inoculated subcutaneously with B16 melanoma 4A5 cells. The
differences within parameters values were depicted in Fig. 12.

A significant difference was recorded in terms of melanin values
between the control group (group 1) and the other groups of mice, in
the range of 90-340 units on a 1000 arbitrary units’ scale; the highest
values being observed at the mice inoculated with B16 melanoma 4A5
cells and without treatment (group 2) (Fig. 12 - (a)). Quantification of
erythema showed that group 4 (inoculated mice treated with PEG-
AgNPs-B formulation) presented the lowest values, whereas in the case
of group 2 (inoculated mice without treatment) and group 3 (inoculated
mice treated with PEG-AgNPs) the values were significantly high as
compared to control group - group 1 (Fig. 12 — (b)). The measurements
for stratum corneum hydration indicated an inverse ratio to erythema,
the lowest values being recorded in group 2 (inoculated mice without
treatment). A decrease of hydration status was also observed in groups
3 and 4, but it was not statistically significant (Fig. 12 - (c)).

Fig. 8. In vitro cell viability assessment of
AgNPs and AgNPs-B (0.5, 1, 5, 15, 30, 50
and 100 uM) on HaCat and HEMa cells at
72h post-stimulation by MTT assay. The
results are expressed as cell viability per-
centage (%) normalized to control cells. The
data represent the mean values + SD of
three independent experiments performed
in triplicate. One-way ANOVA analysis was

HaCat - Betulin
HaCat - Betulin AgNPs
HaCat - AgNPs

HEMa - Betu'!n applied to determine the statistical differ-
HEMa - Betulin AgNPS ences in rapport with betulin followed by
HEMa - AgNPs Bonferroni post-test (p < 0.05,

“p < 0.01,and “p < 0.001).
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3.5. Histopathological evaluation

Skin specimens from control mice showed normal epidermal and
dermal architecture (Figs. 13, 1b) with some mast cells filled with ba-
sophilic granules disposed in the superficial dermis and in the peri-
follicular areas of reticular dermis (Figs. 13, 1a). Kidneys specimen from
control mice showed minimal hyperemia of corpuscle and of peri-
tubular capillaries (Figs. 13, 2a and b). Lungs showed minimal thick-
ening of interalveolar septum (Figs. 13, 3a) and small quantity of in-
flammatory infiltrate in bronchial walls (Figs. 13, 3b). Liver specimens
presented chromophobe vacuoles in hepatocytes, hyperemia of cen-
trilobular venules (Figs. 13,4b) and small quantity of inflammatory
infiltrate in portal spaces (Figs. 13,4a). Heart presented interstitial
edema between striated cardiac muscle cells and hyperemia of small
blood vessels (Figs. 13, 5a and 5b). Spleen specimen examinations re-
vealed normal distribution of white and red pulp, with many mega-
karyocytes and hemosiderin laden macrophages (Figs. 13, 6a and b).

In the group 2 — mice inoculated with B16 melanoma 4A5 — a tumor
was observed in the dermis and subcutis at the end of the experiment; it
was ulcerated (Figs. 14, 1) and presented satellite nodules (Figs. 14, 2).
The malignant melanocytes were epithelioid (Figs. 14, 3-5) and con-
tained variable amounts of melanin. Between malignant cells, areas of
necrosis (Figs. 14, 5) and many hyperaemiated blood vessels were
noted (Figs. 14, 6). There were also observed mast cells filled with
basophilic granules, lymphocytes and macrophages at the invasion
front. No neutrophils and eosinophils were noted between or around
tumor islands (Figs. 14, 7-10). In the tissue surrounding the tumor but
predominantly around the deep seated vascular plexus, many in-
flammatory cells were observed, especially neutrophils (Figs. 14,
11-12).

Kidney collected from group 2 showed minimal deviation compared
to those belonging to the control group (Figs. 15,1a, 1b). Spleen
showed hyperplasia of red pulp and many megakaryocytes (Figs. 15, 2).
Lungs presented small quantities of inflammatory infiltrate in the in-
teralveolar spaces, hyperemia of blood vessels and hemorrhagic al-
veolitis (Figs. 15, 3). Heart specimens exhibited tumor emboli in the
cardiac cavity and some isolated pigmented malignant melanocytes in
the cardiac valves and in the subendocardial layer (Figs. 15, 4a—d).
Liver also displayed inflammatory infiltrates composed of similar
quantity of lymphocytes and macrophages were noted around cen-
trilobular venules and, also in portal space (Figs. 15, 5a, b); hepatocytes
contained intracytoplasmic chromophobe vacuoles similar to the con-
trol group (Figs. 15, 5¢). Very rare cells containing intracytoplasmic
brown pigment were interpreted as metastases (Figs. 15, 5d).

In group 3, that included mice inoculated with B16 melanoma 4A5

HaCat - Betulin

HaCat - Betulin PEG AgNPs
@ HaCat - PEG AgNPs
Bl HEMa - Betulin
Il HEMa - Betulin PEG AgNPs
Bl HEMa - PEG AgNPs by
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Fig. 9. In vitro cell viability assessment of
PEG-AgNPs and PEG AgNPs-B (0.5, 1, 5, 15,
30, 50 and 100 M) on HaCat and HEMa
cells at 72 h post-stimulation by MTT assay.
The results are expressed as cell viability
percentage (%) normalized to control cells.
The data represent the mean values = SD
of three independent experiments per-
formed in triplicate. One-way ANOVA ana-
lysis was applied to determine the statistical
differences in rapport with betulin followed
Bonferroni  post-test ('p < 0.05,
p < 0.01, and “p < 0.001).

s

cells and treated with PEG-AgNPs, the tumor islands were not com-
pacted as observed at previous group (Figs. 16, 1). The tumor was
composed mainly of epithelioid cells, but large areas of fusiform cells
were observed for the first time during the experiment (Figs. 16, 2-3).
The tumor cells contained higher amount of melanin as also observed in
group 2 (Figs. 16, 4). Even so, the tumor cells still presented atypical
mitosis (Figs. 16, 5). The average mitosis number on microscopic field
at high power was two. Moreover, the areas of necrosis were bigger
(Figs. 16, 6). Around the tumor, the mast cells were noted (Figs. 16, 7).
Inflammatory infiltrate contained neutrophils, lymphocytes and mac-
rophages at group 2 also, and the plasma cells were noted for the first
time (Figs. 16, 8-9).

Liver presented moderate quantities of inflammatory infiltrate
around centrilobular venules and none in portal space (Figs. 17, 1a and
b). No chromophobe vacuoles were observed in the hepatocytes. Lung
exhibited more inflammatory infiltrate than the other groups. The in-
teralveolar spaces were wider (Figs. 17, 2). Kidneys showed minimal
structural disruption, with slight hyperemia of corpuscle capillaries
(Figs. 17, 3). Only minimal edema was observed between cardiac stri-
ated muscle, but heavy pigmented malignant melanocytes were noted
in connective tissue of cardiac valve (Fig. 17, 4a—d).

The architecture of spleen seemed to be modified, with no differ-
ences between white and red pulps, because of the increased hemato-
poiesis in sinusoid spaces, and appearance of numerous blasts cells
(Fig. 17, 5a-d).

In group 4, mice inoculated with B16 melanoma 4A5 cells and
treated with PEG-AgNPs-B, the tumors were small and presented large
areas of necrosis (Figs. 18, 1). The remaining tumor areas were com-
posed of epithelioid and fusiform cells, with predominance of the epi-
thelioid cells (Figs. 18, 2). Many malignant melanocytes showed hy-
perchromatic nuclei (Figs. 18, 3). Even if the tumors were smaller than
in previous groups, in the remaining islands, especially in the epithe-
lioid cells, many atypical mitoses were observed. The average mitosis
number was five on microscopic field at high power (Figs. 18, 4).
Around the tumor, many neutrophils, lymphocytes, and macrophages
were observed (Figs. 18, 5). The number of mast cells was smaller than
in the group treated with PEG-AgNPs (Figs. 18, 6).

Liver showed minimal deviation from normal histology (Figs. 19, 1a
and 1b), while kidney showed normal histology (Figs. 19, 2). Heart
showed a small quantity of interstitial edema between cardiac striated
muscle cells (Figs. 19, 3). The spleen structure was entirely perturbed.
The white pulp completely disappeared, being replaced by fibrous
connective tissue. Small number of megakaryocytes was still observed,
and many hemosiderin laden macrophages (Figs. 19, 4a and b). Lungs
showed wide interalveolar septum and emphysema (Figs. 19, 5b). An
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Fig. 10. Representative dot plots of the apop-
totic events induced by PEG-AgNPs and Betulin
PEG-AgNPs in B16 melanoma 4A5 cells after a
72h treatment with: (a) control — OpM, (b)
0.5uM, (c) 1uM, (d) 5uM, (e) 15 uM, (f) 30 uM,
(g) 50 uM and (h) 100 pM. The cells status was
analyzed by a FACS technique where: Q4 - vi-
able cells (negative to Annexin V and 7-AAD),
Q3 - early apoptotic cells (positive to Annexin
V and negative to 7-AAD), Q2 - late apoptotic
cells (positive to Annexin V and 7-AAD) and Q1
- necrotic cells (negative to Annexin V and
positive to 7-AAD). The graph represents the
percentage of B16 melanoma 4A5 in terms of:
living, early apoptotic, late apoptotic and ne-
crotic cells.
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Fig. 11. Representative dot plots of the apop-
totic events induced by PEG-AgNPs and
Betulin PEG-AgNPs in B160va cells after a
72h treatment with: (a) control - un-
stimulated cells (b) 0.5 uM, (c) 1 uM, (d) 5uM,
(e) 15uM, () 30uM, (g) 50uM and (h)
100 pM. The cells status was analyzed by FACS
technique where: Q4 - viable cells (negative to
Annexin V and 7-AAD), Q3 - early apoptotic
cells (positive to Annexin V and negative to 7-
AAD), Q2 - late apoptotic cells (positive to
Annexin V and 7-AAD) and Q1 - necrotic cells
(negative to Annexin V and positive to 7-
AAD). The graph represents the percentage of
B160va in terms of: living, early apoptotic,
late apoptotic and necrotic cells.
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Fig. 12. Evolution of physiological skin parameters during in vivo experiment: (a) melanin, (b) erythema and (c) skin hydration. The data represent the mean
values + SD of three independent experiments performed in triplicate. One-way ANOVA analysis was applied to determine the statistical differences followed by

Bonferroni post-test (p < 0.05, p < 0.01, and ~p < 0.001).

interesting note was the presence of some highly pleomorphic cells with
monstrous nuclei replacing the alveolar cells or resting isolated in the

alveolar spaces (Figs. 19, 5a).

4. Discussion

Betulin, the most abundant pentacyclic triterpene found in the outer

bark of the birch tree, is known for centuries for its healing properties
with a predilection on skin pathologies [30,31]. A recent study asserts
the use of betulin in a randomized phase III clinical trial program,
acting as an accelerator of re-epithelization process in partial-thickness
skin wounds [32]. In addition, other clinical studies confirmed the ef-
fectiveness of betulin in actinic keratosis and dystrophic epidermolysis
bullosa [30,33]. Albeit, betulin antineoplastic effects were proved both

Fig. 13. Histological aspects of skin and internal organs specimens from control group mice, H&E stain.
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Fig. 14. Histopathological aspects of skin specimens of the mice inoculated with B16 melanoma 4A5 cells, H&E stain.

in vitro against a panel of tumor cell lines (comprehensively described in enhance the solubility and bioavailability of betulin. Some betulin-
the review published by Krol et al.) [34] and in vivo, up to this time based formulations were obtained: supramolecular complex using
there are no clinical trials having as subject betulin as treatment for modified cyclodextrins (improved solubility in aqueous solutions and
cancer. This major drawback is drawn by its low solubility in biological increased antitumor properties) [35], oil-in-water nanoemulsion (anti-
media. In recent years, a number of attempts have been made to angiogenic, anti-inflammatory and antitumor effects) [12], water-in-oil

Fig. 15. Histological aspects of internal organs specimens: kidney (1a, 1b), spleen (2) and lungs (3) with minimal modifications as compared to the control group.
Metastasis and tumor emboli were observed in heart (4a—d) and liver (5a-d), H&E stain.
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Fig. 16. Histological aspects of skin specimens of group 3 mice inoculated with B16 melanoma 4AS5 cells and treated with PEG-AgNPs showed islands of dispersed
cells (1). The tumor cells were mainly epithelioid, but fusiform cells were also noted (2-3). The cells presented large amount of melanin (4) and atypical mitosis (5).
Large areas of necrosis were noted (6). The inflammatory infiltrate contained mast cells, neutrophils, macrophages, lymphocytes and plasma cells (7-9) (H&E stain).

foam (wound healing process) [36], poly-D,L-lactide nanovectors (PLA
NVs) encapsulated with betulin (increased antitumor effect) [37], and
betulin-loaded PEDOT films [38]. Nevertheless, to the best of our
knowledge, there is no evidence of a stable, biocompatible formulation
of betulin that improves its bioavailability and ensures its use in clinical
studies.

The wide-scale applications of metallic NPs in biomedical areas
unsealed new opportunities to functionalize anticancer agents for en-
hanced therapeutic properties and reduced toxicity. These NPs can be
easily functionalized with different molecules based on their nano size
and reactivity and thus can be ideal carriers for therapeutic agents
[6,39]. AgNPs represent a class of nanocompounds abundantly used as
anticancer agents carriers (e.g., imatinib-loaded AgNPs, noscapinoids
bearing silver nanocrystals, and PEG-capped methotrexate) [40-42]. It
should be noted that AgNPs also possess cytotoxic features acting as
pro-apoptotic agents in different cancer cells [43-46].

On the basis of these considerations and with the scope of increasing
betulin solubility in biological media, the present study synthesis bare
and PEG-capped AgNPs-B formulations and evaluates these formula-
tions in terms of: (i) in vitro efficacy against healthy (HaCat and HEMa)
and melanoma (B164A5 and B160va) cells and (ii) in vivo antitumor
properties in a murine melanoma model (using C57BL/6J mice in-
oculated subcutaneously with B164A5 melanoma cells).

Stable bare and PEG coated AgNPs-B of spherical shape and the
mean size of 25 and 75 nm, respectively, were obtained by Turkevich’s
method with several modifications (previously described by Pinzaru
et al.) [15]. At present, an array of methods are available for the
synthesis of AgNPs (e.g., electrochemical synthesis, sonochemical

14

method, thermal decomposition, laser ablation, chemical reduction,
polyol method, microemulsion, biological synthesis using bacteria,
fungus, actinomycetes, yeast and plant — mediated synthesis) [6] of
desired size, shape and charge. These parameters are known to dictate
their toxicological profile both in vitro and in vivo. The present study
employed a one-step chemical reduction for the fabrication of stable
bare and PEG-capped AgNPs of reduced in vitro and in vivo toxicity [15].
Earlier studies showed that AgNPs of sizes < 10nm are highly toxic
because of the release of Ag* ions, whereas AgNPs of sizes between 20
and 100 nm are less toxic and have no impact on cells integrity [14,47],
this range being considered somehow a “size safe window”. Our present
results related to NPs size could be included in the “size safe window”.
The newly developed AgNPs were characterized in terms of formation
(UV-Vis absorption and Raman spectra analysis), morphology and size
(TEM measurements), stability (Zeta potential analysis) and drug
loading capacity and encapsulation efficiency (UV-Vis measurements).
Raman shifts similar to those reported in the literature by others
[24,25,28] confirmed the adsorption of betulin on AgNPs and PEG-
AgNPs. The shape of AgNPs is considered a key parameter in evaluating
their safety profile and the spherical form was associated with a low
toxicity and a reduced degree of interaction with the cells within the
body [14,15]. The betulin-loaded bare and PEGylated AgNPs showed
efficient and outstanding loading capacity and entrapment efficiency
(~52% for AgNPs-B and ~58% for PEG-AgNPs-B), values that are si-
milar to those reported in the literature for silver nanoparticles loaded
with different active substances [22].

AgNPs are known to preserve their stability in low ionizable aqu-
eous solutions, but neutralization of their surface may take place in the
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Fig. 17. Histological aspects of internal organs specimen from the group 3, mice inoculated with B16 melanoma 4A5 cells and treated with PEG-AgNPs. Liver
presented inflammatory cells around centrilobular venules (1a), but not in portal spaces (1b). Lung showed wider interalveolar septa and more inflammatory
infiltrate in the bronchial wall (2). Kidney specimens were similar to previous groups (3). Heart presented heavily pigmented melanocytes in cardiac valve and
interatrial septa (4a-d). Spleen architecture was disturbed by hyperplasia of red pulp (5-d).

biological environment (e.g. blood, and circulating serum protein)
where the ionic strength is greatly increased. This leads to the forma-
tion of aggregates predisposed to removal from the blood circulation
[48]. To avoid the formation of aggregates and in order to increase the
hemocompatibility and water solubility, and to decrease the cytotoxi-
city, their functionalization is required. PEGylation of NPs is a simple
and viable solution especially due to FDA's inclusion of polyethylene
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glycol in the GRAS (Generally Recognized As Safe) class. Coating of NPs
with PEG presents a number of advantages, such as: diminished he-
motoxic properties, protection of the nucleus from the direct contact
with the biological environment, enhanced solubility, improved dis-
persibility and minimum uptake by mononuclear phagocyte system
[48-50]. Several PEGylated NPs decorated with active targeting agents
are currently under clinical investigation [48]. Taking in consideration
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Fig. 18. Histological aspects in group 4 of mice inoculated cu B16 melanoma 4AS5 cells and treated with PEG-AgNPs-B, the cutaneous tumor was ulcerated (1) and
composed of epithelioid cells (2) with pleomorphic nuclei (3) and many atypical mitoses (4). Around the tumor many neutrophils, lymphocytes, macrophages and

mast cells were observed (5-6) (H&E stain).
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Fig. 19. Histological aspects of internal organs specimen from the group 4 of mice inoculated with B16 melanoma 4A5 cells and treated with PEG-AgNPs-B. Liver (1a
and 1b), kidney (2) and heart (3) were similar to the control group. Architecture of spleen was completed perturbed and white pulp was replaced by connective tissue
(4a and 4b). Lung showed wider interalveolar septum (5a) and some monstrous cells with pleomorphic nuclei lining alveolar walls (5b). H&E stain.

all these facts, polyethylene glycol was also our choice of capping agent
for AgNPs-B.

The augmentation of AgNPs use in multiple biomedical fields and
their potential interaction with the human body coerce a mandatory
and thorough assessment of their safety. Safety profile evaluations of
the test compounds (AgNPs, AgNPs-B, PEG-AgNPs, and PEG-AgNPs-B),
were conducted via cell viability assays (MTT) on two healthy cell lines:
human keratinocytes — HaCat and primary human melanocytes —
HEMa. The HaCat immortalized cell line is an in vitro approved model
for appraising the toxicological potential of different nanocompounds
that might determine skin damage [46]. Melanocytes are a class of
pigmented cells that are found in either skin or mucosal tissue, lymph
nodes, and meningeal layer, which physiologically primarily arise from
neural crest cells, in the epidermal layer, and are underlying melanoma
occurrence [2,4,5,51,52]. Of note, keratinocytes and melanocytes are
strongly bonded, because the former ones control several key processes
in the melanocytes biology such as: pigment transfer, melanocytes re-
cruitment to the epidermal melanin unit, expression of the enzymes
responsible for the synthesis of melanin and transporters, biogenesis
and transport of the melanosomes [53]. Our findings showed that ex-
posure of HaCat and HEMa cells for 72h led to a dose-dependent de-
crease of cells viability, with a higher susceptibility in the case of HEMa
cells (Figs. 8 and 9). Moreover, PEG-AgNPs-B induced a reduced toxi-
city as compared to AgNPs-B (ICs,: HaCat: 86.83 vs. 39.73 uM; HEMa:
52.98 vs. 39.73 uM). When compared to betulin, the PEGylated for-
mulation turned out to be also less toxic (ICsy values of betulin were
24.70 uM for HaCat and 21.63 uM for HEMa cells).

The toxicity of AgNPs on normal skin cell lines was also discussed by
others. For example, (a) NHDF (normal human dermal fibroblasts) and
NHEK (normal human epidermal keratinocytes) viability was not in-
fluenced by AgNPs (0.25-25pg/mL) after 24h exposure [54], (b)
AgNPs applied in 0-60 pug/mL concentrations did not reduce HaCat
(normal human keratinocytes) viability [55], (¢) SVK 14 (human ker-
atinocytes) and NIH 3 T3 (mouse fibroblasts) cells viability started to
decrease at a concentration of 13 pg/mL AgNPs [56], (d) short exposure
to AgNPs induced a persistent anti-proliferative effect in HaCat cells,
and differentiation was observed in myofibroblasts [46]. Surface
coating of AgNPs affected their anti-proliferative potential, namely, the
coated AgNPs were found to exert toxicity in keratinocytes and mela-
nocytes, but at a lower extent when compared to bare AgNPs, in good
agreement with the literature [15,57,58]. Betulin was shown to induce
differentiation of human primary keratinocytes and an apoptotic effect
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in senescent ones [59].

The antimelanoma potential of betulin has already been stated in
human and murine melanoma cells [10,33,60], but the possible sy-
nergistic effects of AgNPs or PEG-AgNPs and betulin were not studied.
Therefore, the impact of the novel formulations of betulin on two
murine melanoma cell lines (B164A5 and B160va) was investigated.
B160va cells were less sensitized by bare and PEGylated AgNPs-B ac-
tivity in comparison to B164A5 cells. The ICs, value calculated for
AgNPs-B was lower than that of PEG-AgNPs-B in the case of B164A5
(0.9301 vs. 2.47 uM), whereas for B160va cells, the situation was re-
versed, the PEGylated formulation was more active (5.74 vs. 20.26 pM).
It should be mentioned that AgNPs and PEG-AgNPs, respectively in-
duced a low percentage of viable cells at higher concentrations (Figs. 6
and 7). Betulin was previously reported as an active anti-proliferative
agent against B164A5 cell line eliciting an ICso value of 1.9 uM [1]. In
the present study betulin also showed potent antimelanoma effects by
reducing the viability of both B16 melanoma 4A5 and B160va cells
(ICsp values: 4.269 uM — B164A5 and 3.89 uM — B160va cells) even at
low concentrations as 5uM (< 50% viability rate). Association with
AgNPs led to an increased effect as can be seen from the ICs, value
(0.9301 uM). The ICsq values (in the range of 12.4 and > 250 uM) re-
corded for betulin on other murine (B16-F1 and B16 2F2) and human
melanoma cells (G361, SK-MEL-28, MEL-2 and SK-MEL2) [33] were
significantly higher as compared with the ones obtained in the present
study. This said, it can be concluded that functionalization of AgNPs
and PEG AgNPs with betulin enhanced its antimelanoma activity.

Similar results were obtained when AgNPs were used as carriers of
active molecules in malignant diseases: plumbagin AgNPs improved the
anti-proliferative effect by enhancing the internalization of the active
agent [61], doxorubicin AgNPs tremendously decreased the prolifera-
tion rate of MCF-7 and T47D human breast cancer cell lines [62],
AgNPs presented an anti-proliferative potential against Hep2 laryngeal
carcinoma cell line [63], AgNPs synthetized by the polyol method
presented cytotoxic effects against both breast cancerous (MDA-MB-231
and MCF7) and non-cancerous (MCF 10A) cell lines [64].

Betulin was previously described as a dose-dependent pro-apoptotic
agent against B164A5 and B16F10 murine melanoma cells [1]. Coating
of betulin with PEG-AgNPs led to an increased apoptotic potential
against B164A5 cells (Fig. 10). In a comprehensive study about the anti-
proliferative and pro-apoptotic potential of AgNPs in human glio-
blastoma GBM cells Urbariska et al., have concluded that AgNPs are
active agents eliciting both properties [65]. In case of the HepG2
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human liver cancer cell line, the mechanism through which AgNPs
induce apoptosis was assigned to ROS-mediated signaling pathways
[66]. In a recent study, Yuan et al., obtained similar results to those in
this study; AgNPs enhance the apoptotic potential of gemcitabine, a
consecrated anticancer drug used in different types of solid tumors such
as A2780 human ovarian cancer cells [43].

Although considerable progress was recorded using the in vitro ap-
proaches, the mouse still remains the powerhouse for biomedical re-
search, representing the bridge between the translational and clinical
research [67,68]. The development of syngeneic models (C57BL/6 mice
inoculated with B16 cell line) for gathering insights into melanoma
behaviour and metastasis proved to be a useful platform by recreating
an environment similar to the one found in human melanoma [69].

The present study developed a melanoma model using C57BL/6J
female mice that were subcutaneously injected with B16 melanoma
4AS5 cells. During the experiment, several skin physiological parameters
were monitored, these include melanin content, erythema and skin
hydration. Melanin is the pigment responsible for skin color and acts as
a protector against epidermal carcinogenesis and malignant melanoma.
Changes in melanin status may offer important clues in establishing the
diagnosis of different skin pathologies, mainly melanoma [18,70]. Our
data indicate an increase of melanin content in the groups inoculated
with B16 melanoma 4A5 cells as compared to control, the highest in-
crease being observed for the untreated group — group 2 (Fig. 12 — (a)).
The correlation of erythema with melanin values was considered a re-
liable indicator for skin diseases [70]. Previous studies noted that
melanoma development was accompanied by erythematous rash, also
known as “Brenner sign”, which is considered a direct link to the an-
giogenesis process, the nutritive source for the tumor [18,71]. In this
study, the highest erythema values were recorded for group 2 (un-
treated group) which presented the tumors with the biggest dimensions
(Fig. 12 - (b)). Skin hydration elicits an important role in skin functions
by controlling epidermal proliferation, differentiation and inflamma-
tion [70], a disturbance of its status being a marker for pathological
signs. The lowest value for skin hydration was also observed for the
untreated group (group 2), the mice from this group presenting the
most critical condition. On this basis, it can be concluded that PEG-
AgNPs-B had a beneficial effect on skin physiological parameters status.

There are many prognosis factors that can influence the survival
rate of melanoma patients. Some of them are related strictly to the
malignant melanocytes (cells morphology, intracytoplasmic melanin,
and mitosis number) [52,72,73]. Other prognosis factors are re-
presented by microenvironmental agents related to inflammatory cells
that action on the malignant cells metabolism [74-76]. The third group
of prognosis factors is represented by different hormones or hormones-
like substances that can interact with malignant melanocytes [77,78].

Even if the melanoma cell line used it is defined as fusiform, fi-
broblast-like cells, the mice inoculated only with B16 melanoma 4A5
cells developed tumors composed only of epithelioid cells. The fusiform
cells appeared only in the groups treated with silver nanoparticles,
betulin loaded or not, the number of fusiform malignant melanocytes
being bigger in the group treated with betulin loaded AgNPs. It has
been previously shown that cells morphology could be considered a
prognostic factor, the fusiform cells composed tumors having a better
prognosis [52,73]. The changes in the cells morphology under AgNPs
action, from epithelioid cells to less aggressive fusiform cells, could be
considered as a benefic response at AgNPs treatment, a response that is
significant in the presence of betulin.

The quantity of intracytoplasmic melanin it is also an important
prognosis factor how we previously shown [52,72,73]. B16 melanoma
4A5 cells have the ability to produce melanin. The amount of melanin
increased from the group inoculated only with malignant cells to the
group treated with PEG-AgNPs-B, fact explained by the benefic action
of betulin.

Even if in the group treated with PEG-AgNPs-B, the areas of necrosis
were bigger than in previous groups, the tumor was smaller, and the
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malignant melanocytes presented hyperchromatic nuclei and intense
acidophilic cytoplasm, aspects similar with those observed at the pa-
tients with good response to the neoadjuvant chemotherapy. The high
rate of mitosis between the still vivant malignant melanocytes, could be
probably attributed to a newly developed genetic atmosphere that al-
lowed malignant melanocytes to escape from the betulin action.

It is still debating if the inflammatory infiltrate has a good or a bad
influence on melanoma progress [75,76]. At our groups, the compo-
nents of inflammatory infiltrate varied. At the group inoculated with
melanoma cells only, the inflammatory infiltrate was composed of mast
cells, lymphocytes and macrophages, while in the group treated with
PEG-AgNPs-B, plasma cells could be noted around tumor islands, a
phenomenon considered by many authors to have a good impact on
melanomas outcome. These data suggested that PEGylated betulin
AgNPs developed relevant in vivo effects as antimelanoma agents.

5. Conclusions

Taken together, our data provide clear proof that bare and
PEGylated silver nanoparticles loaded with betulin which meet the
essential conditions (in terms of shape, size and stability) for a safe use
in the biological environment were synthesized.

PEG-capped AgNPs-B exerted in vitro a high selective toxicity at low
doses on murine melanoma cells (B16 melanoma 4A5 and B160va,
with a predilection for the former cell line) and a lack of toxicity for
healthy cells (human keratinocytes and melanocytes) as compared to
AgNPs-B. Increased doses of PEG-capped AgNPs-B invalidated the se-
lectivity on tumor cells, and the toxicity was present in healthy cells
too. These formulations also induced a dose-dependent pro-apoptotic
effect in melanoma cells. Histopathological evaluation revealed
changes regarding tumor cells morphology, from epithelioid to less
aggressive fusiform shape and an increase of melanin amount in the
group of mice treated with PEG-capped AgNPs-B, fact explained by the
antimelanoma potential of the tested compounds.
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