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ABSTRACT

Riolozatrione (RZ) is a diterpenoid compound isolated from
a dichloromethane extract of the Jatropha dioica root. This
compound has been shown to possess moderate antiherpetic
activity in vitro. However, because of the poor solubility of
this compound in aqueous vehicles, generating a stable for-
mulation for potential use in the treatment of infection is
challenging. The aim of this work was to optimize and physio-
chemically characterize Eudragit® L100-55-based polymeric
nanoparticles (NPs) loaded with RZ (NPR) for in vitro antiher-
petic application. The NPs formulation was initially opti-
mized using the dichloromethane extract of J. dioica, the major
component of which was RZ. The optimized NPR formula-
tion was stable, with a size of 263 nm, polydispersity index <0.2,
the zeta potential of -37 mV, and RZ encapsulation efficiency
of 89 %. The NPR showed sustained release of RZ for 48 h
with release percentages of 95 and 97 % at neutral and slightly
acidic pH, respectively. Regarding in vitro antiherpetic activity,
the optimized NPR showed a selectivity index for HSV-1 of
~16 and for HSV-2 of 13.

Keywords: riolozatrione, polymeric nanoparticles, herpes
simplex virus, antiviral

Herpes simplex virus (HSV) belongs to the Herpesviridae family, and its distinctive
feature is its ability to establish lifelong latency in the host and reactivate periodically (1).
This virus is a cosmopolitan human pathogen and the second leading cause of human
viral illness. It is estimated that about 70 % of the world’s population has been infected
with herpes simplex virus type 1 (HSV-1) (2). Recent studies have associated HSV-1 neuro-
nal infection with suicidal behavior, psychiatric disorders, and an Alzheimer’s-like pheno-
type (3, 4). On the other hand, herpes simplex virus type 2 (HSV-2) has a global incidence
of 24 million new cases per year (5). A strong association between HSV-2 and human
immunodeficiency virus infection was recently demonstrated (6).
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Most antiherpetic drugs are nucleoside analogs [such as acyclovir (ACV), ganciclovir,
and penciclovir] whose mechanism of action is the inhibition of viral DNA replication (7).
HSV treatments are effective in reducing clinical manifestations; however, although they
can reduce the intensity and frequency of symptoms, they do not cure the infection, and
their prolonged use can lead to the development of drug resistance (2). Therefore, new
alternatives for treating HSV infections are currently being sought.

The use of plants to combat diseases has been used by humans throughout history (8).
Phytochemicals have been the subject of many studies because of their unique structural
variability and chemical structures, high therapeutic potential, few side effects, and abil-
ity to activate multiple signal transduction pathways (9, 10). Several studies have demon-
strated the anti-HSV activities of extracts and pure compounds from various plants. Jatropha
dioica is a shrub native to Mexico that has reddish branches and produces yellow latex that
turns red when oxidized, hence the popular name “sangre de drago” (dragon’s blood). It is
widely used in traditional medicine to treat cancer, relieve eye irritation, and cure oral
diseases (11). J. dioica has several proven biological activities. The hexane extract of its root
has activity against Escherichia coli, Candida albicans, Cryptococcus neoformans, and Staphylo-
coccus aureus (12). Moreover, the hydroalcoholic extract of the root of J. dioica has moderate
antifungal and antiherpetic activity (13, 14). In addition, different diterpenoid-type com-
pounds have been isolated from the J. dioica root extract. The diterpenoid riolozatrione
(RZ), isolated from the dichloromethane extract of J. dioica root (DEJ), has been shown to
possess moderate in vitro antiherpetic activity (15); however, its biological application has
been restricted owing to its limited solubility in aqueous vehicles.

One strategy to solve the problem of poor solubility of active compounds is through
the use of nanocarriers (NCs) (16, 17). NCs are nanoscale systems designed for drug deliv-
ery. The development of NCs has provided an opportunity to address and treat challeng-
ing diseases because they can transport drugs to specific tissues and provide controlled-
release therapy (18). In addition, NCs protect drugs from rapid degradation or elimination
and improve drug concentrations in target tissues (19). These results improved pharmaco-
kinetics, pharmacodynamics, and reduced toxicity. Polymeric nanoparticles (NPs) are a
type of NCs consisting of solid particles formed with polymers, in which the active ingre-
dient or other therapeutic substances are encapsulated, adsorbed, or incorporated into a
polymeric matrix (18). NPs have become a useful strategy for delivering natural products
with anticancer (19), antimicrobial (20), antiasthmatic (21), and antiherpetic (22) activities.
In addition to avoiding the degradation of natural products, NPs have favorable bioavail-
ability with respect to free natural products.

The objective of this study was to investigate the in vitro antiherpetic activity of an
optimized NPR formulation for vaginal administration and to establish appropriate
release profiles to ensure bioavailability or biological application.

EXPERIMENTAL
Materials

The Eudragit® L100-55 polymer (1:1 methacrylic acid:ethyl acrylate) was purchased
from Evonik Industries (Germany). Dulbecco’s Modified Eagle Medium (DMEM), anti-
biotic, fetal bovine serum (FBS), and the rest of the reagents used for the in vitro tests were
from Gibco (USA). For the HPLC method, acetonitrile and HPLC-grade methanol from
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J. T. Baker (USA) were used. All other chemicals and solvents used in the study were of
analytical grade and obtained from Sigma-Aldrich (Germany) or J. T. Baker.

Cells and viruses

The Vero cell line, ATCC CCL-81, and the viruses HSV-1 strain KOS (ATCC VR-1493D)
and HSV-2 strain G (ATCC VR-734) were donated by Miguel Dector (PhD) from the Depart-
ment of Genetics, School of Medicine, UANL.

Preparation of the extract

Roots of |. dioica var. sessiliflora were collected from the municipality of Villaldama,
Nuevo Leoén, Mexico, and authenticated in the Institutional Herbarium of the Faculty of
Biological Sciences, Autonomous University of Nuevo Leon. Dried and pulverized J. dioica
roots (60 g) were subjected to extraction using dichloromethane (3 x 1 L) at room tempera-
ture with constant agitation for 1 h. The obtained DE] was filtered and dried via evapora-
tion under reduced pressure and had a yield of 2.68 + 0.18 % (m/m).

RZ Purification

RZ was purified following the methodology described by Melchor-Martinez et al.
with slight modifications, as shown in Fig. 1. (15). DEJ was fractionated on silica gel using
low-pressure column chromatography (CC) with dichloromethane/acetone (19:1) as the
mobile phase (MP). Five fractions (A-E) were obtained based on thin-layer chromatography
(TLC) monitoring results. Fraction D was further fractionated via low-pressure CC using
three MPs: hexane/ethyl acetate (6:4), hexane/ethyl acetate (4:6), and ethyl acetate. Six frac-
tions (D1-D6) were obtained based on the TLC results, and the D-2 fraction was solubilized
with an ethyl ether/petroleum ether solution (4:1). The resulting solution was refrigerated
at 4 °C overnight. Finally, the obtained crystals were washed with ethyl ether. Purification
of RZ from DEJ exhibited a yield of 3.26 +0.09 % (m/m). The chemical structure and absolute
configuration of RZ have been determined using several methods, including vibrational
circular dichroism and X-ray diffraction (15).

Quantification of RZ by HPLC

RZ was quantified as described by Castro et al. (23). A Waters Alliance 2695 liquid
chromatograph (USA) equipped with a 2996 diode array detector (USA) was used. The
analysis was performed on the AccQ-Tag column, with a solution of water and acetonitrile
as mobile phase and a flow rate of 0.2 mL min™ in gradient mode. The elution program
started with a 50 % acetonitrile percentage that increased linearly to reach 100 % in
approximately 35 min; this percentage was maintained for 5 min and then returned to the
initial conditions. The injection volume was 5 pL and the column temperature was not
controlled. Quantification of RZ was performed at a wavelength of 254 nm. The retention
time for RZ was 16.5 min and the limit of detection was 8.54 ug mL™.

Preparation, optimization, and characterization of NPs

NPs were obtained using the nanoprecipitation technique developed by Fessi ef al.
with slight modifications (24). Briefly, the Eudragit® L 100-55 polymer and sample (DEJ or
RZ) were dissolved in an isopropanol/acetone mixture (1:1). The aqueous phase was then
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Fig. 1. Isolation and purification of riolozatrione (RZ) from the dichloromethane extract of . dioica
root (DEJ).
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injected dropwise into the organic phase under constant stirring (250 rpm); the ratio of
organic phase to aqueous phase was 1:2. Finally, the organic solvent was evaporated under
reduced pressure. In the first step, the formulation of the NPs was optimized with DE]J
(NPE), the major component of which was RZ. The DEJ concentration (0.6, 0.84, and 1.4 mg
mL™) and polymer concentration (8 and 14 mg mL™) were optimized. Once these variables
were optimized, RZ-loaded NPs (NPR) were prepared.

Determination of particle size, polydispersity index (PDI), and zeta potential

The size and PDI of the obtained NPs were determined by photon correlation spectro-
scopy at 90°. The zeta potential was determined using Doppler laser microelectrophoresis.
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All determinations were carried out on a Zetasizer Nano Malvern (UK) instrument, and
the NPs were dispersed in deionized water (25).

Calculation of encapsulation efficiency and RZ content in NPE and NPR

The content of RZ loaded in the NPE and NPR was determined directly using the
previously mentioned HPLC method. The NPs were then centrifuged at 13,000 rpm for 1 h.
The sediment was then solubilized in the mobile phase and filtered through a 0.22 pm
nylon membrane prior to injection into the chromatography equipment. Each assay was
performed in triplicate. The RZ content (RZC) was calculated using Equation 1. The encap-
sulation efficiency (EE) of RZ was calculated using Equation 2:

RZC = (encapsulated mg of RZ) <100 Equation 1
(mg polymer + total mg of RZ)
EE(%) = (encapsulated mg of RZ) 100 Equation 2
(total mg of RZ)

Stability and residual solvents of nanoparticles

The stability of the NPE aqueous dispersion was evaluated at 6 and 11 months, and
that of the NPR aqueous dispersion was evaluated at 6 months. The aqueous dispersions
were stored in the dark at 25.47 +2.21 °C and relative humidity of 48.65 + 6.61 %. The stabi-
lity of the aqueous dispersions was evaluated by visual inspection of the aggregates and
sediments. In addition, the particle size, PDL and zeta potential were measured. The RZCs
of the NPR aqueous dispersions were also determined. The presence of residual solvents
was determined by gas chromatography-mass spectrometry according to USP guideline
467. The methodology is described in detail in the Supplementary Material (26).

FT-IR analysis

For the FT-IR analysis, 40 scans were performed on each sample in the range of 4000—
700 cm™ using a Frontier Optical spectrophotometer (Perkin Elmer, USA). Spectra were
obtained for each of the NPR components separately (Eudragit® L100-55 and RZ), as well
as for the NPR. Films of NPR were prepared by direct casting of 250 uL of the dispersion
onto Teflon plates, followed by a drying time of 12 h at 30 °C (27). Each measurement was
performed in triplicate.

In vitro study of riolozatrione release

The release profile was evaluated using the sample-and-separate method (28). For
this, 100 uL of an NPR solution containing 10.15 ug mL™ RZ was poured into 900 uL of
phosphate- or citrate-buffered medium (pH 7.4 and 4.3 respectively) at a temperature of
37 °C and constant agitation at 150 rpm. RZ release was evaluated at 15 and 30 min, and
at1, 2, 4, 24, and 48 h. Each assay was performed in triplicate. A Microcon® (Merck Milli-
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pore®, Germany) was used to recover the supernatant, which was centrifuged for 30 min
at 13000 rpm. Quantification of RZ released from the NPR was performed by UV-visible
spectroscopy using a Genesys 10s Thermo Scientific (USA) spectrophotometer at a wave-
length of 245 nm. The relative standard deviation was 1.8 % and the detection limit was
1.27 pg mLL.

Cell viability evaluation

Cell viability was determined using the Mossman method with slight modifications
(29). To perform the assay, Vero cells were cultured in 96-well plates at a density of 1 x 10*
cells/well in DMEM with 2 % FBS. After 24 h, the cells were supplemented with different
concentrations of sample to be tested and incubated for 48 h at 37 °C and 5 % CO,. Vero
cells added to only DMEM with 2 % FBS medium were used as negative controls. NPRs
were evaluated at concentrations of 11.25, 22.5, 45, 90, 180, and 360 pg mL™ of RZ and
NPBco were evaluated at concentrations corresponding to 45, 90, 180, 360, 720 and 1440 pg
mL! of Eudragit® L100-55 polymer, respectively. After the incubation period was over, cell
viability was determined by adding 10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) solution at a concentration of 5 mg mL™ per well, incubated
3hat 37 °Cinab % CO,atmosphere. The culture medium was removed, and 100 uL of
dimethyl sulfoxide was added. Absorbance was measured at 540 nm using a Thermo
Scientific Model 357 microplate reader (USA). The cytotoxic concentration 50 (CCs,) was
determined as the concentration of NPR required to reduce cell viability by 50 % relative
to the viability of untreated cells (negative control). The experiments were performed in
quadruplicate. In contrast, the percentage of cell viability after the administration of 20 g mL™!
of RZ, ACV, NPR (equivalent to 20 g mL! of RZ), and NPBco at the same polymer concen-
tration as NPR was evaluated in quadruplicate.

Evaluation of antiherpetic activity in vitro

The inhibitory concentration 50 (IC5,) was determined using a viral plaque reduction
assay, according to the methodology described by Silva Mares et al. (30). Briefly, a confluent
monolayers of Vero cells in 24-well culture plates were incubated with 25 plaque-forming
units (PFU) of HSV for 1 h at 37 °C. The supernatant was discarded and fresh medium
supplemented with 2 % propylene glycol and 0.32 % IgG was added. Concentrations of 187,
93.5, 46.75, 23.37, and 11.68 pg mL™! of RZ in NPR were evaluated. In addition, the ICs, of
the NPBco was evaluated. The cells were incubated for 48 h. Finally, the cells were fixed
with methanol and stained with the Giemsa reagent. Saline phosphate buffer was used as
the negative control. The IC;, was that at which a 50 % reduction in PFU formation was
observed compared to the 0 % reduction in the negative control. All assays were per-
formed in triplicate for both viruses (HSV-1 KOS and HSV-2 G). The selectivity index (SI)
of each sample was calculated as the ratio of CCj, to ICj, (31).

Statistical analysis

Statistical analysis was performed using GraphPad Prism software, and the Student’s
t-test was used to compare the means of the two groups. One-way ANOVA, followed by a
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multiple comparison test, was performed to compare the means of more than two groups
(p<0.05).

RESULTS AND DISCUSSION

Optimization and characterization of NPE

The NPs were formulated using the nanoprecipitation technique established by Fessi
et al. (24), which has been successfully used to load a wide variety of natural products —
such as the methanolic extract of red propolis (32), the hydroalcoholic extract of Passiflora
edulis (33), luteolin (34), and the essential oil of Piper nigrum L. (35) — into polymeric nano-
carriers. Nanoprecipitation is based on the slow interaction between a solvent phase (SP)
and a non-solvent phase (NSP) at room temperature with constant agitation. The polymer
and active ingredients are dissolved in the SP, which must contain at least one solvent
soluble in the NSP. However, NSP must not be able to dissolve the polymer or the active
ingredient; it is usually water, and sometimes an active surfactant is added. When the two
phases come into contact, the miscible solvent in the NSP diffuses from the SP into the NSF,
modifying the solubility of both the polymer and active ingredient. As the concentration
of the polymer in the resulting mixture exceeds its thermodynamic solubility limit, the
polymer chains begin to aggregate, incorporating the active ingredient and resulting in
the formation of NPs (36). The key factors controlling the formation of NPs using the nano-
precipitation technique are the active ingredient, polymer, and solubility in both phases.

Among the ideal characteristics of NPs for biological applications, the polymers
should be safe and biocompatible (37, 38). The Eudragit® family of polymers includes bio-
compatible polymethacrylates widely used in the pharmaceutical industry for the develop-
ment of drug delivery systems (39). In a previous investigation, our group evaluated the
ability of four different polymers of the Eudragit family to incorporate RZ from DE]. The
following polymers were evaluated: E-100, RL-100, RS-100, and L-100 55; the Eudragit®
L100-55 polymer showed the best results (40). For this work, we select Eudragit® L100-55,
a copolymer composed of methacrylic acid/ethyl acrylate in a 1:1 ratio and is sensitive at
pH>5.5 (39).

The first factor that was optimized in this work was the concentration of DEJ. Three
concentrations were evaluated: 0.6, 0.84, and 1.4 mg mL™" (FE1, FE2, and FE3, respectively);
the polymer concentration was 14 mg mL™ in all cases. The three formulations presented
a zeta potential from —-35.4 to —41.1 mV. These values are attributed to the anionic nature of
the Eudragit® L100-55 polymer due to the presence of carboxylic acid terminal groups.
Kamble ef al. stated that zeta potential values greater than or equal to + 30 mV generate
electrostatic repulsions between nanoparticles, which helps to avoid their aggregation (41).
Therefore, the zeta potential values of the NPE formulations were considered suitable. The
PDI values ranged from 0.169-0.239. The PDI is a measure of the homogeneity of a sample
based on its size; PDI values range from 0 to 1. Sadeghi et al. asserted that a formulation is
considered monodisperse if its PDI is < 0.3 and presents a single peak in the size distribu-
tion curve (42). Therefore, all three formulations were monodispersed. Particle size is a
crucial factor; various authors consider that the ideal size for the biological application of
nanoparticles is 100-300 nm, avoiding elimination by glomerular filtration and elimina-
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Fig. 2. Results of particle size and the encapsulation efficiency [EE (%)] of formulations with different
J. dioica extract concentrations: 0.6 (FE1), 0.84 (FE2), and 1.4 mg mL™ (FE3). Results are presented as
mean + standard deviation, n = 3.

tion by macrophages (43—-45). The three initial formulations had particle sizes greater than
390 nm (Fig. 2). Statistical analysis (ANOVA, p < 0.05) revealed no significant differences
between the sizes of the formulations. Therefore, we decided to use EE as the determining
factor for the selection of the formulation with which the optimization would continue.
The EE results are shown in Fig. 2. Although a higher concentration of the extract was used
in FE3, the EE was significantly higher in FE2. This decrease in EE may be due to the RZ/
polymer ratio; it is possible that the polymer did not incorporate enough RZ, and because
of its low polarity, it was lost in the process (34, 46). Because FE2 obtained the best EE, a
concentration of 0.84 mg mL™" of DEJ was selected to continue optimizing the NPR.

The second factor to be optimized was the polymer concentration, which was deter-
mined to be 8 mg mL™ (FE4). A particle size of 246.45 + 13.55 nm, PDI of 0.07 + 0.004, and
zeta potential of —30.43 = 0.95 mV were obtained. These values are within the ideal range
for biological applications. In addition, the EE increased from 39.81 +2.05 % in FE2 to 50.49
+ 3.11 % in FE4. The decrease in particle size and increase in EE can be attributed to the
decrease in SP viscosity owing to the lower polymer concentration. Elmowafy et al. reported
that an adequate viscosity of SP allows for a better distribution of the components in the
SP, which translates into fewer aggregates and better EE (34). Considering these results, we
decided to evaluate the stability of FE4; the results are presented in Table I. Statistical
analysis (ANOVA, p < 0.05) showed no significant differences between the size and PDI of

Table 1. Physicochemical characterization of polymeric nanoparticles loaded with the dichloromethane extract
of ]. dioica root (FE4) and loaded with riolozatrione (NPR)

FE4 NPR
Initial 6 months 11 months Initial 6 months
Size (nm) 246.45+13.55 24595+18.02 2474 +26.71 263.26+14.21 268.45+3.73
PDI 0.07 £0.04 0.09 +0.05 0.11+0.02 0.13 +0.02 0.07 £0.04
Presence of aggregates No No No No No

Data expressed as mean + SD, n = 3.
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the formulations at any of the evaluated times. No aggregates or macroscopic changes
were observed in the formulations during the evaluation period. Therefore, NPE (FE4) was
stable for at least 11 months after processing.

Preparation and characterization of NPR

After optimization of the NPE formulations and according to the parameters of par-
ticle size, PDI, and zeta potential mentioned above, FE4 was selected to continue the encap-
sulation studies of pure RZ. Elaborating a formulation with pure riolozatrione avoids the
possible interference of compounds present in the extract, both in the encapsulation pro-
cess and in bioactivity and cytotoxicity assays (47, 48). The obtained NPR exhibited a size
of 263.26 + 14.21 nm, Smolenski ef al. mention that nanoparticles > 200 nm have the ability
to penetrate the vaginal mucosa and reach the vaginal epithelium (49). The PDI index of the
NPR was 0.13 + 0.02 and their zeta potential was -37.16 + 2.16 mV. This change in zeta po-
tential with respect to FE4 may be due to the presence of cationic compounds in DE] (41).
The EE of the NPR was 89.64 + 7.81 % and their RZC was 5.89 + 0.33 %. This increase in EE
with respect to FE4 was attributed to the absence of other hydrophobic compounds compet-
ing with RZ for incorporation into the polymer matrix. Similarly, there is no interference
effect due to the excess mass, as in the case of DEJ (47). The stability results of the NPR are
listed in Table I. Statistical analysis (t-test, p < 0.05) showed no significant differences be-
tween the size and PDI of the formulations 6 months after preparation. No aggregates or
macroscopic changes were observed in the formulations during the evaluation period. In
addition, RZC showed no significant differences after 6 months of storage (t-test, p < 0.05).
Therefore, the NPR was stable for at least six months. Regarding the residual solvents, only
isopropanol was present, and its concentration was well below the limits suggested by the
USP (26). Chromatograms are shown in the Supplementary Material.

As part of the chemical characterization of NPR, FTIR analysis of Eudragit® L100-55
polymer, RZ, and NPR was performed; the spectra are shown in Fig. 3. In the spectrum of
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Fig. 3. FT-IR spectra of Eudragit® L100-55, riolozatrione, and polymeric nanoparticles loaded with
riolozatrione (NPR), 4000 to 400 cm™.
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Eudragit® L100-55, the important signals of the functional groups present in the poly-
meric unit of this copolymer were identified. The C-H stretching band of the alkyl groups
was observed at 2932 cm™. The presence of the carbonyl group (C=O) leads to the appear-
ance of signals in 1730 and 1700 cm™ corresponding to the C=O stretching of the carboxylic
acid and ester respectively. Finally, the signal at 1157 cm™ corresponds to the C-O stretch-
ing of the ester. These signals agree with the spectrum of Eudragit® L100-55 obtained
using attenuated total reflectance FTIR by Yu et al. (50). On the other hand, in the RZ
spectrum, signals were observed in the regions of 2955, 2933, and 2866 cm™ which corre-
spond to the C-H stretching of methyl, methylene, and methine, respectively. In addition,
two intense signals were observed at 1702 and 1684 cm™, which correspond to the stretch-
ing of unconjugated and conjugated C=0O, respectively. In addition, a signal at 1632 cm™
due to the C=C stretching of the conjugated alkene was observed. This IR spectrum was
very similar to the RZ spectrum reported by Melchor-Martinez et al. (15). Finally, in the FTIR
spectrum of the NPR, signals representative of the Eudragit® L100-55 polymer appeared,
such as the O-H stretching (2982 cm™), the C=0 stretching of the ester (1730 cm™), and the
C=0 stretching of the carboxylic acid (1700 cm™). However, in this spectrum, it is not
possible to observe an intense signal at 1632 cm™ corresponding to the C=C stretching of
the alkene conjugated in RZ. In addition, bands indicating the formation of new compounds
were not observed; therefore, it is inferred that there is only an electrostatic interaction
between the polymer and RZ.

In vitro study of RZ release

In this study, we evaluated the release profile at pH 7.4, which is the pH used in cell
culture; the release at pH 4.3 was also evaluated due to vaginal administration of NPR
intended in the future, and the vaginal pH is slightly acidic (pH 4 to 5) (51, 52). The results
of RZ release from the NPR are shown in Fig. 4. In both cases, an initial burst effect is
observed in the first 15 min: 71.41 + 0.19 % of RZ is released at pH 4.3; at pH 74, 86.75 + 0.31 %
is released. This fast release can be attributed to the presence of adsorbed RZ on the NPR
surface. The release profile shows a biphasic effect after the initial burst. Sustained release
of RZ is observed for 48 hours, and the final percentage release of RZ was 95.19 + 0.31 % at
a pH of 74 and 97.53 + 0.94 % at a pH of 4.3. This biphasic release behavior was similar to
that exhibited by omeprazole-loaded Eudragit® L100-55 NPs prepared by Hao et al. The in
vitro release profile of omeprazole at pH 6.8 presented a rapid initial release followed by a
sustained release for 48 h with a final percent release of 85 % (53). At both pH values, the
sustained release was observed for 48 h, and extended-release formulations have been
shown to significantly improve patient adherence to treatment (54).

Although Eudragit® L100-55 is insoluble at pH < 5.5, the release of RZ at pH 4.3 accord-
ing to Changning ef al. may be due to the NPR gradually swelling, which allows the diffu-
sion of RZ into the dissolution medium (50). As shown in Fig. 4, the initial release percent-
age at pH 4.3 was significantly lower than that at pH 7.4; however, as time passed, the
release percentage at pH 4.3 increased until it surpassed the final release percentage at pH
7.4. Based on these results, it can be inferred that after the initial burst, the release of RZ
from the NPR depends more on the deterioration of the polymeric lattice of the NPs than
on the solubility of the polymer (47).
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Fig. 4. Riolozatrione release profile from riolozatrione-loaded polymeric nanoparticles in buffer at pH
4.3 and 7.4. Results are presented as mean + standard deviation, n = 3.

Cell viability assessment and in vitro evaluation of antiherpetic activity

The antiherpetic activity assays were performed using Vero cells because of their abil-
ity to grow in monolayers and their facility to demonstrate cytopathic effects, making
them a suitable cell line for viral plaque reduction assays (31). To obtain an objective selec-
tivity index (SI) result, cell viability assays were performed using the same linear cell.
Despite having an IC5, value, if the SI of an antiviral agent is not reported, it is worthless
(31). NPR exhibited a CCj, value of 229 + 17.80 ug mL™ with a dose-dependent cytotoxic
effect. Fig. 5 plots the results of cell viability after the administration of 20 ug mL™ RZ,
ACV, NPR (equivalent to 20 ug mL™ RZ), and NPBco at the same polymer concentration
as NPR. The results showed that NPBco and ACV did not generate cytotoxic effects in Vero
cells at the evaluated concentrations, which agreed with the GRAS classification of Eudragit®
polymers (39) and with the reported CC,,for ACV in Vero cells, which was > 1441 g mL™
(55). However, at the same RZ concentration, NPR led to higher cell viability than free RZ.
Since the cytotoxic effect of any active compound depends largely on its form of admini-
stration, we can infer that the encapsulation of RZ; thus, its controlled release decreases its
cytotoxicity (56).

NPBco did not show any detectable in vitro antiviral activity against HSV-1 or HSV-2
at any of the tested concentrations. This agrees with a study by Yadavalli et al. where the
efficacy of carboxylic acid-terminated polymers in neutralizing HSV-1 and HSV-2 prior to
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Fig. 5. Cell viability after treatment with riolozatrione (RZ), polymeric nanoparticles loaded with
riolozatrione (NPR), polymeric nanoparticles not loaded (NPBco), and acyclovir (ACV) at 20 ug mL™.
* Statistically significant differences (p <0.0001). Results are presented as mean + standard deviation,
n=>5.

infection was evaluated, as well as their therapeutic activity; the results showed that
Eudragit® L100-55 has no therapeutic activity against HSV-1 or HSV-2 and that its effect in
neutralizing both viruses is very limited (57). The IC5, and SI values of the NPR against
HSV-1 and HSV-2 are presented in Table II.

Indrayanto et al. proposed that if a compound isolated from plant material exhibits an
SI > 10, it is a compound with potential activity and should be further investigated (58).
Therefore, the NPR possesses potential antiherpetic activity against both HSV-1 and HSV-2.
The reported SI for free RZ is 5.8 for both viruses, the NPR formulation allowed doubling
of the SI for HSV-2 and almost tripling for HSV-1 (15). The slight selectivity of RZ for HSV-1
may be attributable to the phenotypic differences between the two viruses (59, 60). However,
further studies are needed to elucidate the mechanism of action of RZ in detail and to
determine the cause of its selectivity.

Table 11. Inhibitory concentration 50 (1C;,) and selectivity index (SI) of polymeric nanoparticles loaded with
riolozatrione (NPR) against herpes simplex virus type I (HSV-1) and II (HSV-2)

NPR
HSV-1 HSV-2
ICy, 14.39 + 0.68 pg mL~! 1758 +0.59 ug mL~
SI 1591 13.02

Data expressed as mean + SD, n = 4.
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CONCLUSIONS

The optimized NPR showed a biphasic release profile, with a sustained release of RZ
for 48 h in the second phase. The NPR formulation exhibited improved antiherpetic activity
compared to free RZ. These results are promising for future applications of this NPR
formulation in vaginal in vivo HSV infection models.
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