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Abstract

This research aimed to explore the possibilities of Eudragit S100 (ES100) and sodium alginate as carriers for tenofovir
disoproxil fumarate (TDF) in the female genital tract. Alginate and alginate-ES 100 nanoparticles were prepared using the
ionic gelation and emulsion/gelation complexation method, respectively. The nanocarriers were tested using morphological,
physicochemical, in vitro drug release, and cytotoxicity analyses. In SEM and TEM images, the presence of spherical and
uniformly distributed nanoparticles was revealed. The FTIR spectrum showed that alginate and calcium chloride interacted
due to ionic bonds linking divalent calcium ions and the -COO- of alginate groups. Alginate and ES100 interacted via the
ester C=0 amide stretching. The results obtained from XRD and DSC, on the other hand, revealed a favorable interaction
between sodium alginate and ES100 polymers, as evidenced by the crystallization peaks observed. Under experimental
design analysis and optimization, overall size distribution profiles ranged from 134.9 to 228.0 nm, while zeta potential
results showed stable nanoparticles (—17.8 to —38.4 MV). The optimal formulation exhibited a maximum cumulative in
vitro release of 72% (pH 4.2) up to 96 h. The cytotoxicity tests revealed the safety of TDF-loaded nanoparticles on vaginal
epithelial cells at concentrations of 0.025 mg/mL, 0.5 mg/mL, and 1 mg/mL for 72 h. These results indicated that alginate-
ES100 nanoparticles have the potential to preserve and sustain the release of the TDF drug in the FGT. The future goal is
to develop a low-dose non-toxic microbicide that can be administered long term in the vagina to cater to both pregnant and
non-pregnant HIV patients.

Keywords female genital tract - human immunodeficiency virus 1 - nanoparticles - sodium alginate -
tenofovir disoproxil fumarate

Introduction

The female genital tract (FGT) possesses numerous charac-
teristics in the mucosal immune system that render it suit-
able for the systemic dissemination of the human immuno-
deficiency virus (HIV-1) [1]. Nonetheless, nanotechnology
for HIV-1 therapy has been cited as a technique capable of
overcoming obstacles against HIV, thereby offering hope
for HIV-1 care [2, 3]. Hence, nanomedicine-based therapies
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have been developed to facilitate the treatment of HIV-1
[4]. The primary objective is to formulate nanoparticles that
can serve as carriers for delivering medications to precisely
designated sites within the human body. Examples of these
nanoparticles include polymeric nanoparticles, micelles,
lipid nanoparticles, liposomes, and emulsions, which are
further delineated in greater detail elsewhere [5].
Nanoparticles offer significant assurance in resolving
issues related to various biological barriers, as they protect
drugs from degradation through their controlled and sus-
tained delivery [6]. Nanoparticles have also been used to
improve the oral absorption of drugs that are accompanied
by limited permeation, low solubility, and chemical insta-
bility [7]. One of these drugs is the Tenofovir Disoproxil
Fumarate (TDF) HIV drug. The TDF is categorized within
a group of antiretroviral medications known as nucleotide
reverse transcriptase inhibitors (NRTIs). It is a preferred
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first-line regimen for both men and women [8]. Several stud-
ies have incorporated TDF into nanoparticles for antiviral
protection [7, 9—11]. However, although this drug effec-
tively prevents mother-to-child transmission and manages
pre-exposure prophylaxis (PrEP) and hepatitis B, there is a
rising concern regarding its long-term effects [8].

On the contrary, it has been reported that Eudragit S100
(ES100) may prolong the release of drugs in various parts
of the body. However, only a few studies have used this
polymer in the FGT. Eudragits have been shown to regulate
drug release due to their dissolution and osmotic release
patterns [12]. Furthermore, the burst effect, which is associ-
ated with accelerated drug release and therapeutic effects,
is diminished due to the insoluble nature of ES100 under
acidic pH conditions [13, 14]. Given this information, we
found it intriguing to develop alginate-ES100 nanoparticles
for the extended release of TDF drug in the FGT. The selec-
tion of these polymers was influenced by their toxicologi-
cal information, as both have been reported to be non-toxic
[15, 16]. ES100 is a non-biodegradable polyanionic copoly-
mer of methacrylic acid and methyl methacrylate [16—18].
Eudragit polymers are generally recommended for develop-
ing novel drug delivery systems and fabricating sustained-
release formulations [12, 17, 19]. Furthermore, ES100 has
been demonstrated to possess a high degree of adhesion,
moderate swelling, and superior mechanical properties [18].
In contrast to ES100, sodium alginate is a biodegradable
natural polymer that is readily accessible and renowned for
its low-cost production [15, 20, 21]. This hydrogel-based
polymer is suited for the delivery of hydrophilic drugs, such
as TDF, owing to its capacity to absorb substantial quanti-
ties of water while maintaining its structure [21]. Lastly, its
mucoadhesive and immunogenic properties make it an out-
standing drug-delivery polysaccharide. This research aimed
to develop co-emulsified alginate-ES100 nanoparticles and
assess their potential as carriers for the TDF antiretroviral
drug in the FGT. The rationale for conducting this study is
that the current oral dose of the TDF drug on the market is
300 mg, which is associated with elevated kidney toxicity
and changes in bone density if taken for a prolonged period
[22, 23]. Our research therefore sought to develop a system
that would have a lower TDF dose (based on its water-solu-
ble nature), reduced toxicology, and a longer release of the
TDF drug. Moreover, our primary objective was to devise
a formulation that would be subsequently incorporated into
a microbicide that would be administered topically in the
vagina to both pregnant and non-pregnant women to pre-
vent HIV infection. In this case, the utilization of alginate
nanoparticles was the best choice, as they have been reported
to improve the bioavailability of drugs [21]. Together with
ES100, they are both non-toxic and recommended for con-
trolled drug delivery, as mentioned before. Various tech-
niques including SEM, TEM, in vitro drug release, FTIR,
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DSC, and XRD were employed, followed by the execution
of the experimental design (Box-Behnken) and the execu-
tion of a cytotoxicity MTT assay for further analysis and
optimization.

Materials and Methods
Materials

The ES100, sodium alginate (low molecular weight), cal-
cium chloride, methanol, dimethyl sulfoxide (DMSO), MTT
assay, and the constituents of the simulated vaginal fluid
(SVF) such as glucose, sodium chloride, lactic acid, potas-
sium hydroxide, glacial acetic acid, urea, calcium hydroxide,
and glycerin were obtained from Sigma—Aldrich (St. Louis,
Missouri, USA). After that, the TDF drug was purchased
from Leap Chem (Easey Com BLDG 253-261, Hong Kong).
Life Bioscience (Oakleigh, VIC, Australia) provided vaginal
cells (VK2), penicillin/streptomycin, and fetal bovine serum
(FBS). All the supplementary reagents or chemicals utilized
were of superior quality.

Preparation of Alginate and Alginate-ES100
TDF-loaded Nanoparticles

Alginate Nanoparticles

The ionic gelation technique [24] was employed to prepare
several trial formulations (Supplementary Table I) to evalu-
ate the formation of alginate nanoparticles. To summarize
and utilize the most successful trial formulation (Supple-
mentary Fig. 1 (F3)), 90 mg of sodium alginate and 60 mg
of TDF were dissolved in 15 mL of water, resulting in a
0.6% alginate solution. On the contrary, a concentration of
25 mg of CaCl, was dissolved in 45 mL of water to form a
0.06% CaCl, solution. Subsequently, the alginate solution
was introduced in droplets into the CaCl, solution under the
influence of the magnetic stirrer at 1.5 RPM. After an hour
of stirring, the particles were collected by centrifugation for
10 min at 12100 RPM. In the end, the suspension was frozen
at —80°C and lyophilized at —37°C for a duration of 12 h.

Alginate-ES100 Nanoparticles

As previously discussed, F3 (shown in Supplementary
Fig. 1) was selected as the optimal alginate trial formula-
tion, which resulted in the subsequent synthesis of alginate-
ES100 nanoparticles. This was accomplished using the
emulsion/gelation complexation method [21], which is the
most widely used and recent manufacturing technique for
alginate-based nanoparticulate delivery systems [21]. The
preparation of the alginate-in-oil (w/0) emulsion is the first
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step in this technique, followed by the gelation of the algi-
nate emulsion droplets with a covalent or ionic cross-linker.
This method was most effective for mixing alginate and the
ES100 polymer, which is partially soluble in water. Hence,
we first dispersed it in methanol before combining it with
alginate. Thus, different ratios (1:2, 1:1, 2:1, and 1:1.4)
for Alginate: ES100 were employed, as presented in Sup-
plementary Table II. Using a 1:1 ratio as an example (F6,
Supplementary information), 90 mg of ES100 and 60 mg
of TDF were mixed in 5-mL methanol under the magnetic
stirrer to form a 2% ES100 solution. Afterward, 90 mg of
alginate was thawed separately in 15 mL to form a 0.6%
alginate solution. For 5 min, these two solutions were mixed
under a magnetic stirrer, then further sonicated for another 5
min to create an emulsion. After this, the mixture was added
dropwise to a 0.06% CaCl, solution, under the same mag-
netic stirrer at a stirring speed of 1.5 RPM. The composite
was subjected to stirring for an hour under the fume hood
to evaporate methanol, and nanoparticles were collected by
centrifugation for 10 min at 12100 RPM. Finally, the suspen-
sion was frozen overnight and then lyophilized at —37°C for
12 h. The same preparation steps were followed for TDF-free
nanoparticles, except that the TDF drug was not added.

Characterization of Nanoparticles
Morphological Analyses

The SEM (JEOL JSM, Tokyo) was used at an acceleration
voltage of 15 keV to view the outward morphology of nan-
oparticles. Before visualization, the powder nanoparticles
were placed on standard pin stubs and coated with gold pal-
ladium. Furthermore, TEM was employed to observe nano-
particles by utilizing high-energy electron beams. In this
instance, a droplet of the suspension was fixed onto a carbon
grid and subjected to analysis at a voltage of 120 keV using
JEOL 1200 EX.

Nanoparticles Size, Zeta Potential, and Polydispersity Index
(PDI)

The Malvern Zetasizer Nano ZS instrument, manufactured in
Worcestershire, UK, was utilized. Here, 2 mL of the freshly
prepared formulation was mixed with 3 mL of purified water
for a total of 5 mL. The mixture was then sonicated for 2 min
at a probe temperature of 20°C with a 20% amplitude and
pulsation (50 s of sonication with a 10-s pause). Afterward,
the nanoparticles were analyzed for size, zeta potential, and
PDI using the dynamic light scattering technique at an angle
of 175°. Capillary cell cuvettes were employed, and intensity
was recorded at 25°C. Measurements were taken in three-
fold increments.

Fourier Transform Infrared Spectroscopy (FTIR)

By observing vibrational frequency bands, we determined
the structural variations of the nanoparticles formed. This
was done to confirm the backbone structure and integrity
of the main effective groups of the TDF drug, alginate, and
ES100 polymers during nanoparticle formation. Samples
were positioned on a diamond crystal and processed by a
PerkinElmer Spectrum 2000 ATR-FTIR (PerkinElmer 100,
Llantrisant, Wales, UK). The FTIR conditions were as indi-
cated: 24 scans at a 4 cm™! resolution and a wavelength
number ranging from 4000 to 650 cm™!.

X-ray Diffraction (XRD)

X-ray wave interference was observed to further analyze nano-
particles and characterize the stage categories involved. First,
the spectra were recorded on a MiniFlex 600 benchtop diffrac-
tometer (Rigaku, Japan) using a copper anode (CuKa) at 40
kV radiation and 15 mA. Then, a scan of 20 was conducted at
a speed of ten degrees per minute, between 10 and 90 degrees.
This was followed by diffraction analyses, which allowed for
the observation of the nanoparticles’ crystallinity degree.

Differential Scanning Calorimetry (DSC)

The thermodynamic compatibility between alginate, ES100,
and the TDF drug was investigated using the DSC technique
(Mettler Toledo, STARe System, Swchwerzenback, ZH,
Switzerland). This was accomplished by evaluating their
transition from glass to liquid and melting conditions. In this
study, samples ranging from 3 to 10 mg were weighed, sealed
in aluminum vessels, and subjected to warming at a tempera-
ture range of 10 to 350°C. The melting rate was ten degrees
per minute in a nitrogen gas atmosphere. Then, the DSC
graphs were presented as the flow of heat versus temperature.

Determining the Entrapment Efficiency (EE%)
and Drug Loading Capacity (DL%) of Nanoparticles

As shown below and reported by Schafroth and co-workers
(2011), Egs. (1) and (2) were used to calculate the EE% and
DL% of TDF-loaded nanoparticles, respectively. Thus, the
absorbance of the TDF was calculated using the ultraviolet-
visible spectrophotometer (Specord 40 UV-vis Spectropho-
tometer, Analytic Jena AG, Jena, Germany) at 265 nm.

EE% = drug within nanoparticle

X100 (1)

Initial amount of drug

amount of drug in nanoparticles
DL% = f drug 4

X100
amount of nanoparticle )
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In Vitro Release of TDF-loaded Nanoparticles

The cumulative release profiles of TDF from TDF-loaded nano-
particles were determined by the dialysis bag diffusion method
[25]. In this instance, the simulated vaginal fluid (SVF, pH 4.2)
was utilized as the release medium to preserve sink conditions
for TDF. Briefly, 10 mg of TDF-loaded nanoparticles and 2 mL
of SVF buffer were introduced into dialysis bags with a rela-
tive molecular mass cutoff of 12 kDa. These were submerged
in 50-mL SVF buffer and placed in an orbital shaker, where
they were stirred at 25 RPM, with the temperature set at 37°C.
Subsequently, at designated elapsed times (1 h,3h,6h,9h, 12
h, 24 h, 48 h, 72 h, and 96 h), 2 mL of the release buffer was
withdrawn and promptly replaced with fresh release buffer. The
amounts of TDF liberated from the samples were quantified at a
wavelength of 265 using an ultraviolet-visible spectrophotom-
eter, and the results were displayed as the cumulative release
percentage of the drug over time. The standard curve equation
for the TDF drug was Y = 0.0192x (R* = 0.9999), as shown
in Supplementary Fig. 2. All procedures were undertaken in
triplicate alongside a blank control formulation.

Development of the Experimental Design

To ensure the quality, safety, and efficacy of the formula-
tions developed, the experiment design was generated. The
response surface methodology (RSM) design was particu-
larly applicable in this study as it requires few experimen-
tal runs [26, 27]. Hence, a fractional factorial design com-
posing three factors and three levels was generated using
Minitab statistical software (MINITAB®, V15, Minitab,
USA). The development of 15 formulations corresponding
to 15 runs was conducted with a single center point. Then,
the upper and lower actual values for critical input factors
were determined (shown in Table I). In contrast, critical

Tablel Upper and Lower Actual Values for Input Critical Factors

Input variables Lower values (mg) Upper values (mg)

Alginate 90 130
ES100 90 180
CaCl, 15 25

processing parameters such as temperature, volume, stir-
ring speed, sizes of beakers, and sizes of stirrers were
kept constant. The output critical responses, including
drug release percentage (DR %), mean particle size (PS),
zeta potential (ZP), and polydispersity index (PDI), were
chosen for this design. Then, the results of these responses
were incorporated into the quadratic polynomial equation
as shown below:

Y= [Alginate].[Eudragit].[CaClZ].[Alginate] * [Alginate].[Eudragit]
# [Eudragit] [CaCI2] * [CaCl2).[Alginate| * [Eudragit].[Alginate] 3)
# [CaCI2]. [Eudragit] * [CaCl2]

Here, Y represents the measured responses, while Algi-
nate, Eudragit, and CaCl2 are input factors. The mod-
els were validated by applying an analysis of variance
(ANOVA) test. A probability of 0.05 was considered to
be the significant level with P < 0.05, and P > 0.1 was
deemed nonsignificant due to a lack of fit. Furthermore,
regression analysis and coefficient of determination tests
were conducted to evaluate the suitability of the models.
Then, surface plots were employed to analyze the interac-
tions among variables.

Optimization Using the Desirability Function

Based on the results obtained from the 15 formulations,
the responses for PDI, mean particle size, and drug release
% were further optimized following the desirability func-
tion approach [28]. Therefore, three formulations were
processed using the approximate values, as depicted in
Table II. These formulations were prepared following the
same method described in the “Preparation of Alginate
and Alginate-ES100 TDF-loaded Nanoparticles” section.
In addition to this, methods used to characterize or analyze
responses for size/PDI, EE%/DL%, and DR% were also the
same as those explained in “Nanoparticles Size, Polydis-
persity Index (PDI), and Zeta Potential,” “Determination
of EE% and DL% of Nanoparticles,” and “In vitro Release
of TDF-loaded Nanoparticles™ sections, respectively. All
experiments were undertaken in triplicate.

Table Il Desirability and

- Solution Alginate (mg) Eudragit (mg) CaCl, (mg) PDI fit PS (nm) fit DR% fit  Composite
Predicted Values for the o
. R desirability
Optimized Formulations
117.879 123.636 19.8485 0.143019 147.245 0.757158 0.932483
126.266 106.368 18.9104 0.142274 155.351 0.742039 0.884029
3 113.042 144.517 19.2536 0.157497 150.104 0.754622  0.879090
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Cell Culture and Cytotoxicity Studies

The MTT assay was selected to analyze the toxic effects
of TDF-loaded nanoparticles, drug-free nanoparticles, and
TDF on vaginal epithelial cells (VK2). Therefore, cells
were grown and maintained as described by Zhang and co-
workers [11]. To summarize, VK2 cells were cultured in
DMEM/F12 media, enriched with 1% penicillin-streptomy-
cin and 10% FBS, in 25-cm? culture flasks until they reached
80-90% confluence. Then, the cells were slid into a 96-well
plate with 1 x 10* cells per well. Afterward, the plates were
left to equilibrate for 24 h at 37°C to secure their attach-
ment. Subsequently, the cells that were attached underwent
treatment in pentaplicates (n = 5) with varying concentra-
tions (0.025 mg/mL, 0.5 mg/mL, and 1 mg/mL) of TDF-
loaded nanoparticles, drug-free nanoparticles, and TDF.
An untreated medium was considered a positive control,
whereas DMSO was considered a negative control. After
the treatment, the well plates were left in the incubator for
set time points, 24 h and 72 h. Then, 10 L. of MTT-media
solution was poured into each well, and the plates were incu-
bated for 4 h. After that, 100 uL. of media was taken out,
and 100 pL of the solubilizing agent was introduced. This
was followed by further overnight incubation of the plates at
37°C to liquefy the formazan. Lastly, the multimodal micro-
plate reader (Victor X3, manufactured by Perkin Elmer in
Waltham, MA, USA) was employed to obtain the results at
an absorbance of 570-690 nm.

Results and Discussion

Morphology of Alginate Nanoparticles as well
as Alginate-ES100 Nanoparticles

SEM analysis demonstrated the existence of alginate nano-
particles, whereas both SEM and TEM results showed the
existence of alginate-ES100 nanoparticles (Fig. 1). The find-
ings regarding alginate nanoparticles were in agreement with
those reported by Thomas and co-workers in 2020 and 2021
[29, 30] and by Kumar and co-workers in 2014 and 2017
[31, 32], indicating the difficulties encountered in forming
proper spherical nanoparticles by the alginate polymer. As
aresult, we introduced the ES100 polymer into the alginate
system, and as we expected, the results for this confirmed
the formation of nanoparticles that were more defined in
shape and smooth on the surface, as shown in Fig. 1. Similar
outcomes have been reported for nanoparticle systems that
have been incorporated with ES100, thereby confirming that
ES100 is indeed capable of forming spherical nanoparticles.
Some of these reports have been authored by Yoo et al. in
2011, Sharma et al. in 2011, Anwer et al. in 2017, Zhang
et al. in 2011, and Saraf et al. in 2019 [11, 13, 14, 33, 34].

Nanoparticle size, Polydispersity Index (PDI),
and Zeta Potential

The mean particle size, the PDI, and the zeta potential are
critical parameters for drug delivery systems [20]. Algi-
nate-ES100 formulations had average sizes between 134.9
and 228.0 nm (Table IIT), which could be explained by the
encapsulation with a hydrophilic compound [33]. Moreover,
the lower PDI values in the range of 0.129-0.363 indicate
the physical stability of the systems and the uniform disper-
sion of particles [13, 35]. The zeta potential results indicated
that nanoparticles with high negative charges were stable.
System stability is indicated by zeta potentials around +/—30
MV. [35, 36]. As per the finding of Subudhi et al. (2015),
elevated negative potentials result in an electric repulsion
that prevents the degradation of particles. Hence, in con-
trast to nanoparticles that possess a positive charge, which
bind to the cell membranes through electrostatic interaction
with the negatively charged membrane, the mucosa’s cellular
uptake of negatively charged particles primarily pertains to
the formation of loose assimilation of the particles, which
encircle the surface of the plasma membrane. Secondly, it
pertains to the production of nanoparticle clusters [20]. In
this study, negative zeta potentials were expected since both
alginate and ES100 are anionic. Irvin-choy and colleagues
(2020) [4] reported that size and surface charge have the
potential to influence the circulation of nanoparticles in liv-
ing organisms. Hence, zeta potential is regarded as a signifi-
cant component that reveals the formation of nanoparticles
because it indicates the net charges obtained by particles in
a particular medium [37]. Furthermore, negatively charged
nanoparticles are more suitable for vaginal application,
whereas larger sizes (>100 nm) could be utilized to target
the placenta, since maternal blood is directly linked to the
syncytial membrane [4, 38].

Fourier Transform Infrared Spectroscopy

The FTIR spectra of neat polymers (Fig. 2) revealed results
like those previously reported. Thus, the infrared spectrum
of ES100 revealed vibrational frequency bands at 1450
cm™!, which correspond to the presence of the -CH; bend,
and at 1275-1000 cm™", which are attributed to C=0 amide
stretching from esterified carboxylic groups and C-F bonds
[34, 39, 40]. The alginate spectrum, on the other hand,
revealed absorption peaks at 1616 cm™! and 1418 cm™!,
which correspond to COO- asymmetric and symmetric
stretching vibrations, respectively [15, 41, 42]. Further-
more, the bands at 1092 and 1032 correspond to the C-O
and CO-C groups in the mannuronic and guluronic units,
respectively. The vibration bands of alginate and ES100
carboxylic groups suggest that O-H exists in their struc-
tures at 3500-3000 cm™! [25]. When the two polymers are
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Fig.1 A SEM image of alginate nanoparticles taken at a scale of 500
nm. Ratios 1:1.4, 1:2b, 1:1b, and 2:1b: SEM images of the TDF drug
loaded into alginate-ES100 nanoparticles. Images were taken at a

cross-linked (Alg-ES100), slight variations were observed
at 1616-1603 cm™" and 1418-1410 cm™" in comparison to
the alginate spectra alone. The reduction in wave numbers
confirmed a firm indication of intermolecular interactions,
potentially related to the development of ionic bonds in diva-
lent calcium ions and the -COO- groups of alginates [30,
43]. In this context, the substitution of sodium ions with
calcium ions in alginate blocks results in modifications in
the atomic weight, charge density, and radius of cations.
Upon the formation of nanoparticles, this creates a differ-
ent setting around the carbonyl group [30, 43]. Altogether,
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scale of 1 pm and 500 nm. Ratios 1:2a, 1:1a, and 2:1a: TEM images
of the TDF drug loaded into alginate-ES100 nanoparticles. Images
were taken at a scale of 500 nm (1:2a) and 200 nm (1:1a and 2:1a)

calcium chloride and alginate polymer interacted via the
asymmetric and symmetric alginate stretching of COO-
[29]. Then, calcium alginate interacted with ES100 via the
C=0 ester bond to form a new strong anhydride bond at
10501040 cm™". A proposed mechanism for this interaction
is depicted in Fig. 3. A shift in the carboxylate peak posi-
tion from 1728 to 1560 cm™! has been observed during the
ionization process of ES100. This phenomenon is attributed
to the anti-symmetrical COO- vibration [40, 44]. Nonethe-
less, there was no discernible shift in the spectrum of Alg-
TDF-ES100 pertaining to this band, indicating that no recent
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Table Il Box-Behnken Experimental Design: Formulation Variables and Responses of Alginate-ES100 Nanoparticles (All Analyses were

Undertaken in Triplicate)

Run order Alginate (mg) ES100 (mg) CaCl, (mg) Maximum cumulative Mean particle size (nm) Zeta potential (MV) PDI

release % at 96 hrs

Fl1 110 135 20 75% 146.9 + 0.69 -29.9 +0.79 0.153 +0.02
F2 110 135 20 75% 147.5 +0.70 -30.7 + 0.81 0.145 + 0.02
F3 110 180 25 60% 157.7 + 4.15 -25.1+1.29 0.206 + 0.01
F4 90 90 20 50% 228.0 + 5.34 —17.8 +0.31 0.254 + 0.04
F5 110 90 25 53% 150.7 + 3.61 -30.8 +5.70 0.184 +0.02
F6 110 180 15 64% 178.8 +2.75 -25.1+6.86 0.261 +0.01
F7 90 135 25 74% 182.6 +3.12 -32.4+2.69 0.245 +0.01
F8 130 135 25 77% 179.7 + 6.38 -31.9+0.93 0.252 +0.01
F9 130 135 15 73% 179.5 + 4.36 -355+1091 0.239 +0.01
F10 110 90 15 53% 1499 + 1,34 -38.4 +5.39 0.154 +0.01
F11 110 135 20 75% 148.7 + 0.73 —28.2 +0.77 0.154 + 0.02
F12 130 90 20 73% 157.9 + 1.03 -384+1.85 0.129 + 0.02
F13 130 180 20 68% 185.8 + 1.21 -32.6 £0.57 0.216 + 0.01
Fl14 90 135 15 72% 194.6 +4.04 -35.2+4.81 0.211 +0.02
F15 90 180 20 62% 198.9 + 4,72 -29.5 £ 0.66 0.248 £ 0.01
This interaction possesses characteristics that may have
resulted in the entrapment of TDF within alginate-ES100
| Alg-TDF-ES 100] nanoparticles. Furthermore, the fusion of the polymers with
the drug (Alg-TDF-ES100) showed peaks similar to those
of Alg-ES100, which confirms that no interaction occurred
between the polymers and the drug [45].

N /

Alg

Transmittance (%)

ES 100

!

—TD

T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig.2 FTIR spectra of the TDF drug, ES100, alginate (Alg), Alg +
TDF, unloaded (Alg-ES100), and TDF-loaded nanoparticles (Alg-
TDF-ES100)

chemical bond was established either after the formulations
production or during lyophilization. These results confirm
the dispersion of TDF in the polymers and demonstrate an
effective interaction between alginate and ES100 polymers.

X-ray Diffraction

XRD was used to evaluate the crystalline structures of raw
polymers and nanoparticles. Figure 4 shows the X-ray dif-
fraction graphs of ES100, sodium alginate, and the TDF
drug, as well as drug-free nanoparticles (Alginate-ES100)
and TDF-loaded nanoparticles. This data indicated that algi-
nate formed a semi-crystalline pattern, consistent with pre-
vious reports [46—49]. Furthermore, the alginate diffraction
peaks at 20 = 14.5° and 22.0° correspond to the humidified
atomic arrangement formed by hydrogen covalent bonding
[48]. On the contrary, ES100 is a nebulous powder devoid
of crystalline structure, as exemplified by the diffraction pat-
tern. These results agree with those reported by Hu et al.,
2012, Sharma et al., 2012, Yusuf et al., 2021, and Ding
et al., 2020 [34, 50-52]. The TDF drug powder is crystal-
line and shows clear, sharp peaks, unlike sodium alginate
and ES100. According to El-Sheikh and co-workers (2018)
[53], sharp, clear peaks are associated with the high purity
of the systems [53]. Interestingly, sodium alginate and the
ES100 polymer interacted well, as shown by the green graph
of drug-free nanoparticles. This confirms nanoparticle for-
mation. The interaction between these polymers could be
attributed to the functional groups of the ES100 polymer,
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Fig.3 A proposed mechanism
of calcium alginate and eudragit
S100 interaction
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Fig.4 X-ray diffraction patterns of alginate, TDF drug, ES100, drug
free (Alg-ES100), and TDF-loaded nanoparticles (Alg-TDF-ES100)

as similarities between the ES100, drug-free nanoparticles,
and TDF-loaded nanoparticles graphs depict. Moreover,
the sharp, clear peaks of the TDF drug that disappeared in
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TDF-loaded nanoparticles indicated that encapsulation had
occurred [14]. In this invention, the TDF molecule was con-
verted into a nebulous state to coincide with alginate and
ES100 polymers.

Differential Scanning Calorimetry

The DSC instrument is used to ascertain the melting behav-
ior of polymers and the glass transition temperature [42]. It
is dependent on the sample’s thermal capacity as a function
of temperature [54]. For the sodium alginate polymer, endo-
thermic and exothermic peaks were observed at 123.57°C
and 235.02°C, respectively, as shown in Fig. 5. As per the
findings of Chawla et al. (2012) and Siddaramaiah et al.
(2008), the endothermic peak is attributed to the evapora-
tion of water and the carboxylate segment of the polymer
[55, 56], whereas the exothermic peak may be attributed to
the diaxial and diequatorial links of the polymer segments
[55]. The sodium alginate contains three polymer sections,
one with varying units of sugar, the other with poly(f-D-
mannopyranosyluronate), and the third with poly(a-L-guluo-
pyranosyluronate). Based on the diaxial and diequatorial
links between these segments, sodium alginate displays a
weakened and narrow melting pinnacle at 220°C [55]. Addi-
tionally, alginate is an amorphous polymer that does not
crystallize due to its irregular or geometrical structure. This
conclusion is in accordance with the publications of Soares
et al. (2004) and El-Houssiny et al. (2016) [57, 58], wherein
the authors reported that the thermal degradation of sodium
alginate involves three distinct stages.
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Fig.5 DSC thermograms of alginate, TDF drug, ES100, drug free
(Alg-ES100), and TDF-loaded nanoparticles (Alg-TDF-ES100)

The first step is an endothermic peak indicating the dehy-
dration process and glass transition temperature at around
80 °C. Then, an endothermic peak nearing 200°C, which is
associated with the melting point, followed by an exothermic
peak at around 240°C [46, 55, 57, 58]. In addition to the
thermogram peaks for sodium alginate, endothermic peaks
were observed for the unbound TDF, ES100, and nanoparti-
cles loaded with TDF at 116.53°C, 229.69°C, and 164.93°C,
respectively, indicating their melting points and crystalliza-
tion. The TDF and ES100 peaks are in agreement with pre-
vious findings [7, 59, 60]. The overall results indicated that
the endothermic peak of TDF was lowered in TDF-loaded
nanoparticles. These findings suggest thermodynamic com-
patibility between alginate, ES100, and the TDF drug, as the
shifts of the endothermic and exothermic peaks correspond
to links connecting drugs and polymers [54, 58].

Determination of EE% and DL% of Nanoparticles

The results regarding entrapment efficiencies and drug
loading capacities of the 15 formulations are presented in
Supplementary Fig. 3. Entrapment efficiency refers to the
percentage of TDF entrapped in the nanoparticles relative
to the overall sum of TDF introduced during the production
of the system [61]. This is the primary factor affecting drug
release and the overall efficacy of the formulation process.

Our results confirmed that most of the drug was entrapped,
ranging from 74% (F5) to 88% (F9). High entrapment effi-
ciency was achieved by keeping the drug concentration and
stirring speed constant while varying the alginate, calcium
chloride, and ES100 concentrations. Cautela et al. (2018)
and Pokharkar et al. (2015) have previously published com-
parable findings indicating a high EE% for the TDF drug
encapsulated into nanoparticles. Drug loading, on the other
hand, is described as the mass of TDF available in nano-
particles (100 mg) [32]. It is therefore dependent on the
initial drug/polymer ratio [62]. As depicted in Supplemen-
tary Fig. 1, the results obtained for drug loading capaci-
ties ranged from 13% (F13) to 20% (F4). Based on the drug
release results in the “Differential scanning calorimetry”
section, these results confirmed successful loading, as the
drug loading must ensure adequate release from the nanosys-
tem [63]. Furthermore, Shen and colleagues (2017) reported
that drug loading is considered high when it exceeds 10%
[64], as evidenced by our findings for all formulations. Over-
all, the formulations of alginate-ES100 nanoparticles dem-
onstrated the ability to preserve the TDF drug, leading to a
prolonged release.

In Vitro Release of TDF-loaded Nanoparticles

Graphs A-E (Fig. 6) show that half of the TDF was released
from alginate-ES 100 nanoparticles within the initial 12 h,
whereas the remaining concentration was sustained for 96
h. Table III shows that the maximum cumulative release
of F1-F15 was achieved at 96 h. Increasing concentrations
of alginate and eudragit resulted in an increased release of
the drug. These outcomes are consistent with those reported
by Zhang and co-workers (2011) [11], who found that drug
release increased with increasing concentrations of the
ES100 polymer. The outcome was expected, as eudragits are
known to regulate drug release due to their dissolution and
osmotic release patterns [12]. Furthermore, ES100 exhibits
insoluble properties in acidic pH conditions, thereby reduc-
ing the burst effect, which is associated with accelerated
drug release and therapeutic effects [13, 14]. On the con-
trary, calcium alginate undergoes a solvable transforma-
tion in the presence of sodium salts, thereby facilitating the
extension of the encapsulated TDF release [32]. Our results
demonstrated an improved cumulative release compared to
previous reports on the release of the TDF drug [7, 9, 11].

Experimental Design Analysis

As depicted in Table III, the model responses were deter-
mined based on the results of the 15 experimental runs.
The adequacy of these models was then verified by apply-
ing several tests, such as ANOVA, regression analysis, and
coefficient of determination, while surface plots were used
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to analyze interactions between variables. The results of
the ANOVA test (Supplementary Tables III, IV, V, and
VI) revealed that the probability values for the F-statistics
of drug release % and mean particle size responses were
both 0.004, which implies that these models were signifi-
cant (P < 0.05) and that they fitted well in the quadratic
model. PDI (0.088) and zeta potential (0.403) responses
were insignificant, which could be attributed to the fact
that no statistical variation was detected for these models.
However, the lack of fit p values was all significant (P <
0.1), except for the DR% model, which did not show any
lack of fit. Therefore, the values of the lack of fit for PDI,
mean particle size, and zeta potential models were 0.016,
0.006, and 0.042, respectively.

These models lacked prediction efficiency, as a
lack of fit with high nonsignificant values (P > 0.1) is
desired for a quadratic model [26, 65]. Under the coeffi-
cient of determination, the R? values were high and close
to 1 (see Supplementary Tables III, IV, V, and VI). This
indicates that the mathematical model was adequate, and
the optimization was appropriately validated [27, 66].
Furthermore, the difference between R? and R*-adjusted
values is expected to be lower than 0.2, which was the
case for drug release percentage and mean particle size
models. This is an indication that the models adopted
were significant [67]. However, the difference between
the R? and the R%-adjusted values for PDI and zeta
potential was higher than 0.2. It is important to note that
these results are consistent with those of the ANOVA
test above. Figure 7a, on the other hand, displays linear
regression models (normal probability plots), non-linear
regression models (versus fits), histogram graphs, and
versus order for all responses.

Linear regression models revealed normal distri-
bution analysis as evidenced by the straight lines and
minor deviations from linear distribution [27, 68, 69].
In contrast, non-linear regression models displayed
randomness, with the standard error of the regression
(S) for drug release %, mean particle size, PDI, and
zeta potential being 0.0397762, 10.4184, 0.0314322,
and 5.04154, respectively (Supplementary Tables III,
IV, V, and VI). The dispersion of these responses is
unbiased and forms constant variance as the small S
values present it. The presence of smaller S values
indicates that points are situated closer to the fitted
line. Histogram plots confirmed the uniform distribu-
tion of the results, as shown by the bell shapes evenly
distributed around zero. Moreover, the versus order
patterns displayed the overall results of the 15 formu-
lations for each response. The formulas for multiple
linear regression or quadratic polynomial equations
for all responses are shown below (Eqgs. (4)—(7)). For
the DR% model, the coefficient values are as follows:

Alginate is —0,0046, eudragit is 0.02472, and CaCl2 is
0.0545. For the PS model, alginate is —21,89, eudragit
is —2,48, and CaCl2 is 2,48. Similarly, for the PDI
model, alginate is —0,03066, eudragit is —0,00214, and
CaCl2 is —0.0484. Lastly, for the ZP model, alginate
is 0,26, eudragit is -0,591, and CaCl2 is 5,03. These
responses had intercepts of —1,375; 1532; 2,463; and
—52, respectively.

DR% = —1,375 — 0,0046[Alginate] + 0,02472|Eudragit]

+0,0545[CaCl2] + 0,000059[Alginate] * [Alginate]

0,000070 i i @)
-0, [Eudragit] = [Eudragit] — 0,001350[CaCl2]
* [CaCl2] — 0,000047 [Alginate| * [Eudragit|
PS(nm) = 1532 — 21,89[Alginate| — 2,48 Eudragit] + 2,48[CaCl2]
+0,0869[Alginate] = [Alginate] + 0,00491 |Eudragit]
o

* [Eudragit] +0,01583 [Alginate] * [Eudmgit]
— 0,0243|Eudragit] * [CaCl2]

PDI = 2,463 — 0,03066 [Alginate] — 0,00214|Eudragit| — 0,0484[CaCl2]
+0,000119[Alginate] * [Alginate] + 0,000006Eudragit| + [Eudragit|
+0,001542[CaCI2] * [CaCl2] + 0,000027 [Alginate| + [Eudragit|
— 0,000094|Eudragit] * [CaCl2]

(©6)

ZP = —52 + 0,26|Alginate] — 0,591 [Eudragit] + 5,03[CaCl2]

— 0,00484Alginate|  [Alginate] + 0,00097 [Eudragit]

(N

* [Eudmgil] —0,089[CaCI2] * [CaCl2]

+0,00486 [Alginate| * [Eudragit| — 0,0084[Eudragit] * [CaCI2]

In addition to the aforementioned analysis, response
surface plots were employed to examine additional inter-
actions among process variables. The effects of polymers
and the cross-linking agent on DR%, PS, PDI, and ZP
measurements were evaluated, as depicted in Fig. 7b. This
was presented as a function of alginate and eudragit, algi-
nate and CaCl,, and eudragit and CaCl,. The percentages
of drug release exhibited an increase with the increase in
concentrations of both alginate and eudragit at any CaCl,
concentration. However, particle size, zeta potential, and
PDI increased with decreasing alginate concentrations
and increasing concentrations of eudragit. It is note-
worthy that as the concentrations of eudragit increase,
the concentrations of CaCl, for particle size and PDI
decrease. Overall, the results suggested that alginate and
eudragit play an important role in sustaining the release,
stabilizing, dispersing, and controlling the particle size
of the systems. These outcomes are in accordance with
the findings presented in Table II and the “Differential
scanning calorimetry” section.
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Fig. 7 a Residual plots and b 3-D response surface plots for drug release, mean particle size, poly dispersity index, and zeta potential
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Optimization Using the Desirability Function

As shown in Table II, the desirability indexes for the three
optimized formulations (01, 02, and 03) were 0.932482,
0.884029, and 0.879090, respectively, considered within the
acceptable range [70]. The experimentally derived PDI val-
ues for these formulations were 0.251 + 0.03, 0.220 + 0.04,
and 0.197 + 0.02, respectively, whereas mean particle size
values were 134.9 + 2.34, 155.9 + 1.55, and 183.6 + 2.17.
We found it necessary to conduct an analysis for both size
and PDI, as they go hand in hand. PDI shows how narrow
the particle size distribution is. If the value is less than 0.1,
it means that the distribution is minimal. In drug delivery, a
PDI of 0.3 or less is good because it proves that the particles
are all the same size [71]. It is generally observed that the
more homogeneous the particle size, the more stable the
properties of polymers and small particles are. The utili-
zation of stable properties can yield significant advantages
in their respective fields. Consequently, it is important to
achieve a homogeneous size of nanoparticles with a small
PDI. The maximum cumulative release values were 70%,
72%, and 68%, respectively, as depicted in Fig. 6f. These
results are consistent with the predicted values in Table II.
However, the results for 02 closely match the approximated
values, followed by 01 and 03. This confirms the reliability
of the experimental design approach in predicting the most
suitable formulation suitable for TDF release from alginate-
ES100 nanoparticles. Furthermore, the maximum cumula-
tive release for these formulations was 96 h, which aligns
with the maximum cumulative release of FI-F15 in the
“Differential scanning calorimetry” section. On the contrary,
the EE percentage of all formulations 01, 02, and 03 was
84%, whereas the DL percentage of 01 and 02 was 17% and
the DL percentage of 03 was 16%. It is worth noting that the
higher concentration of eudragit in formulation 03 resulted
in a DL% that was lower than that of formulations 01 and 02.
This supports the notion we discussed in the “X-ray Diffrac-
tion” section that higher concentrations of alginate/eudragit
polymers result in lower DL%. Moreover, in contrast to the
EE% range (74-88%) of the 15 formulations, the optimized
formulations also exhibited EE% within this range, indicat-
ing that the majority of the drug was entrapped.

Cytotoxicity Assessment of Alginate-ES100
TDF-loaded Nanoparticles

The TDF drug has been reported to be tolerated for a short
period by HIV patients, but if used for a long time, it can
result in renal and bone cytotoxicity [23]. In this research,
our primary objective was to sustain the release of TDF by
incorporating it into non-toxic polymers such as alginate and
ES100. Hence, we conducted an MTT cytotoxicity assay uti-
lizing TDF-loaded nanoparticles, drug-free nanoparticles,

and TDF on VK2 cells. A vaginal microbicide is considered
safe if it does not damage the vaginal epithelium, cause dis-
tress which would decrease patient compliance, and require
low doses for therapy [72, 73]. Moreover, it is imperative that
the safety profiles for topical strategies to prevent HIV infec-
tion justify their implementation on the vaginal ecology and
mucosal integrity [11]. Our data revealed that nanoparticles
loaded with TDF did not exhibit any cytotoxic effects on
VK2 cells for a duration of 24-72 h (as depicted in Fig. 8)
at concentrations of 0.025 mg/mL, 0.5 mg/mL, and 1 mg/
mL. The viability exhibited a significant increase with the
increase in nanoparticle concentration, reaching its utmost
level at 1 mg/mL. Thus, cell viability remained above 90%
at this concentration for up to 72 h, and no serious decrement
was noticed compared to the positive control. These reac-
tions are in agreement with those reported by Zhang et al. in
2013 [73], who conducted cytotoxicity studies on tenofovir
incorporated into eudragit S-100 sodium salt microspheres
at a concentration of 1 mg/mL on VK2 cells. Furthermore,
the findings presented by Meng et al. in 2017 and Yoo et al.
in 2010 have demonstrated that alginate and eudragit S-100
polymers play a significant role in sustaining high cell via-
bility on VK2 cells. Moreover, no significant reduction was
observed for alginate and eudragit particles at various con-
centrations, up to 1 mg/mL [33, 72]. In general, it appears
that the cell viability of the pure TDF drug is lower than
that of the TDF-loaded nanoparticles. This indicates that the
toxicity level of our designed formulation is superior to that
of the TDF drug alone, rendering alginate and ES100 poly-
mers suitable carriers for the TDF drug with the potential for
sustained delivery in the FGT.

Clinical Significance of the Study

After the conception process, the fertilized egg divides into
cells, resulting in the formation of a zygote. This embeds
itself in the uterine wall, triggering the growth of the fetus
and placenta [4]. As gestation progresses, the chorionic vil-
lus begins to separate into various layers. Initially, extravil-
lous trophoblasts penetrate and obstruct maternal spiral
arteries, thereby preventing the flow of blood to the devel-
oping fetus. This provides a hypoxic condition for the fetus,
which protects it from early damage caused by oxidative
stress. Meanwhile, the uterine glands provide nutrients to
the fetus [4]. Secondly, villous trophoblasts produce syncy-
tiotrophoblasts, a site where P-gp is highly expressed in the
placenta. The syncytiotrophoblasts directly interact with the
maternal blood to form a strong barrier that unites the circu-
latory systems of the mother and child. Hence, at the com-
mencement of the second trimester, the plug that encloses
the maternal spiral arteries during differentiation is released,
thereby allowing blood from the maternal region to flow into
the placenta and fetus [4]. When taken together, the fetus has
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Fig.8 Cell viability for TDF-
loaded nanoparticles, drug-free
nanoparticles, and TDF at 24 h
and 72 h

a greater capacity to be exposed to maternal drugs nearing
birth term. It is noteworthy that the transport of drugs or
other molecules from the maternal circulation to the placenta
and fetus can be altered. Although, to attain this objective,
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nanomedicine must be constructed in a manner that enables
them to overcome multiple biological obstacles to reach the
fetus. The implementation of targeted treatments, with the
aim of preventing transfer via the placenta or facilitating
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transport to treat the fetus, would yield significant advan-
tages, resulting in optimal care for both the mother and the
fetus. We are aiming to develop a topical delivery system
that can be administered vaginally to pregnant women dur-
ing the first trimester to increase the transfer of the TDF drug
from maternal to fetal circulation.

Conclusion

According to our understanding, this study describes the
successful synthesis of the TDF antiretroviral drug loaded
into alginate-ES 100 nanoparticles. The particle size, encap-
sulation efficiency, and zeta potential were established to be
suitable for the FGT environment. The drug release profiles
showed a high release, sustained for 96 h at pH 4.2, corre-
sponding to the FGT pH. Following the statistical ANOVA
test, the overall optimization results demonstrated that the
mathematical model was adequate. This was exemplified by
the R? values, as well as the S and low F-statistics P values,
which were found to be significant and within the desired
ranges for nearly all models. The exception was the lack
of fit P values for all models, which were not as high as
anticipated to fit well in the quadratic model. However, the
system revealed significant interactions between dependent
and independent variables, as shown in response surface
plots. The cytotoxicity evaluation demonstrated the safety
of alginate-ES100 TDF-loaded nanoparticles in the female
genital tract. Hence, it can be inferred that alginate-ES100
nanoparticles possess the capability to effectively preserve
and sustain TDF release in the FGT. However, it would be
imperative to conduct a thorough investigation of the thera-
peutic implications of this system in vivo to ensure the via-
bility of nanomedicine in the future. The long-term objective
is to develop a low-dose non-toxic microbicide that can be
administered long term in the vagina to cater to both preg-
nant and non-pregnant HIV patients.
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