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Abstract

This study aimed to investigate the therapeutic potential of a nanoparticle formulation containing the immunodominant
peptide SSIEFARL from Herpes simplex virus 2 glycoprotein B A against genital herpes. A nanoparticle formulation
(NanoSSIEFARL) was engineered and characterized for its physicochemical and immunomodulatory properties.
NanoSSIEFARL displayed mean particle size of 212 + 5 nm, polydispersity index of 0.12 + 0.01 and zeta potential of
-7.4 + 2.5 mV, exhibiting spherical morphology. pH stability remained consistent over 30 days (day 0: 4.5 + 0.5; day
30: 5.0 £ 0.5). A novel high-performance liquid chromatography method was validated for SSIEFARL quantification.
Peptide association efficiency reached 98.3% + 2.1, with 41.6% =+ 4.4 peptide release from nanoparticles after 4 hours.
Cytotoxicity assessment revealed cellular viability exceeding 90%, with macrophage uptake observed after 4 hours.
Altogether, these results suggest that NanoSSIEFARL is a promising candidate for effective immunotherapy against
genital herpes.
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1. Introduction

Herpes simplex virus types 1 and 2 (HSV-1, HSV-2)
cause oral and genital herpes, respectively!'?, yet both types
can infect both regions. According to the World Health
Organization (WHO), it is estimated that 3.7 billion people
under the age of 50 are infected with HSV-1 (67%), and
491 million between the ages of 15 and 49 are infected with
HSV-2 (13%)8. HSVs can establish a latent infection in
neural ganglia and, upon reactivation, can cause recurrent
episodes of oral and/or genital ulcers called cold sores.
According to WHO, recurrence of genital herpes affects
millions worldwide, causing ongoing discomfort and
emotional distress while posing significant challenges for both
individuals and public health systems. Latency is controlled
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by CD4+ helper T lymphocytes and CD8+ cytotoxic T
lymphocytes that keep juxtaposed to the nerve sheatht*S!.
In mice, most of these HSV-specific CD8+ T lymphocytes
are against the immunodominant peptide SSIEFARL in
the viral glycoprotein B”. The immunodominant peptide
SSIEFARL shows great potential for herpes treatment, as
demonstrated by its influence on the repertoire of virus-specific
CD8+ T cellst”®.. Studies reveal that the presence of this
immunodominant epitope not only shapes the CD8+ T cell
repertoire in murine models but also affects the hierarchy and
functionality of subdominant cells, enhancing the efficacy
of the immune response against the virus. Additionally,
the priming dynamics of virus-specific CD8+ T cells and
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latent retention in ganglia are modulated by this epitope,
suggesting that manipulating the immune response around
SSIEFARL could provide a promising strategy for controlling
and potentially eradicating herpes simplex infection(®!,
Therefore, SSIEFARL could be a promising candidate for
vaccines or immunotherapy against HSVs®!%, since there
are no approved vaccines, and the treatment against HSVs
includes antiviral drugs such as Aciclovir™, which has been
widely associated with drug resistance!!-%,

Although SSIEFARL is a potent peptide for the induction
of specific CD8+ T response!'* and protection in a herpes
murine model’?!, it is a small biomolecule, and it cannot
be applied freely to the genital mucosa due to possible
degradation. Thus, developing a nanoparticle containing
SSIEFARL may be crucial for a safe and efficient release of
the peptide into the mucosa for studies of immunogenicity/
vaccination-challenge and evaluation of protection.

Polymeric nanoparticles are colloidal systems that include
nanospheres and nanocapsules, depending on their structure
and organization. Nanocapsules are composed of an oily
core surrounded by a polymeric envelope, in which drugs or
molecules can be dissolved inside the core or entrapped in
the polymeric membrane!'®!”). Poly(e-caprolactone) (PCL)
is a biodegradable polymer hydrolyzed in physiological
conditions in the human body and has called the attention
of drug delivery since it can modulate degradation kinetics
and release profiles!'®!. Besides the polymer, the core of
some nanoparticles are formed by lipophilic substances
chosen following criteria such as drug solubility, absence
of toxicity, low risk of polymer degradation, and low oil
solubility within the polymer or vice-versa'’. Medium-chain
triglycerides (MCT), such as capric/caprylic triglycerides,
are commonly used as lipophilic cores of nanocapsules!?’..

Nanoparticles with a babassu oil core (BBS) are
relatively novel. While BBS-based microemulsions have
been tested as a delivery system, our group pioneered the
development of polymeric nanoparticles containing poly
(e-caprolactone) and babassu oil for hydrophilic molecule
delivery?!l. Babassu belongs to the family Arecaceae (Palmae)
and genera Orbignya and Attalea, most commonly found in
northern and northeastern Brazil. It is extracted from babassu
coconuts, offers various medical benefits and is rich in fatty
acids'??!. It has been traditionally used for skin care and has
shown antitumor and anti-inflammatory properties!?*4,
and babassu extraction is a significant income source in
Maranh&o, promoting sustainable livelihoods®. A recent
study showed that the HLB of BBS is 11.5%. This high
HLB value facilitates interactions with polar molecules.
Considering its physicochemical properties, as well as its
natural, renewable, and sustainable characteristics, BBS
was selected as the core material for nanoparticles designed
to incorporate hydrophilic drugs?®!!, therefore we aim to
demonstrate its capability to encapsulate smaller polar
biomolecules like the HSV peptide SSIEFARL.

Nanoparticles offer tailored delivery for antigens and
immunomodulatory agents in mucosal immunotherapy®”,
showing effectiveness in experimental models, suggesting
potential for preventive and therapeutic strategies against
genital infections?®!. For effective local delivery to oral and/or
genital mucosa, nanoparticles should ideally be in the 100-500
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nm size range, exhibit positive or neutral surface charges to
improve adhesion while avoiding excessive irritation, and
possess surface characteristics that enhance mucoadhesion
and drug release. Even though PCL nanoparticles have a
negative surface charge, they have already been widely
described for mucosal application®!. Careful optimization
of these parameters is essential to maximize the therapeutic
efficacy and safety of nanoparticle-based delivery systems.
However, to ensure feasibility, the nanocarrier must be non-
cytotoxic, have reasonable pharmaceutical loading capability
and targeting, and feature controlled release!?*". This study
aims to develop and characterize a nanostructured system
containing the peptide SSIEFARL, alongside validating
a specific HPLC methodology for peptide quantification.
This is the first attempt to describe a polymeric nanoparticle
delivery system using babassu oil to encapsulate a peptide
for use in murine models genital mucosa and validate a
quantification methodology for SSIEFARL using HPLC.

2. Materials and Methods
2.1 Materials

Babassu oil (Orbignya oleifera, Mundo dos Oleos™,
Brasilia, Brazil), poly(e-caprolactone) (Sigma-Aldrich™,
Sao Paulo, Brazil), SSIEFARL (MW: 922.03 g/mol)
(GenScript™, New Jersey, USA), medium-chain triglycerides
(capric and caprylic acids, Delaware™, Porto Alegre,
Brazil), polysorbate 80 (Tween™ 80, Sigma-Aldrich, Sdo
Paulo, Brazil), acetone (Neon™, Suzano, Brazil), ethanol
(Dinamica™, Indaiatuba, Brazil), acetonitrile (ACN)
(Neon™, Suzano, Brazil) and trifluoracetic acid (TFA)
(Sigma-Aldrich™, Sdo Paulo, Brazil). Babassu oil study
was registered at SisGen (identification ABCECDB) and its
composition was described by Oliveira et al.*'! SSIEFARL’s
degree of purification was 97.43%, and the other reagents
used were of analytical grade, while the ACN and TFA
were of HPLC grade.

2.2 Experimental methods

2.2.1 Development and validation of a high-performance liquid
chromatography methodology

The experiments were performed on a Prominence
UFLC chromatographic system (Shimadzu™, Barueri,
Brazil) consisting of a binary pump (model: LC-20AT),
online degasser (model: DGU-20A5), ALS autosampler
(model: SIL-20A), column oven (model: CTO-20A), PDA
detector (model: SPD-M20A) and communication module
(model: CBM-20A). Shimadzu LC-Solution™ software
was used for data collection. All spectra were collected for
peak identification and peak purity calculations. Analysis
was carried out at 214 nm with a Phenomenex Luna™ C18
(2), 3 pm, 250 mm x 4.6 mm, 100 A column (Torrance,
USA), and the column heater temperature was set to 40 °C.
The injection volume was 50 pL for each sample. Solvent
A was formulated with ACN 0,1% (v/v) TFA, and Solvent
B was prepared with ultrapure water (Milli-Q™) 0,1%
(v/v) TFA. Both phases were degassed by sonication for
20 min. The solvent program was a gradient starting with
21% solvent A for at least 45 min to stabilize the equipment.
The gradient program was 0.01-1 min = 21% A and 79%
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B; 1-15 min =45% A and 55% B; 15-17 min = 45% A and
55% B; 17-19 min = 21% A and 79% B; and 19-29 min =
21% A and 79% B. The last 10 min of each run were set
for column stabilization before the following sample. The
flow rate was set at 0.7 mL min™.

The method was subjected to partial validation to ensure
the analytical procedure’s capability to quantify SSIEFARL. All
stock solutions were freshly prepared by diluting SSIEFARL
in ultrapure water at a concentration of 10 pg mL"!' at the
test day. Working solutions were prepared using water as a
diluent, unless otherwise stated. For the specificity test, 1
mL of nanoparticles without SSIEFARL (Blank NPs) was
transferred to a volumetric flask of 5 mL and completed
with the diluent. The sample was filtered using a 0.45 pm
syringe filter (FILTRILO™, Colombo, Brazil), and then
transferred to a vial. A comparison among chromatograms
of Blank NPs and NanoSSIEFARL was performed. For
linearity assessment, dilutions were prepared in different
concentrations (0.25, 0.50, 1.0, 2.5, and 5.0 pg mL"") from
a stock solution. A second linearity test was performed at
the same concentrations using the release buffer (acetate
buffer pH 4.5) as the diluent.

Intra-day precision (repeatability) was evaluated at a
concentration of 1 pg mL"' of SSTEFARL from six samples
prepared by the same analyst on the same day. Inter-day
precision (intermediate precision) was evaluated by comparing
six determinations of SSIEFARL in two consecutive days.
Precision was given as the relative standard deviation
(RSD %). To assess robustness, the peptide SSIEFARL
was diluted in ultrapure water at a final concentration of 1
png mL-1 and analyzed by HPLC using mobile phases at a
deliberated modified acid concentration (0.08% TFA). The
detection limit (DL) and the quantitation limit (QL) were
calculated using the standard deviation of y-intercepts of
regression lines obtained for SSIEFARL in water multiplied
by 3.3 and by 10, respectively and divided by the slope
estimated from the calibration curve. SSIEFARL solution
stability was investigated after a month of storage at -80 +
1 °C. Every experiment was performed in triplicate.

2.2.2 Preparation of the polymeric nanoparticles

The preparation of nanoparticles containing babassu
oil was carried out according to Oliveira et al.?!! through
interfacial polymer deposition. Briefly, to obtain the organic
phase, the following reagents were dissolved in 2.5 mL of
acetone and 6.75 mL of ethanol at 40 °C: 18 mg of BBS, 50
mg of PCL (14 kDa MW), and 80 pL of MCT. At the last
minute of solubilization, 200 pL of an aqueous solution of
SSIEFARL at a concentration of 1 mg mL"' was injected
into the stirring organic phase. The aqueous phase comprised
32.6 mg of polysorbate 80 in 26.2 mL ultrapure water. The
procedure for obtaining the nanoparticles was conducted in
a water bath at 40 °C by injecting the organic phase into the
aqueous phase under magnetic stirring for 10 min. The ethanol
and acetone were then evaporated under rotary evaporation,
and the final volume was adjusted to 10 mL at a final peptide
concentration of 20 ug mL". This concentration was based
on previous tests, which were performed to establish the
optimal peptide quantity to be encapsulated. The same protocol
was carried out without adding the peptide SSIEFARL to
produce the Blank NPs as a control vehicle. Fluorescent-
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labeled polymeric nanocapsules (NanoSSIEFARLRh) at a
final peptide concentration of 20 pg mL"! were prepared
in the same way; however, the total amount of PCL was
replaced by PCL marked with rthodamine B, which was
obtained as described by Poletto et al®!.

2.2.3 Physicochemical characterization of the polymeric
nanoparticles

For each batch, the volume-weighted mean diameter
(d4,3) and the polydispersity index (Span) were assessed
using laser diffraction (Mastersizer™ 2000, Malvern, UK).
Formulations were diluted using 20 pL of nanoparticles
and 10 mL of ultrapure water, and the minimal obscuration
index used was 1%. The same dilution was used to verify the
z-average (mean diameters), polydispersity index (PDI) by
dynamic light scattering using backscatter detection at 173°,
and to obtain the zeta potential by electrophoretic mobility
using Zetasizer™ nano-ZS ZEN 3600 (Nanoseries™,
Malvern, UK), 20 pL of nanoparticles were diluted with
10 mL of NaCl 10 mM. The pH was determined by a
potentiometer PH2600 (Instrutherm™, Sao Paulo, Brazil).
To determine the association efficiency (AE %) of the
peptide SSIEFARL into the nanoparticles, the ultrafiltration-
centrifugation method was carried out using centrifugal
filter units of 10 kDa (Millipore™, Cork, Ireland). Three
hundred and fifty microliters (350 pL) of the nanoparticles
were centrifuged at 3000 rpm for 10 min twice and then at
3500 rpm for another 10 min. The ultrafiltrate was diluted
in ultrapure water (1:20) and then transferred into inserts to
be analyzed by HPLC. The association efficiency percentage
was determined by dividing the difference between the
total added peptide concentration (20 pg mL"') and the
concentration of free peptide in the ultrafiltrate for the total
added peptide concentration and multiplying this result by
100. Regarding stability, both NanoSSIEFARL and Blank NPs
were maintained at 2-8 °C for 30 days to compare the pH,
association efficiency, particle size, polydispersity index, and
zeta potential with day 0. Transmission electron microscopy
(TEM) (Tecnai™ G2-12, SpiritBiotwin FEI, 120kV operating
at 80 kV, Jiilich, Germany) of NanoSSIEFARL was used to
evaluate nanoparticle morphology. The formulations were
diluted in ultrapure water (5x), deposited on a 400-mesh
Formvar carbon film-coated copper grid, and stained with 2%
(w/v) uranyl acetate aqueous solution. Measurements were
performed using three different batches for each formulation.

2.2.4 Release profile of SSIEFARL from polymeric nanoparticles

The release profile experiments were conducted using
acetate buffer pH 4.5 (2.26 g of sodium acetate trihydrate
+ 1.91 mL acetic acid diluted in 1 L of ultrapure water).
Controls were carried out by diluting the peptide SSIEFARL
in ultrapure water at a final concentration of 20 pg mL".
For the experiment, each beaker contained 51 mL of buffer
and 3 mL of NanoSSIEFARL (n = 4 different batches) or
control (n=>5 different dilutions) inside a modified cellulose
membrane (average flat width of 25 mm and 14 kDa cut-off,
Sigma-Aldrich™, Darmstadt, Germany), which was closed
with magnetic closures (Spectra/Por™ Closures, Spectrum
Laboratories, Inc., New Jersey, USA). The system was placed
under stirring at 37 °C and, at specific time points (0.33,
0.5, 0.75, 1, 2, 4, 6, 8, and 24 h), 1 mL of samples were
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collected and filtered using 0.45 um filters. Free media was
replaced at the same volume each time. All the samples were
then analyzed by HPLC using the validated methodology.

2.2.5 Cell viability assay

Cell viability was assessed by flow cytometry using a
viability dye. Briefly, 96-well plates were incubated with
1x10°J774.A1 macrophages in Dulbecco’s Modified Eagle
Medium (DMEM, Sigma-Aldrich™, Darmstadt, Germany)
low supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich™, Darmstadt, Germany). The next day, different
percentages of SSIEFARL 20 pg mL-!, NanoSSIEFARL
20 pg mL" and, Blank NPs were added into the wells (15,
30, and 60%) in triplicate for each batch and concentration,
as well as 60% of ethanol 70% as death control; negative
control was set by cells in culture medium, only. After
24 h of incubation at 37° C, cells were transferred to a
cytometry tube, rinsed with 200 pL of phosphate-buffered
saline (PBS), centrifuged at 1500 rpm for 5 min, and then
marked with 200 uL of viability dye and incubated for 20
min at room temperature, protected from light. After, cells
were centrifuged for 5 min at 1500 rpm, washed twice
with 200 pL of PBS, and analyzed by flow cytometry on
FACSCanto™ II (BD Biosciences, Franklin Lakes, USA).

2.2.6 Phagocytosis assay

J774.A1 macrophages were seeded at a density of 5x10°
cells/well in a 24-well plate with 500 L of DMEM low culture
medium containing Penicillin-Streptomycin (Sigma-Aldrich™,
Darmstadt, Germany), Amphotericin B (Sigma-Aldrich™,
Darmstadt, Germany), and supplemented with 10% FBS. After
24 h, cells were incubated with DMEM without Penicillin-
Streptomycin, Amphotericin B, and FBS, in which cells in
DMEM (negative control); DMEM with SSIEFARL 60%
(v/v); DMEM with Blank NPs 60% (v/v) or DMEM with
NanoSSIEFARLRh 60% (v/v) for 4 h at 37 °C. Cell fixation
was performed with 300 uL of PBS 1% paraformaldehyde
for 10 min at room temperature. Cells were then washed with
PBS and incubated with 300 pL of PBS 0.5% Triton™ X-100
(Neon™, Suzano, Brazil) for 20 min at room temperature.
After, cells were incubated with Phalloidin Alexa Fluor 488
(Sigma-Aldrich™, Darmstadt, Germany) diluted in PBS 0.5%
Triton™ X-100 for 30 min at room temperature. Nuclei staining
was performed by adding 200 L of DAPI (4°, 6-diamidino-2’-
phenylindole, dihydrochloride) (Sigma-Aldrich™, Darmstadt,
Germany) diluted with PBS at a final concentration of 1 pg
mL" for 10 min at room temperature. The samples were washed
thoroughly with PBS twice for 5 min to remove all excess
dye. The images were analyzed on EVOS FL Auto 2 Imaging
Microscope (Invitrogen™, Carlsbad, USA).

2.2.7 Statistical analysis

Data were analyzed by GraphPad™ Prism version 9.0.0
(LaJolla, USA), and FlowJo™ Software (BD Biosciences,
Franklin Lakes, USA). The results are presented as the mean
+ standard error of the mean (SEM) or mean + standard
deviation (SD). Student’s t-test and ANOVA were also
performed.

3. Results and Discussions

3.1 Development and validation of a high-performance
liquid chromatography methodology

Our group has already developed a specific HPLC
methodology with fluorescent quantification of SSIEFARL
(MW: 922.03 g/mol)B%. However, here we have described
a novel nanoparticle that is constituted by different raw
materials, including a different polymer. Therefore, we
developed and partially validated a methodology according to
the International Conference on Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (ICH)
B and RDC N° 166/ 2017 from ANVISAP?considering
the following parameters: selectivity, linearity, precision,
robustness, limit of detection, and limit of quantification.

The first step was to select and optimize the chromatographic
conditions to quantify SSIEFARL by HPLC-DAD. We
initiated with traditional parameters for peptide analysis
testing C18 reverse phase columns, different gradient programs
using ACN plus TFA and water plus TFA as mobile phases,
and wavelengths at which the peptide showed absorption.
The final methodology results showed no interference at
SSIEFARL’s retention time (14.0 = 0.5 min) from the other
formulation components. Therefore, it was possible to confirm
the selectivity of the HPLC methodology. The linearity of
our HPLC methodology was performed for three individual
curves using water or acetate buffer pH 4.5 as diluent. A
linear relationship between peak area and concentration of
SSIEFARL was observed between 0.25 and 5.0 pg mL"".
A 2D graph where y is the peak area and x is the standard
solution concentration at g mL! was plotted for each curve,
and the linear equation obtained by the least square method
for SSIEFARL in water was y = 17792x - 403.69 and for
SSIEFARL in pH 4.5 buffer was y =19379x - 1139.10. The
coefficient of determination obtained (r?) was 0.9997 and
0.9999, respectively, for water and buffer, which makes it
possible to conclude that the proposed method is linear. In
general, 7 values near 1 indicate linearity!®3),

Regarding precision, repeatability (intra-day), and
intermediate precision (inter-day), the results are shown
in Table 1. Accuracy may be inferred, since the method
showed precision, linearity, and specificity®!!

Table 1. Repeatability (intra-day) and intermediate precision (inter-day) of the HPLC method.

Theoretical Concentration Day Mean analytical Concentration (ug mL™) RSD (%)
Repeatability (n = 6/day)
1 pg mL! 1 0.95 5.95
2 0.97 5.38
Intermediate precision (n = 12)
1 pg mL! - 0.96 5.53
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The influence of variations in mobile phase composition
was used as a parameter to investigate robustness®. After some
tests, the RSD (%) determined for samples at a concentration
of 1 pg mL" on the same day with the correct mobile phase
(0.1% TFA) and modified mobile phase (0.08%) was 4.7%.
Since the RSD values did not exceed 5%, the proposed HPLC
methodology can be considered robust for SSTEFARLES,
The detection limit of the method was calculated as 0.063
+0.008 pg mL"!, and the quantitation limit was calculated
as 0.190 + 0.020 pg mL"'. Therefore, the range at which
the developed HPLC methodology provides an acceptable
degree of linearity, accuracy and precision was determined
as 0.2 to 5.0 pg mL".

3.2 Preparation and characterization of polymeric
nanoparticles

The nanoparticle formulations were prepared as previously
described!). The average particle size of NanoSSIEFARL
and Blank NPs obtained with laser diffraction (Figure 1a) and
DLS (Figure 1b), the polydispersity indexes, zeta potential and
pH values are discriminated in Table 2. The image obtained
with transmission electron microscopy (Figure 1¢) showed
a spherical nanoparticle with approximately 200 nm for
NanoSSIEFARL, similar to nanoparticles without peptide.
The evaluated parameters did not show significant changes
after 30 days at 2-8 °C, indicating that the nanoparticles
have good stability and can be used in in vitro experiments.

Nanoparticles produced using the polymer’s interfacial
deposition method have a mean diameter of 200-300
nmP¢l, consistent with the size of NanoSSIEFARL. Blank
nanoparticles have a mean diameter of 179-190 nm, with no
significant statistical difference observed when comparing
them to NanoSSIEFARL. Overall, statistical analysis
indicates similarities in mean diameters, PDI and Span
values, zeta potentials, and pH values between formulations
with or without SSIEFARL (p > 0.05), therefore concluding
that NanoSSIEFARL showed all the characteristics of a
polymeric nanoparticle.

Regarding the nanoparticle nucleus, we have previously
shown that babassu oil allows the encapsulation of substances
with hydrophilic characteristics!), but these particles were
used here for the first time to associate a biomolecule. A
novel HPLC methodology was also used to determine the
association efficiency of the peptide SSIEFARL to the
nanoparticles following centrifugation-ultrafiltration, which
showed the % AE of 98.3 +2.1%. Usually, the lipid core in
polymeric nanoparticles plays a crucial role in delivering
therapeutic agents, providing a conducive environment for the
efficient encapsulation of hydrophobic drugs. Nevertheless,
using this same principle, but employing an oil with elevated
required HLB, we were able to associate SSIEFARL with
polymeric nanoparticles.

Advances in peptide encapsulation show promise, yet
challenges remain in optimizing formulations for different
peptides and ensuring stability. Nanoparticles protect peptides,
enhance absorption, and improve therapeutic efficacy™™).
Various polymeric nanosystems serve as effective peptide
carriers, including chitosan- and dextran-based nanoparticles,
PLGA nanocarriers, and PCL-based nanoparticles?740-#1,
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Figure 1. (a) Typical particle size distribution of NanoSSIEFARL
and Blank NPs obtained with laser diffraction; (b) Typical particle
size distribution of NanoSSIEFARL and Blank NPs using the
CONTIN algorithm from DLS measurements; (c) Transmission
electron microscopy image of a NanoSSIEFARL particle stained
with uranyl acetate (magnification = 100.000x, scale bar =200nm).

3.3 SSIEFARL release profile in the nanoparticle system

The release was carried at pH 4.5 to mimic the infected
HSV genital mucosa. The amount of SSIEFARL released from
the nanoparticles was 41.6% + 4.4 at 4 hours and 63.0% =
6.9 at 24 hours of the theoretical amount incorporated (20 pug
mL™"). In contrast, the control (SSIEFARL in ultrapure water)
exhibited a faster release rate, with 57.6% + 3.3 released
at 4 hours and 84.7% =+ 1.8 at 24 hours (Figure 2). This
difference may be attributed to the presence of SSIEFARL
still within the nanoparticles or at the interface between the
particles and the dispersant medium inside the cellulose
bag. As a result, diffusion processes are required to release
SSIEFARL into the medium, making the release from the
nanoparticles slower compared to the control.
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Table 2. Mean size (d[4,3]; z-average), polydispersity (Span), polydispersity index (PDI) and zeta potential of Blank NPs and

NanoSSIEFARL.
Formulation d[4,3] (nm) Span z-average (nm) PDI Zeta Potential pH
(mV)
Blank NPs (T0) 190 + 48 1.44+0.26 179 +37 0.08 +0.01 -83+24 49+0.2
Blank NPs (T30) 189 +57 1.28+0.37 182 +45 0.10+0.01 -82+13 55+0.7
NanoSSIEFARL (T0) 255+ 15 1.55+0.09 212+5 0.12+0.01 -74+2.5 45+0.5
NanoSSIEFARL (T30) 252 +32 1.59+0.12 211+10 0.10+0.02 92+1.9 50+0.5
Results expressed as mean =+ standard deviation (n = 3).
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Figure 2. Cumulative release percentage of NanoSSIEFARL in comparison to control (SSIEFARL in ultrapure water) throughout time.

Data are expressed as mean = SD (n = 4-5).

Our group was the first to study the association of the
immunodominant peptide SSIEFARL, derived from viral
glycoprotein B of HSV2, to polymeric nanoparticles®®’..
However, this earlier system showed only 4.9% SSIEFARL
association with the nanoparticle and 25% drug release after
24 hB, Here, our data showed that the release of the peptide
from the nanoparticle formulation (NanoSSIEFARL) was
found to be lower in comparison to the control solution,
indicating that the nanoparticles effectively function as
a protective carrier. This mechanism allows for the intact
delivery of the peptide, thereby enhancing its therapeutic
efficacy. While the release profile can be characterized as
both controlled and prolonged, it is crucial to highlight that
the primary role of the nanoparticle system is to safeguard
the peptide. The controlled release is driven by the diffusion
processes of the peptide through the nanoparticle matrix,
while the prolonged release minimizes the risk of a burst
effect - a phenomenon often observed with conventional
dosage forms, such as tablets, where the drug is released in a
single rapid discharge. Additionally, the observed similarity
in release profiles between the nanoparticle formulation and
the control solution suggests that the peptide undergoes no
significant chemical alterations during the release process,
thereby ensuring the retention of its therapeutic properties.
This dual function of protection and sustained release positions
NanoSSIEFARL as a promising candidate for enhancing the
delivery and efficacy of therapeutic peptides. Furthermore,
this finding is relevant considering that dendritic cells and
macrophages are expected to take up nanoparticles, which
usually need 3 to 4 h to occur®#, and that the peptide
antigenic presentation can induce a specific immune response.
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3.4 NanoSSIEFARL is non-cytotoxic and efficiently
phagocytosed by macrophages in vitro

Before testing whether macrophages phagocytize
NanoSSIEFARL, cytotoxicity was evaluated by flow
cytometry. Cells were incubated with alcohol (negative
control), medium, and different concentrations of SSIEFARL,
Blank NPs, or NanoSSIEFARL, and the viability was
evaluated by AmCyan A staining as illustrated in Figure 3a.
It was observed that the macrophages viability was not
inhibited by the treatments with Blank NPs, SSIEFARL or
NanoSSIEFARL (Figure 3b). To evaluate the nanoparticle
effect on cells of interest, cytotoxicity must be assessed
with cells representing the exposure route!’!. Thus, we
used J774.A1 macrophages since macrophages are one of
the first cells to recognize and uptake nanoparticles after
topical application, and because it is an important antigen-
presenting cell (APC) for T cell activation*”.

NanoSSIEFARL Rhodamine B (NanoSSIEFARLRh)
was used at a final concentration of 12 pg mL™"! (60% v/v)
per well to perform the phagocytosis assay. This formulation
was characterized in terms of size and presented no statistical
difference to NanoSSIEFARL particles. Figure 3¢ shows
macrophages without any treatment (negative control) or
treated with SSIEFARL Rhodamine B (SSIEFARLRh). As
can be observed, SSIEFARL itself, marked with Rhodamine
B, was not uptaken. Since it is a small peptide, it probably
suffered degradation without nanoencapsulation and,
therefore, does not show fluorescence. Figure 3d shows
macrophages incubated with NanoSSIEFARLRh, and red
arrows indicate the phagocytosis of NanoSSIEFARLRh.
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Figure 3. Cell viability and phagocytosis of NanoSSIEFARLRh by J774.A1 macrophages: (a) Gating strategy with AmCyan A to
characterize live and dead cells; (b) Percentage of viable cells in all groups. Data shown are for mean + SD (n=3); (¢) J774.A1 macrophages
untreated and treated with SSIEFARLRA; (d) J774.A1 macrophages treated with NanoSSIEFARLRh. Groups were marked with DAPI (blue,
nuclei dye), Phalloidin Alexa Fluor 488 (green, cytoskeleton dye), Rhodamine B (red), and MERGE. Red arrows indicate nanoparticle

uptake by macrophages. (Magnification 200x).

4. Conclusions

Here, we showed the production and characterization
of a polymeric nanoparticle containing babassu oil with a
high association efficiency of SSIEFARL. NanoSSIEFARL
exhibited spherical morphology with a diameter of
approximately 200 nm. pH stability was maintained over
a month. Nanoparticles presented adequate characteristics
in terms of size, homogeneity, and stability, and a specific
HPLC methodology to quantify the peptide was developed,
showing parameters according to the required legislation.
Nanoparticles were safe to J774.A1 macrophages and
were phagocytosed by them after 4 hours. In conclusion,
NanoSSIEFARL showed promising results, suggesting that
it may be a strong candidate for further research into new
treatments for genital herpes.
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