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Abstract

pre-exposure prophylaxis of HIV.

Background: Efficient and effective chemotherapeutic methods designed to prevent the continuous spread of HIV/
AIDS is essential to break the cycle of new infections. The use of condoms has been seen to be effective in
prevention of HIV and STls but its lack of use especially in vulnerable population is a deterrent to its overall success
as a control method. Utilization of topical microbicide to curb the spread of HIV follows the current paradigm for
HIV prevention in at risk individuals. The objective of this study was to develop and evaluate hyaluronic acid/palm
oil-based organogel loaded with maraviroc (MRV) which would be released using hyaluronidase as the trigger for

Results: The organogels had average globules size 581.8 + 3.9 nm, and were stable after three freeze thaw cycles;
the thermosensitive and HA sensitivity was achieved via incorporation of hyaluronic acid and dicaprylate esters in
the organogel with thermogelation occurring at 34.1 °C. Artificial neural network was used to model and optimize
mucin absorption and flux. These responses were predicted using the multilayer full feed forward (MFFF) and the
multilayer normal feed forward (MNFF) neural networks. Optimized organogel showed the mucin adsorption and
flux was 70.84% and 4.962 ug/cm?/min'’?, hence MRV was adequately released via triggers of temperature and HA.
The MRV organogel showed inhibition HIV — 1 via TZM-bl indicator cells. Compared to control Hela cells without
any treatment, MRV organogel was not cytotoxic for 14 days in vitro.

Conclusion: These data highlight the potential use of hyaluronic acid/palm oil-based organogel for vaginal delivery of
anti-HIV microbicides. This can serve as a template for more studies on such formulations in the area of HIV prevention.
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Background

Utilization of more potent antiviral agents in novel formu-
lation that target the virus at critical steps in its replication
cycles are pertinent in the discovery of the ideal HIV micro-
bicide [1]. These potent antiviral agents require a drug car-
rier that meets the requirements for vaginal delivery which
include cervicovaginal tissue safety and ease of application
by clients [2, 3]. Organogels which are gel-based delivery
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systems act by immobilization of apolar solvents due to for-
mation of three-dimensional aggregates via fluid filled
mechanisms which possess intrinsic thermodynamic stabil-
ity. They do not demonstrate wetness and have increased
vaginal retention on application [4]. The current paradigm
for topical microbicide development has been focused on
antiretroviral drugs as earlier work evaluating non-specific
entry inhibitors showed no benefit to the participants in
those clinical trials [5]. Maraviroc, a CCR5 antagonist, se-
lectively and reversibly binds to the chemokine coreceptors
located on human CD4 cells. CCR5 antagonism prevents
interaction between the human CCR5 coreceptor and the
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gp120 subunit of the viral envelope glycoprotein, causing
gp 120 conformational change disruption. This prevents
CCR5-tropic HIV-1 fusion with the CD4 cell hence inhibit-
ing cell entry [6]. Utilization of a novel delivery form which
is muco/bio-adhesive and ensures drug release due to pre-
determined trigger will be a useful approach in ensuring
utilization and delivery of maraviroc as a microbicide for
vaginal application [5, 7].

Hyaluronic acid has been used owing to its biodegrad-
able, non-immunogenic, and bio-adhesive properties [8,
9]. It is a non-sulfated, hydrophilic, naturally occurring
anionic muco-polysaccharide made of repeating disac-
charide units of D-glucuronic acid and N-acetyl-p-glu-
cosamine, linked through B(1-4) and B(1-3) glycoside
bonds [10, 11]. Hyaluronic acid (HA) is hydrolysable
under treatment with the hyaluronidase enzyme, which
is abundant in human seminal fluid [10] as well as other
body fluids and tissues [10, 11].

Palm oil is an edible vegetable oil derived from the
mesocarp of the fruit of the oil palms, primarily the Afri-
can oil palm Elaeis guineensis, and to a lesser extent from
the American oil palm Elaeis oleifera and the maripa palm
Attalea maripa [12]. Phytonutrients in palm oil beneficial
to pharmaceutical products are vitamin E, carotenes, and
triglycerides. The concentration of vitamin E (tocotrienol
and tocopherol) and carotenes were found to be higher
compared to other natural oils such as corn and olive oil
[13, 14]. Lipid-based formulations containing palm oil
have been used in formulation of creams and gels due to
its excellent safety profile. Palm oil-based formulations are
unaffected by excipients such as hyaluronic acid when
mixed in a formulation, but rather the drug performance
and stability were enhanced during delivery [12, 14].

Inspired by biological neural network, artificial neural
networks (ANN) could build up the mathematical rela-
tionship between the input parameters and the output pa-
rameters, with the advantage that it can be modeled
without prior knowledge. An ANN facilitates the ability to
learn complex nonlinear relationships between input and
output parameters [15]. For the current work, artificial
neural networks are used to model and optimize mucin
absorption and flux. These responses were predicted using
the multilayer full feed forward (MFFF) and the multilayer
normal feed forward (MNFF) neural networks. In this pro-
posed study, bio-adhesive properties imparted on this for-
mulation will be leveraged upon to impart the ‘smart’
organogel feature of trigger release of maraviroc from the
hyaluronic acid/palm oil (HAP)-based organogel drug car-
rier for pre-exposure prophylaxis of HIV.

Methods
Materials
Refined palm oil (Raffles oil LFTZ Enterprise Lagos)
Labrafac Lipophile WL 1349 (Batch 172,945 Gattefosse
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SAS); trifluoro acetic acid (Lot#M56718067 Shanghai
Macklin Biochemical Co., Ltd.); hyaluronic acid sodium
salt (Shanghai Macklin Biochemical Co., Ltd.); hyaluron-
idase (HAase) from bovine testes with a specified activity
of 810 U/mg, bovine serum albumin (BSA, Fraction V);
mucin from porcine stomach (CAS: 84082-64-4 Shang-
hai D&B Biological Science and Technology Co. Ltd.);
Maraviroc (Cat# 11580, Lot# 15057WB-67 Fisher Bio-
services/NIH-ARP German town MD); Nonoxylol (Sub-
lot code 946 DPT Laboratories Ltd., San Antonio, TX
78215 USA); periodic acid (CAS No. 10450-60-9 Loba
Chemie Pvt. Ltd.); Cremophor EL CAS:61791-12-6
(Shanghai Macklin Biochemical Co., Ltd). Dialysis mem-
brane (molecular weight cut off: 12-13 kDa, white grid-
ded, MERCK). All other chemicals were of analytical
grades and used as obtained from suppliers.

Design of experiment

For the current study, a three-factor central composite
design (CCD) was used to develop the experimental de-
sign to study the response pattern and to determine the
optimum combination of variables for maximizing the
chosen responses. The CCD combines the vertices of a
hypercube whose coordinates are given by a 2" factorial
design with star points. The star points provide the esti-
mation of curvature of the nonlinear response surface.
Table 1 shows the range and levels of variables opti-
mized. The experimental runs were performed in a ran-
dom manner in order to minimize the effects of
unexplained variability in the response [16]. The inde-
pendent variables investigated were HA Concentration,
volume of surfactant, and reaction time. The responses
or dependent variables investigated were mucin adsorp-
tion (%) and flux (ug/cm?/min'’?). The values of the in-
dependent variables were calculated using Eq. (1). The
experimental design was developed using the data in
Table 1 with Design Expert® software version 7.0.0 (Stat-
ease, Inc. Minneapolis, USA). The values of the inde-
pendent variables were calculated using Eq. (1).

Xi_Xo

i = 1
=y (1)

where x; and X; are the coded and actual values of the
independent variable respectively. X, is the actual value

Table 1 Coded and actual levels of the factors for three factor
central composite

Independent Symbols  Coded and actual levels

variables —168 -1 0 1 168
HA concentration X4 0.10 012 015 018 020
Volume of surfactant X5 490 522 570 618 650
Reaction time X3 0.20 026 035 044 050
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of the independent variable at the center point, and AX;
is the step change in X;.

Artificial neural network modeling

For the current work, commercial ANN Software,
Neural Power, version 2.5 (C.P.C-X Software USA) was
used to model and optimize Mucin adsorption and flux.
These responses were predicted using the MFFF and the
MNFF neural networks. These networks were trained
using different learning algorithms such as incremental
back propagation (IBP), batch back propagation (BBP),
quick propagation (QP), generic algorithm (GA), and
Levenberg-Marquadt algorithm (LM). The ANN archi-
tecture was made up of an input layer, a hidden layer,
and an output layer. The optimal network topology was
determined using only one hidden layer, while the num-
ber of neurons in this layer and the transfer function of
the input and output layer were determined iteratively
by developing several neural networks with different
transfer functions (Sigmoid, Hyperbolic-tangent, Gauss-
ian, Linear, Threshold, Linear, and Bipolar Linear). Each
of the network was trained using a stopping criterion of
100,000 iterations [17]. The learning algorithms
employed 70% of the experimental data as training set,
15% as validating set, and the remaining 15% as testing
set. This was to evaluate the predictive ability of the
model with respect to the hidden data which were not
used for training and to appraise the generalization cap-
acity of the ANN [18, 19].

ANN data validation

The efficiency of the developed ANN models in its pre-
diction capability of the responses (Flux and mucin ad-
sorption) was evaluated extensively for the process.
Statistical indicators which include coefficient of deter-
mination (R%), root mean square error (RMSE), mean
absolute deviation (MAD), and average absolute devi-
ation (AAD) were employed for this purpose. These
terms are defined by Egs. (2, 3, 4, 5, and 6) [17].

2
n yexp_ypred)
R? = 1_2 (—

3 (2)
=1 (yexp -y exp,ave)

Adjusted R? = 1- [(1—122) X n’j ;1] (3)

ypred yexp ) (4')

AAD(%) = (% (y exl’y . "’ed>> x 100 (5)
exp
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wan =13,

Where 7 is the number of points

| Ypred _ypred.avg | (6)

K is the number of input variables

Ypred is the predicted value obtained from the model
Yexp is the actual value

Yave, exp 15 the average of the actual values.

The coefficient of determination (R?) gives an indica-
tion of consistency between the experimental values and
predicted value. The closer the R* value is to 1, the bet-
ter the model fits to the actual data. The value of R?
should be at least 0.8 for a good fit of a model [19, 20].
R? is a measure of the amount of the reduction in the
variability of the response by using the repressor vari-
ables in the model while RMSE and AAD are direct
methods for describing deviations. The RMSE, AAD,
and MAD between predicted and experimental values
must be as small as possible [16].

Optimization of responses

The optimum values of the responses were obtained by
algorithm-based optimization. The optimization process
searches for a combination of factor levels that simultan-
eously satisfy the criteria placed on each of the responses
and factors. To include a response in the optimization
criteria, it must have a model fit through analysis or sup-
plied via an equation only simulation. For this work, the
optimization was done by maximizing the desired re-
sponses. The optimization algorithms considered were
genetic algorithm, particle swarm optimization, and ro-
tation inherit optimization.

Preparation of organogels

Surfactant mixtures of polyoxyethylene sorbitan mono-
oleate and Labrafac® (Propylene glycol Dicarprylate) were
prepared. Specified amount of the surfactant mixtures
(as shown in Table 3) was added to 2.45 ml refined palm
oil containing 0.1% w/w maraviroc in beaker and kept
on magnetic stirrer. The above mixture was stirred on a
magnetic stirrer at 80 rpm using varying time intervals
(as shown in Table 3). Subsequently, 1 ml double-
distilled water containing a specified amount of dis-
persed hyaluronic acid (Table 3) was added dropwise to
the surfactant-oil solution with the use of a micropip-
ette. Additional water to make up to 10 ml was intro-
duced until the formation of the organogel was achieved.
Based on the composition of the surfactant-oil-water
mixture, the systems either formed gelled structures,
emulsion, or remained as a liquid mixture. A ternary
phase diagram was plotted to find the area of the
gelation using Origin 8 (Professional) software. The
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organogels were observed for their color, odor, appear-
ance, and texture. The microstructure of the organogels
were analyzed under bright Binocular Camera Micro-
scope. The organogels prepared with aqueous rhoda-
mine B solution were visually examined to understand
the phenomenon of the gelation. The photographs of
the samples were taken with a 10-megapixel Canon
DSLR camera.

Physicochemical testing

Rheological profile was determined using the CP52 spin-
dle on a cone/plate Brook field Model HADVIII+ visc-
ometer (Brookfield Eng. Lab., Inc, Middlebrow, MA).
Data was collected using Rheocalc software (Brook field
Eng. Lab., Inc.). pH and osmolality measurements were
taken using Mettler Toledo S975 Multiparameter Meter
with Stirrer and Probes for pH, osmolality.

Accelerated thermal stability studies

Thermocycling method of accelerated stability test was
used to analyze the long-term stability of the organogels.
Freshly prepared samples were subjected alternatively at
80 °C for 15 min in a water bath and subsequently at -
20 °C temperature-controlled cabinet for the next
15 min. This constituted 1 cycle. The experiment was
continued for 4 cycles. The samples were continuously
monitored for any signs of destabilization. The organo-
gels were regarded as destabilized if there was a phase
separation. Organogels were also regarded as destabi-
lized if they failed to maintain their structural integrity.
The samples were regarded as stable, if they were able to
sustain three cycles of thermocycling without any signs
of destabilization.

Thermal analysis

The gel to sol transition (Tgg °C) of the organogels was
determined by falling ball method. Two grams of the
organogels was poured in a 10 ml test tube. A stainless
steel ball (diameter: 1/8th of an inch; weight =130 mg)
was placed gently on the top of the organogels. The test
tube was heated at a rate of 1 °C/min in a melting point
determination apparatus. The temperature at which the
stainless steel ball started to move into the gel was noted
as the Tgs °C of the organogels.

Fourier transform infrared spectroscopy

The interactions among the components of organogels
were analyzed by Fourier-transform infrared (FTIR)
spectroscopy using alpha-E, Bruker, Germany. The ana-
lysis was conducted in attenuated total reflectance
(ATR) mode.
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X-ray diffraction analysis

The organogels were analyzed by X-ray diffractometer
using Cu-Ka radiation generated at 30 kV and 20 mA. The
scanning range was 5° to 50° 20 at a step size of 2°/min.

Mucoadhesion study

Mucin adsorption was evaluated utilizing periodic acid
and Schiffs colorimetry. Mucin was dissolved in simulated
seminal fluid and mixed in a 1:1 ratio of the maraviroc
containing HAP organogel formulation containing varying
concentrations of hyaluronic acid (Table 3). The suspen-
sion was under 100 rpm agitation in a water bath shaker
at 37 °C for 40 min. Centrifugation at 400 rpm for 120 s
was carried out prior to supernatant recovery. To 1 ml of
supernatant, 0.2 ml of periodic acid reagent was added
and incubated at 37 °C for 2 h, followed by the addition of
0.2 ml Schiff reagent and incubation at 25 °C for 30 min.
The absorbance was recorded at 555 nm. The mucin con-
tent was calculated from the standard calibration curve
and plain organogel without hyaluronic acid was utilized
as control. Each experiment is performed in triplicate with
mucin adsorption calculated using Eq. 7

%Mucin adsorption = (total mass of mucin
—free mucin total mass of mucin)

%100
(7)

In vitro drug release analysis of HA-palm oil-based
organogel

The in vitro drug release studies were carried out using a
modified Franz’s diffusion cells. Dialysis membrane was
used to separate the donor and the receptor chamber. Ac-
curately weighed samples (1 g) were loaded in the donor
compartment and placed gently into the receptor com-
partment so that the dialysis membrane was in contact
with the receptor fluid. Twenty-five milliliters of 1% Cre-
mophor EL in double-distilled water was used as the dis-
solution medium and was kept stirring at 100 rpm and
the temperature was maintained at 37+1 °C. Samples
were taken from the receptor compartment at predeter-
mined time intervals (5, 10,15, 30 min) and assayed for
drug content using a high-pressure liquid chromatography
method. Separations were done by gradient elution. The
initial step used 70% (v/v) of 0.1% TFA in water and 30%
(v/v) of 0.05% TFA in acetonitrile; the wavelength for the
detection of maraviroc (MRV) was 210 nm.

Enzyme degradation analysis of HAP organogel utilizing
hyaluronidase

Bovine testicular hyaluronidase (HYase) was utilized in
this study as it facilitates hydrolytic decomposition of
1-4 glycosidic bonds situated in hyaluronic acid utilized
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in formulation of the organogel. Twenty milligrams of
the organogel was dispersed in 3 ml of a mixture of
freshly formulated simulated vaginal fluid and simulated
seminal fluid in the ration of 1:4 (this simulates the vol-
umes encountered during ejaculatory intercourse). The
pH was adjusted to 7.1 to simulate ejaculatory inter-
course pH conditions. The organogel and simulant mix-
ture was introduced into a test tube shaker bath at
37 °C+0.5 °C and aliquot volumes of 400 pl was ob-
tained at 0.5, 1, 6, 12, 24, 36, 48, 72, 96 h. The aliquot
volumes were then heated at 100 °C+ 1.1 °C to inacti-
vate HYase, and glucuronic acid was released as mea-
sured using UV-Vis spectrophotometry at 530 nm.
Percentage cumulative release of maraviroc was also cal-
culated in the presence and absence of HYase.

Safety testing

Lactobacillus crispatus viability assay

L. crispatus ATCC33197 were obtained from the Ameri-
can Type Culture Collection (VA, USA). Bacterial sus-
pensions were prepared by selecting isolated colonies
from fresh, overnight culture plates and suspending the
test organisms in saline to a density of a 2 McFarland
standard. Suspension were mixed 1:1 with each gel
After incubation at 35 °C for 30 min, samples were
plated onto the appropriate medium. Plates were incu-
bated for 24 h and evaluated for killing of the test micro-
organisms by examination. Colony forming units were
counted and the difference between the untreated and
treated cultures were determined. The percentage of L.
crispatus viability was calculated and plotted.

Efficacy testing

TZMB assay

The TZM-bl cells were seeded in 24-well plates to ob-
tain an optical density corresponding to 2 x 10° cells in
each well. After 24 h, the cells were treated with dilu-
tions of the formulations optimized HAP organogel con-
taining Maraviroc, HAP organogel containing Maraviroc
(F5), and nonoxynol-9 gel. After 24 h, the media from
all wells was suctioned out to remove the dilutions of
formulation and replaced with fresh media. This was
followed by the cells were inoculated with 25 pl HIV-1
NL4-3 virus for 3 h. After 24-h incubation, the cells
were washed with phosphate-buffered saline, lysed with
150 pl Mammalian Protein Extraction Reagent, centri-
fuged, and the lysate treated with luciferase after which
the lysate is obtained after centrifugation is treated with
luciferase. Luminesce was measured using a lumin-
ometer (Promega WI, USA). The results of the treat-
ment were compared with control (HIV-infected cells
without antiretroviral treatment) and data obtained was
plotted to obtain an HIV infectivity dose-response. All
the experiments were performed in triplicate.
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In vitro cytotoxicity studies

Long-term in vitro cytotoxicity of optimized HAP orga-
nogel, HAP organogel (F5), and nonoxynol 9 was evalu-
ated in HeLa cells. Briefly, cells were seeded in 12-well
plates at a density of 1.0 x 10* cells/well in triplicate and
allowed to attach to wells overnight. HAP organogel
were added to obtain an MRV concentration of 5 pg/ml
in each well. Blank gel containing no drug (50 pl) was
added to triplicate wells to determine cytotoxicity of this
component. Cell viability was assessed on days 1, 2, 4, 7, 10,
and 14 as per MTT method [5]. The absorbance obtained
for MRV was compared to control cells (no treatment). As-
suming non-Gaussian distribution, nonparametric statistics
were used to determine significance.

Results

Modeling and analysis using artificial neural network
Two networks architectures were considered and trained
using different training algorithms to determine the one
most suitable for the intended purpose. The best train-
ing algorithm was the Levenberg-Marquadt (LM) algo-
rithm (Table 2) and while the best network architecture
was a MFFF network. This was chosen because network
architecture and training algorithm are characterized by
low RMSE and high R*> values. To determine the
optimum network topology, iterations were also carried
out on the various transfer functions. The best transfer
function was also used to determine the optimum num-
ber of neurons for the network. The Hyperbolic-
Tangent function gave higher R* values compared all
other transfer functions.

Optimum number of neurons

In order to determine the optimum number of neurons
in the hidden layer, iterations were carried out with the
hyperbolic tangent transfer function. From Fig. 1a, the

Table 2 R? and RMSE values of MNFF and MFFF using different
training algorithms

Network Training Response
architecture  algorithm Mucin adsorption Flux
RMSE R’ RMSE R’

MNFF IBP 7.34217 0.76591 0.19291 091433
BBP 15.81500 —0.0859 0.21300  0.89556
QP 1371700  0.18308 0.59388  0.18807
GA 7.57710 0.75073 0.22576  0.88267
LM 6.83070 0.79741 0.24737  0.85912

MFFF IBP 6.56520 0.81286 0.12781 09624
BBP 1691100 —0.24175 069043 —0.09741
QP 14.09100 0.13784 0.59431  0.18689
GA 792070  0.72760 029926  0.79383
LM 6.55470 0.81435 0.12148  0.96603
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A
No of neurons Muein Flux
adsorption
1 0.69563 0.31349
2 0.78527 0.15893
3* 0.81345 0.96603
4 0.81345 0.96603
5 0.81345 0.96603
6 0.81345 0.96603
7 0.81345 0.96603

the optimal ANN for predicting flux
A\

Fig. 1 a Determination of optimum number of neurons. b Architecture of the optimal ANN for predicting mucin adsorption. ¢ Architecture of

Bias
B -0 @

HA coocenaten _.'.__

W\ /7 \

HA concentration
"
/
Vohume of surfactant {) » Flux
Reaction time

optimum number of neurons in the hidden layer is 3.
This was chosen as the number of neurons that yielded
the highest R* value. The optimum network topology
thus becomes 3-3-1 for each response, i.e., three input
factors in the input layer, three neurons in the hidden
layer, one response in the output layer, and a hyperbolic
tangent transfer function for the hidden and output
layers (Fig. 1b, ¢). The optimum ANN topology has ad-
equately high R* (0.96603) value for the prediction of
flux and a sufficiently high R* for prediction of Mucin
adsorption. These values obtained implies that the ANN
model can be used to predict these responses from the
input factors.

Validation of ANN model results

The values of mucin adsorption and flux as predicted
by the optimum network topology are presented in
Table 3 alongside the experimental values for com-
parison. Comparison of the actual experimental values
of the response and those predicted by the ANN
model show that there was a reasonable agreement.
This implies that the deviation of the predicted values
from the actual was minimal. The closeness of the
experimental and predicted values of the responses
shows the validity of the ANN model.

Mucin adsorption deviation for run 10, 16, and 19 had
increased variation compared to other runs due to ex-
perimental variation; however, the goodness of fit statis-
tics of the models for mucin adsorption indicate a good
fit between the experimental results and the results pre-
dicted by the model when looking at the entire data set
in its totality (Table 4). The goodness of fit statistics of
the models for mucin adsorption and flux are shown in
Table 4. The values obtained indicate a good fit between
the experimental results and the results predicted by the
model. This is corroborated by the high value of R* and
adjusted R* values with the error terms (RMSE, AAD,
MAD) being relatively small compared to the mean of
the observations.

Response surface plots, optimization of input factors, and
responses

The response surface plots presented in Fig. 2a—d show
the relationship between the responses (mucin adsorp-
tion and flux) and the input factors (HA concentration,
volume of surfactant, reaction time). The optimization
of the input factors and the response was carried out
using genetic algorithm (GA), particle swarm
optimization (PSO), and rotation inherit optimization
(RIO) and the results are summarized in Tables 5 and 6.
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Table 3 Comparison of experimental results with ANN predicted results

Run Factors Responses

Mucin adsorption (%) Flux (ug/cm?/min'’?)

HA concentration (ml) Volume of surfactant (ml) Reaction time (min) Experiment Predicted Experiment Predicted

1 0.12 522 026 231 231 3.85 385
2 0.12 6.18 0.26 21.23 21.23 2.99 2.99
3 0.12 6.18 0.44 39.72 39.72 3.73 3.73
4 0.15 6.50 035 55.73 55.73 41 411
5 0.15 5.70 0.50 68.73 68.73 4.83 4.83
6 0.18 522 0.26 2145 2145 2.78 2.78
7 0.12 522 044 37.50 37.50 398 398
8 0.18 5.22 044 2833 2833 297 297
9 0.18 6.18 044 31.98 31.98 3.09 3.09
10 0.15 5.70 035 3299 50.84 4.01 4.06
" 0.20 5.70 035 33.87 33.87 3.1 31
12 0.15 5.70 0.35 59.99 50.84 4.21 4.06
13 0.15 5.70 0.20 46.77 46.77 41 411
14 0.10 5.70 0.35 2578 2578 267 267
15 0.18 6.18 0.26 23.01 23.01 2.33 2.33
16 0.15 5.70 035 35.88 50.84 363 4.06
17 0.15 490 0.35 44.67 44.67 342 342
18 0.15 5.70 0.35 57.32 50.84 432 4.06
19 0.15 5.70 0.35 60.11 50.84 4.1 4.06
20 0.15 5.70 0.35 5873 50.84 4.08 4.06

From the results, it can be seen that the values obtained
from the three optimization methods were approxi-
mately equivalent.

Physicochemical characterization of the optimized HAP,
HAP organogel (F5)

Utilizing a reaction time of 0.5 min, hyaluronic acid con-
centration of 0.148 ml, and volume of surfactant
6.19 ml, 0.1% w/w maraviroc uniformly dispersed in the
oil-phased formed optimized HAP organogel with an
agreeable odor. A reaction time of 0.5 min, hyaluronic
acid concentration of 0.15 ml, and volume of surfactant
5.7 ml, 0.1%w/w maraviroc uniformly dispersed in the

Table 4 Goodness of fit statistics for ANN models

Parameter Response
Mucin adsorption Flux

R 081345 0.96603
Adj R 0.77848 0.95966
Mean 40.3451 36165
RMSE 6.3887 0.1184
AAD 7.5609 1.1823
MAD 11.7471 0.5572

oil phased-formed HAP organogel, a slightly yellow gel
(see run 5 in Table 3). The optimized gel was off white
having a pH of 4.9 and an osmolality of 299 mOsm/kg.
These values differ slightly from the pre optimized gel
analyzed which had a slightly yellow color and pH of 5.9
and an osmolality of 320.4 mOsm/kg. The viscosity of
the organogels decreased as an increased shear was ap-
plied to them thus mimicking a pseudoplastic system.
All the gels formulated had comparable viscosities as
shown Table 7. The X-ray diffraction (XRD) profile of
organogel showed a broad hump at approximately 20 °C
20 showing the predominant amorphous nature of the
organogel (Fig. 3a). The presence of aggregated granular
structures leads to the formation of a three-dimensional
network structure. With the increase in the concentration
of surfactant mixture, there was a corresponding increase
in the three-dimensional networked structure as visualized
under the microscope (Fig. 3 d—f). FTIR spectra of the for-
mulation showed a broad peak at 3410 cm ™' attributed to
the presence of maraviroc and appearing peaks of 2911
and 2849 cm ™' attributed C-H functional groups (Fig. 3b).

Nonoxynol-9 is chosen as a placebo for comparison
with the formulated organogels because it is the most
commonly used spermicide in the world with a favorable
safety profile. It has no activity against HIV [21]. The
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Fig. 2 Showing a response surface plot showing effect of reaction time and volume of surfactant on mucin adsorption. b Response surface plot
showing effect of reaction time and volume of surfactant on flux. ¢ Response surface plot showing effect of reaction time and HA concentration
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Table 6 Optimized conditions for flux

Table 5 Optimized conditions for mucin adsorption
Variable GA RIO PSO Variable GA RIO PSO

HA concentration 0.13653 0.13654 0.13677 HA concentration 0.15976 0.15977 0.15938
Volume of surfactant 5.89753 5.89791 5.90566 Volume of surfactant 649995 6.5 6.49875
Reaction time 04999 0.5 04999 Reaction time 049998 0.5 049976
Maximum mucin adsorption (%) 70.84324 70.84329 70.84305 Maximum flux 4962 4962 4962
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Formulation Appearance Viscosity (mPas at Bviscosity (mPas at pH at PpH at Osmolality bOsmolality
40 rpm, 25 °C) 40 rpm, 25 °Q) 25°C 25°C (mOsm/kg) (mOsm/kg)

°HAP organogel Slight yellow gel 1476 £11.32 1430 £ 9.65 59+007 6.1+003 4504+1.01 4555+ 1.11

Optimized HAP Off white gel 1402 £9.43 1411+£11.32 49+003 48+007 399.1+132 399.1+1.06

organogel

Placebo gel Transparent and 2993 +4.99 3015+ 1.03 42+001 42+001 91.1+1.28 922+ 146

(Nonoxynol-9 gel) colorless

?HAP organogel (see run 5 in Table 3)
PResults obtained after accelerated stability testing for 3 months

organogels exhibited shear thinning synonymous with
non-Newtonian pseudoplastic effect where a decrease in
viscosity is observed with an applied sheer on the formu-
lation. This attribute is essential for drug release from
the formulation. Application of sheer did not signifi-
cantly affect the viscosity of the placebo gel nonoxynol
9. All formulations were seen to be sufficiently viscous

and suitable for vaginal application. The organogels
were stable over the 3-month accelerated stability
testing period with no significant changes in viscosity,
pH, and osmolality. The in vitro release study for the
organogels showed a release rate of 3.894 pg/cm?/
min'/? for the HAP organogel, a higher value of
4.49 pg/cm*/min'’? was obtained for the optimized
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HAP formulation (Fig. 4a). Evaluation of the viability
of Lactobacillus crispatus was carried out as shown in
Fig. 5a where the organogels were seen to preserve
the viability of L. crispatus when compared to control
48 h of incubation and proved non cytotoxic to HeLa
cells over 14 days in vitro (Fig. 5a). HIV infectivity
was seen to be decrease with increased concentration
of the formulations as shown in Fig. 5¢ when the for-
mulations were incubated with HIV-1 indicator TZM-
bl cells at different concentrations.
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Discussion

Maraviroc (MRV) a CCR5 antagonist has gained interest
in its use for HIV prevention due to its activity as an
entry inhibitor [6, 7, 22—24]. Due to the hydrophobic na-
ture of MRV, its formulation as an organogel is designed
to optimize drug release when compared to its release
from a hydrophilic matrix like a hydrogel. With a log P
of 2.4, pKa basic 7.3, during formulation MRV resides in
the organic phase due to higher lipophilicity resulting in
a stable interaction with HA in the fluid filled matrix
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hence optimizing product stability. The optimized HAP
organogel was viscous with pH 4.5 and osmolality
399.1 mOsm/kg and pH 5.9 and osmolality 450.4 mOsm/
kg for the un-optimized formulation. Vaginal formulations
should have osmolality of less than 1000 mOsm/kg to pre-
vent vaginal epithelial stripping [25], hence the formulated
optimized organogels are postulated to be well tolerated
when compared to CAPRISSA-004 tenofovir gel [22] and
MTN-001 (nonoxynol 9) [26] gels which showed much
higher osmolality. The optimized HAP organogel was
thermosensitive, with optimal thermogelation point being
34.9 °C which was not too close to body temperature as

recommended by CDER guidelines [27], compared to the
un-optimized formulation which had 37.1 °C as its ther-
mogelation point. This ensures enhanced stability in trop-
ical countries where average temperatures as rated by ICH
guidelines are higher than 30 °C [28, 29]. Sol to gel transi-
tion when exposed to body temperature was seen to be
very short for the optimized formulation hence the opti-
mized response to temperature exhibited by the optimized
maraviroc organogel.

In this study, an optimized hyaluronic acid/palm oil
(HAP)-based organogel as a vaginally administered pre-
exposure prophylaxis agent was successfully developed
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using artificial neural networks to model and optimize
mucin absorption and flux. These responses were pre-
dicted using the MFFF and the MNFF neural networks.
These parameters were necessary for the development of
hyaluronidase trigger release of the incorporated anti-
retroviral agent maraviroc. The mucus secreted by the
cervical epithelium provides a protection over the vagi-
nal epithelium while encouraging sperm migration to-
ward the cervix. Mucin adsorption was found to
decrease with increase in reaction time as shown in
Fig. 2a. This trend was observed both at low and high
volumes of surfactants. Conversely, the volume of sur-
factant had very little influence on mucin adsorption at
low levels of reaction time. However, at higher reaction
times, the volume of surfactant was observed to posi-
tively influence mucin adsorption. Figure 2b shows that
increasing the reaction time resulted in an increase in
the level of flux. This trend was observed both at low
and high volumes of surfactants. Similarly, increasing
the volume of surfactant also resulted in an increase in
the level of flux, although the effect was not as signifi-
cant when compared to that of reaction time. Intermedi-
ate levels of HA concentration were necessary to achieve
optimum levels of mucin adsorption and flux as shown
in Fig. 2 ¢, d, hence postulated retention of the devel-
oped organogel on the vaginas’ epithelial surface. Dez-
zutti et al. [23] demonstrated that ectocervical mucosal
protection would require ten-fold more concentration of
maraviroc to protect it from HIV infection; this is due
primarily to the inability of the formulation to be
retained on the mucosal surface. Ensign et al. [28] as-
sumption on mucus penetrating of formulations for va-
ginal drug delivery to protect against herpes simplex
virus is in consonance with our premise of optimization
of mucin adsorption for the organogel formulation
which would ultimately lead to increase drug release and
retention at the vaginal mucosal surface [29-31].

The in vitro release study for the organogels showed a
release rate of 3.894 pg/cm”/min'? for the HAP organo-
gel, a higher value of 4.49 pg/cm?/min'* was obtained
for the optimized HAP organogel formulation (Fig. 4a),
hence showing that maraviroc was adequately released
from the formulation; this result is similar to those ob-
tained by Dezutti et al. [23], and that optimizing flux
and mucin absorption translated in higher values of
maraviroc release. In the presence of 1.08 U of hyaluron-
idase (an approximate concentration present in 3 ml of
human semen ejaculate [10]), the cumulative release rate
was subsequently evaluated with degradation analysis.
The presence of hyaluronidase HYase initiates an en-
zymatic breakdown of free carboxylic acid groups of glu-
curonic acid present in hyaluronic acid which was
utilized in the formulation. Both the optimized HAP
organogel and HAP organogel showed a clear response
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to HYase via increase in the percentage release of mara-
viroc from the organogel in the presence of HYase
(Fig. 4b, c). There was a 2.5-fold increase in the percent-
age of maraviroc release in the presence of HYase when
compared with the percentage released in the absence of
HYase. This efficient trigger mechanism for maraviroc
release in response to the presence of hyaluronidase
present in semen was highly efficient, when compared to
the Agrahari et al. [10] whose trigger was just a compo-
nent of the formulation and not the entire formulation.
The optimized formulation facilitates drug release in the
vaginal; the mucous layer did not affect the adsorption
character of the organogel and by extension did not
affect drug release.

The acidic environment of vagina is maintained by
Lactobacilli, which lowers the risk of HIV infection by
its natural defense mechanism [24, 26—28], hence any
microbicide formulation will need to preserve the nat-
ural defense mechanism of the vagina by not disturbing
the Lactobacilli viability. The organogels evaluated for
safety via % Lactobacilli crispatus viability showed no
significant change in the viability of L. crispatus when
compared to media (Fig. 5a). There was a significant dif-
ference between the organogels formulated and controls
utilized. In vitro cytotoxicity of the optimized HAP orga-
nogel was carried out to ensure that organogels did not
cause any cytotoxicity to HeLa cells. All the formulations
containing MRV concentration of 5 pg/ml did not have
any significant toxicity observed compared to control
cells or nonoxynol-9 gel (Fig. 5b). The concentration re-
sponse model utilized in this study was developed to es-
tablish the ability of optimized HAP organogel for pre-
exposure prophylactic management of HIV exposure.
TZM-bl cells were treated with optimized HAP and F5
HAP organogel over a period of 12 h; the cells were
washed, and media replaced followed by re-exposure to
HIV cells after 24 h. Figure 5c¢ shows that there was re-
duced infectivity with the cells treated with optimized
HAP and F5 HAP organogel. The lower concentrations
of the formulations (0.1 pg/ml of optimized HAP) were
able to reduce HIV infectivity. The anti-HIV activity was
due to the ability of the organogel to release maraviroc
which was then transported and maintained in adequate
concentrations inside the cells to prevent infectivity.

Conclusion

In this study, artificial neural networks were used to
model and optimize mucin absorption and flux of palm
oil/hyaluronic acid-based organogel for vaginal delivery
of maraviroc. The optimized HAP organogel was viscous
with pH 4.5 and osmolality 399.1 mOsm/kg and pH 5.9.
The in vitro release study for the organogels showed a
release rate of 3.894 ug/cm?/min'/? for the HAP organo-
gel, a higher value of 4.49 pg/cm’/min'/*> was obtained



llomuanya et al. Future Journal of Pharmaceutical Sciences

for the optimized formulation. There was a 2.5-fold in-
crease in the percentage of maraviroc release in the pres-
ence of hyaluronidase when compared with the
percentage released in the absence of hyaluronidase,
hence the effectiveness of the organogel to release mara-
viroc in the presence of hyaluronidase enzyme acting as
a trigger. These data highlight the potential use of palm
oil/hyaluronic acid-based organogel for vaginal delivery
of anti-HIV microbicides. This can serve as a template
for more studies on such formulations in the area of
HIV microbicide development.
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