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Purpose: To formulate and evaluate microspheres of the antiretroviral drugs maraviroc and 
tenofovir intended for a candidate vaginal microbicide and assess its effect on the vaginal 
lactic acid bacteria microflora.
Methods: Ionic gelation technique was used to formulate maraviroc and tenofovir microspheres 
with subsequent characterization. The effect of varying concentrations of the polymer, crosslinking 
agent and the curing time on the outcome variables viz: particle size, mucoadhesion and encapsula-
tion efficiency were investigated. Lactic acid bacteria were isolated from the vagina of healthy 
women using standard microbiologic methods. The analysis of their 16S rRNA sequence data 
identified Lactobacillus fermentum and Enterococcus faecalis strains which were assigned 
GenBank accession numbers. The efficacy of the microspheres on HIV-1BaL strain was evaluated 
using TZM-bl indicator cells.
Results: The optimal maraviroc and tenofovir microspheres had particle sizes of (434.82 µm 
and 456.18 µm), mucoadhesion of (93.3% and 90%) and encapsulation efficiency (92.80% and 
78.9%) respectively. Maraviroc release kinetics followed a zero-order model and tenofovir was 
released via Higuchi model. The assay of a 1 mg/mL suspension of the microspheres on the 
strains of Lactobacillus fermentum and Enterococcus faecalis showed a viability of 93.9% and 
89.7%, respectively. There was a statistically significant difference between the mean absorbance 
readings of the test agent and that of the positive control (P = 0.001). The microspheres elicited a 
progressive decline in HIV infectivity until at a concentration of 1 μg/mL.
Conclusion: The antiretroviral drugs loaded in the microspheres, had good mucoadhesion which 
is a potential for prolonged residence time in the vagina. The antiretroviral drugs were adequately 
released from the microspheres and showed efficacy against the HIV-1 BaL virus strain. There was 
no significant disruption in the growth of the lactic acid bacteria which constitute valuable bacteria 
microflora of the vagina.
Keywords: vaginal microbicides, HIV prevention, Lactobacillus fermentum, Enterococcus 
faecalis

Introduction
Heterosexual intercourse is a major mode of male-to-female transmission of HIV-1 
infection and women account for a greater percentage of HIV prevalence globally. Pre- 
exposure prophylaxis measures using oral antiretroviral drugs and microbicides are 
advocated for HIV prevention. Microbicides are agents containing drugs that are inserted 

Correspondence: Sabdat O Ekama  
Clinical Sciences Department, Nigerian 
Institute of Medical Research, 6 Edmund 
Crescent, P.M.B 2013, Yaba, Lagos, Nigeria  
Tel +234 8134761356   
Email sabdatekama@nimr.gov.ng

submit your manuscript | www.dovepress.com HIV/AIDS - Research and Palliative Care 2021:13 399–413                                                 399

http://doi.org/10.2147/HIV.S291065 

DovePress © 2021 Ekama et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

HIV/AIDS - Research and Palliative Care                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

H
IV

/A
ID

S
 -

 R
es

ea
rc

h 
an

d 
P

al
lia

tiv
e 

C
ar

e 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ o
n 

04
-J

un
-2

02
2

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0003-4395-419X
http://orcid.org/0000-0001-8819-1937
http://orcid.org/0000-0001-7140-2689
http://orcid.org/0000-0003-0688-3898
https://youtu.be/63jGK8WOibE
mailto:sabdatekama@nimr.gov.ng
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


into the vagina or rectum to prevent the transmission of HIV or 
other sexually transmitted diseases.1,2

Microbicide dosage forms have evolved from the use 
of nonspecific agents to specific antiretroviral drugs. 
Furthermore, efforts are targeted towards improving on 
the lacunas observed with the early specific antiretroviral 
microbicides such as coital dependent use and short resi-
dence time in the vagina.

The antiretroviral drugs tenofovir and dapivirine have 
shown some level of success in clinical trials when admi-
nistered as 1% tenofovir gel and dapivirine ring microbi-
cides; in the CAPRISA 004 and the MTN-020-ASPIRE 
trials, respectively. However, subsequent clinical trials to 
validate the claims of the former in the VOICE and 
FACTS trials proved abortive.1

The disappointing outcome of these trials has directed 
researchers in the exploration of combination antiretroviral 
drugs for microbicide formulation.

In this quest, Date et al investigated the formulation of 
raltegravir and efavirenz nanoparticle combination as a 
microbicide for pre-exposure prophylaxis.

The use of combination antiretroviral agents acting at 
different points of the HIV lifecycle has been proven to be 
more effective in oral highly active antiretroviral therapy 
compared to single agents; this has been extended to 
microbicide formulations.3,4

Dobard et al formulated a rectal specific gel of 1% 
maraviroc and 1% tenofovir for the prevention of HIV 
transmission.5 However, the challenges of conventional 
gel formulations have necessitated the development of 
targeted drug delivery systems.

Employing novel drug delivery systems in microbicide 
formulations such as mucoadhesive microspheres (micro-
particles) is an effort to target the drug to the site of action, 
increase residence time in the vaginal environment and 
ultimately design formulations whose administration are 
coital independent.6,7

The natural ecosystem balance of the vaginal environ-
ment is maintained by resident beneficial organisms. 
Lactic acid bacteria (LAB) are a group of gram-positive 
bacteria found in different niches including the vaginal 
environment where they confer beneficial and protective 
properties.8,9 These groups of organisms maintain vaginal 
health and exert these valuable properties by producing 
lactic acid which helps to maintain the acidic vaginal pH 
(3.5–4.5). Common lactic acid bacteria groups are 
affiliated to the genus Lactobacillus, Enterococcus and 
Lactococcus among others.10,11

In this study, the antiretroviral drugs maraviroc and teno-
fovir which are entry inhibitors and nucleotide reverse tran-
scriptase inhibitors, respectively; are formulated as 
microspheres to be ultimately incorporated into a vaginal 
microbicide gel. A mucoadhesive polymer chitosan has been 
selected to formulate the microspheres and confer mucoadhe-
sive properties in a bid to prolong the residence time of the 
microspheres upon administration in the vagina. This antire-
troviral drug combination is not available in oral form and this 
study intends to explore its combined efficacy when used as a 
microbicide designed for targeted delivery. It is required that an 
ideal candidate microbicide preserves the viability of the resi-
dent beneficial vaginal microflora. This study, therefore, aims 
to evaluate the efficacy and assess the effect of this candidate 
microbicide containing maraviroc and tenofovir microspheres 
on the vaginal lactic acid bacteria microflora.

Materials and Methods
Materials
Maraviroc was purchased from Shanghai Yudiao Chemistry 
Technology Co Ltd. (Shanghai, China), Tenofovir and Sodium 
tripolyphosphate were supplied by Macklin Biochemical Co. 
Ltd. (Shanghai, China), Chitosan (Molecular weight of 
100–180 kDa and 70–85% deacetylated) was supplied by 
Dideu Medichem Ltd. (China), MRS Agar was procured 
from HiMedia Laboratory Pvt. Ltd. (Mumbai, India) Milli Q 
water (Milli Q water purification system, Merck, Germany) 
was used for all the experiments. All other chemicals were of 
analytical grade and used as obtained from the suppliers.

Experimental Design for Microsphere 
Formulation
A full factorial experimental design at two levels of concentra-
tions requiring 2k runs was used to determine the varying effect 
of independent variables (factors) such as concentration of the 
polymer, crosslinking agent and curing time on the dependent 
variables viz: particle size, mucoadhesion, and encapsulation 
efficiency. Where k is the number of independent variables 
thus requiring eight experimental runs. Table 1 summarizes the 
experimental runs with the corresponding independent and 
dependent variables (response). A full factorial experimental 
design gives the opportunity to look at all the interactions that 
exist in a system; however, it is realistic to implement when the 
factors are fewer to avoid having run designs that are too 
cumbersome and expensive to manage.

Design expert software was used to optimize the for-
mulation and identify dominant factors/interactions terms 
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that govern the system and influence the outcome of the 
dependent variables. The formulation chart for the experi-
mental data is shown in Table 2.

Methods
Preparation of Microspheres
Microspheres of maraviroc and tenofovir were prepared using 
ionic gelation technique in which the polymer (chitosan) contain-
ing the antiretroviral drugs was crosslinked with sodium tripoly-
phosphate (TPP) to form microparticle carriers for the drugs. 
Varying weights of chitosan (0.1 g and 0.2 g) were dissolved in 
10 mL (4%v/v) acetic acid and stirred using a magnetic stirrer for 
30 min with subsequent addition of 10 mg of the individual 
antiretroviral drugs. The resultant dispersion was collected in a 
syringe with 23G needle and added dropwise into a (2%w/v and 
4%w/v) solution of sodium tripolyphosphate.12 The gel-like 

beads formed were allowed to stand for a curing time range of 
15 to 30 min, then washed three times with Mili Q water. The wet 
microspheres were air dried overnight and further dried in an 
oven at 45°C for 12 h.13 The dried microspheres were stored at 
25°C ± 1°C in sealed plastic tubes.

Preparation of Vaginal Fluid Simulant (VFS) and 
Seminal Fluid Simulant (SFS)
Vaginal fluid simulant and seminal fluid simulant were pre-
pared in accordance with the method of Owen and Katz.14,15

Characterization of Microspheres
Particle Size Determination
The particle size of the microspheres was determined by 
placing 20 particles from each batch on a glass slide, 
which was then mounted on the stage plate of an optical 

Table 1 Full Factorial Experimental Design of Independent Variables and Corresponding Dependent Variables (Response Variables)

Variables Levels

Low Medium High

Independent variables
Concentration of tripolyphosphate (g) 2 3 4
Concentration of chitosan (g) 0.1 0.15 0.2

Curring time (min) 15 22.5 30

Dependent variables
Particle size (μm)
Mucoadhesion (%)

Encapsulation efficiency (%)

Table 2 Experimental Data for Microsphere Formulation

Code TPP 

(%w/v)

Chitosan 

(%w/v)

Curring 

Time (min)

Mean Particle 

Size (μm)

Mucoadhesion (%) Encapsulation 

Efficiency (%)

Drug Content of 

Microspheres (mg)

Yield 

(%w/w)
1h 12h

F1* 4 1 15 462.04 ± 55.94 60.0 46.7 12.24 ± 0.92 1.22 3.2

F2* 4 2 15 483.06 ± 58.52 86.7 73.3 38.34 ± 0.51 3.80 5.0

F3* 2 1 15 456.22 ± 41.91 50.0 43.3 8. 02 ± 0.89 0.81 1.9

F4* 2 2 15 456.18 ± 31.48 90.0 70 78.9 ± 1.8 7.74 11.3

F5* 4 1 30 467.50 ±76.15 57.0 40 7.7 ± 0.6 0.75 3.4

F6* 4 2 30 613.30 ± 89.73 90.0 83.3 69.8 ± 2.2 6.85 5.5

F7* 2 1 30 633.30 ± 63.90 40.0 36.7 24.1 ± 0.81 2.38 6.2

F8* 2 2 30 443.36 ± 50.87 86.7 76.7 56.1 ± 1.4 5.57 9.5

G1** 4 1 15 490.85 ± 10.11 63.3 50 11.12 ± 0.68 1.07 2.9

G2** 4 2 15 613.27 ± 53.64 86.7 73.3 41.31 ± 0.39 4.12 6.4

G3** 2 1 15 794.59 ± 23.66 46.7 30 8.43 ± 0.25 0.83 2.4

G4** 2 2 15 434.82 ± 41.18 93.3 86.7 92.80 ± 2.1 8.6 13.1

G5** 4 1 30 457.31 ± 21.57 60.0 43.3 8.4 ± 0.2 0.83 2.9

G6** 4 2 30 426.66 ± 34.59 83.3 63.3 75.30 ± 2.56 7.49 7.1

G7** 2 1 30 724.11 ± 44.53 40.0 36.7 25.07 ± 2.02 2.52 6.6

G8** 2 2 30 427.72 ± 62.90 86.7 70 58.60 ± 7.41 5.82 10.9

Notes: *F is the formulation code for varying combinations of tenofovir microsphere. **G is the formulation code for varying combinations of maraviroc microsphere.
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microscope (Motic stereo zoom microscope, SMZ-171 
series, Hong Kong). The microspheres were observed via 
the eyepiece under 10X magnification with corresponding 
capturing of the image and recording of the particle radius. 
The mean particle diameter and standard deviations were 
calculated from these readings.

Percentage Yield Determination
The percentage yield of the microspheres was calculated 
by dividing the weight of the dried microspheres by the 
total amount of all the initial dry weights of starting 
materials and this was expressed as a percentage.12,13

Mucoadhesion Test Using Sheep Vaginal Tissues
Sheep vaginal tissue was obtained from a freshly slaugh-
tered sheep in an abattoir. The vagina tissue was cut into 
the size of a glass slide rinsed with the prepared vaginal 
fluid simulant and attached to a glass slide using cyanoa-
crylate glue. The microspheres were counted, and 30 
pieces were attached by placing unto the surface of the 
vaginal tissue and then immersed into a beaker containing 
900 mL of the vaginal fluid simulant at 37°C ± 0.5°C. A 
loose string was used to connect the slide to the arm of a 
disintegration apparatus (Copley Scientific, UK) and it was 
given a vertical reciprocating movement of approximately 
30 cycles per minute. At the end of 1 h and 12 h, the 
number of attached microspheres was counted and percen-
tage mucoadhesion was calculated by expressing this 
value as a percentage of the originally attached number 
of microspheres.13 A 1% hydroxyethyl cellulose gel con-
taining the drugs was used as negative control.

Encapsulation Efficiency
The prepared microspheres were crushed, dispersed in a 
sealed test tube containing 10 mL of 0.1 N HCl and then 
placed in an orbital shaker (Stuart Orbital shaker, UK) for 
24 h with continuous rotation to extract the active ingre-
dients. The resultant solution was sterile filtered (0.22 μm 
syringe filter) and the samples were analyzed at 215 nm 
(for maraviroc) and 259 nm (for tenofovir) using HPLC.

The HPLC system (Agilent 1200 series) consists of a 
quaternary pump system, an Agilent 1100 autosampler, a 
1260 dual detector and a Zobax eclipse XDB C18 column 
(150 mm x 4.6 mm, with particle size 5 μm). The mobile phase 
was potassium dihydrogen orthophosphate buffer (pH was 
adjusted using orthophosphoric acid; Maraviroc (3.0), 
Tenofovir (3.5) and acetonitrile (70:30) v/v delivered at a 
flow rate of 0.5 mL/min).16 The standard curve was 
Y=33615X – 431.75, R2=0.9988 (for maraviroc) and 

Y= 29453X – 349.84, R2 = 0.9993 (for Tenofovir). The per-
centage encapsulation efficiency was calculated using the 
formula:

Encapsulation efficiency ¼
Calculated drug content
Theoretical drug content

� 100 (1) 

Where calculated drug content was determined from 
HPLC and the theoretical drug content is calculated from 
the mass ratio of the drugs and mass of the microspheres 
containing the drugs.

In vitro Release Study
The formulated maraviroc and tenofovir microspheres were 
each resuspended in 3 mL of the release medium which is a 
mixture of vaginal fluid simulant and seminal fluid simulant 
(pH 7.6) prepared at a 1:4 ratio. The dispersion was trans-
ferred into a 10 mL capacity dialysis membrane (Spectra/ 
Por, Float-A-Lyzer G2, MWCO 3.5–5KD, Spectrum 
Laboratories Inc., USA). The membrane was maintained 
in a 20 mL release medium (VFS & SFS, pH 7.1) contained 
in the dialysis tube and the whole system was placed in a 
conical flask, then put in a shaking water bath (Julabo SW- 
21C, Germany) which was maintained at a temperature of 
37°C ± 0.5°C. At periodic time intervals of 0, 1, 3, 6, 9, 12, 
24, 48 and 72 h, 1 mL sample was withdrawn from the 
release medium for analysis with an equivalent replacement 
with 1 mL of the release medium to maintain sink condition. 
The amount of maraviroc and tenofovir released was deter-
mined using HPLC analysis under the same conditions as 
described above for encapsulation efficiency.17 The control 
were blank microspheres with no drugs loaded into it.

Mathematical Models Employed to Interpret Drug 
Release
The release data were fitted into various kinetic models 
viz: zero order, first order, Higuchi model and Korsmeyer– 
peppas model to ascertain the model that best described 
the drug release. This is deciphered by the model with the 
highest correlation coefficient (R2).

A plot of the cumulative % drug released versus time 
(h) is used to determine the zero-order model which is 
defined as a process of constant drug release. The first- 
order model is described as a process in which the rate of 
drug release is directly proportional to the concentration of 
the drug and it is determined by a plot of log cumulative % 
drug remaining versus time (h). Higuchi model describes 
the process of drug release as diffusion based and this 
model is determined by a plot of cumulative % drug 
released versus square root of time.
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The Korsmeyer–peppas model is used to determine the 
type of drug transport mechanism through which drugs are 
released. It is evaluated by a plot of cumulative % drug 
released versus square root of time. In the Korsmeyer– 
peppas model, the release exponent n (which is the coeffi-
cient of X in the straight-line equation) represents the 
value for the classification of the drug transport mechan-
ism. The exponent n is classified to follow a Fickian 
diffusion when n = 0.5, a non-Fickian diffusion (where 
0.45 < n < 0.89), a case II transport when n = 0.89 and 
Super case II transport when n > 0.89.18

Fourier Transform Infrared Spectroscopy (FTIR)
The compatibility between the drugs and the excipients 
which constitute the microspheres was assessed using 
Fourier Transform Infrared Spectroscopy in accordance 
with the method described by Velmurugan and Ali.13

Swab Sampling and Bacteria Isolation
Ethical approval was obtained from the institutional review 
board of the Nigerian Institute of Medical Research (Project 
No:1RB/18/064) to conduct this study and consent was 
obtained from the participants. The participants were duly 
informed about the purpose of this study which was carried 
out according to the Declaration of Helsinki.

The women were non-pregnant, apparently healthy, of 
reproductive age (range, 25–35 years, mean 29.6 ± 3.2 
years) and in their midcycle. Vaginal samples were col-
lected using sterile vaginal swab sticks inserted about 
4–5 cm and rotated around the walls of the vagina. The 
LAB organisms were isolated by streaking the swab sticks 
on MRS agar plates and incubated at 37°C for 48 h. The 
single gram-positive colonies from this growth were iden-
tified with 16S rRNA gene sequencing.

DNA Extraction and PCR Amplification
DNA Extraction was carried out using the Jena Bioscience 
Bacteria DNA Preparation Kit (Jena Bioscience GmbH, 
Germany) according to the manufacturer’s instructions. 
Polymerase chain reaction was carried out to identify lactic 
acid bacteria using BSF-8 (AGAGTTTGATCCTGGCTCAG) 
and BSR-534 (ATTACCGCGGCTGGC) primer pair. These 
primers produced an amplification size of 526bp by all lactic 
acid bacteria.

Sequencing and Specie Identification
All amplified PCR products (526bp) were purified using the 
Jena Bioscience PCR Purification Kit. Sanger sequencing of 
the 16S rRNA gene was carried out at Epoch Life Science 

(USA). The corresponding sequences were identified using the 
online BLAST search at http://blast.ncbi.nlm.nih.gov/Blast. 
cgi. The sequence data were submitted to the GenBank with 
subsequent assigning of GenBank accession numbers.

Lactic Acid Bacteria Viability Assay
An Eppendorf BioPhotometer (Eppendorf AG, Germany) 
set at an absorbance of 650 nm was used to determine the 
optical density of the organisms to an O.D650 of 0.062 and 
0.079, respectively, corresponding to 108 CFU/mL.

An MTS (tetrazolium inner salt) assay was carried out with 
a suspension of the two different organisms seeded into 96 
well plates with addition of 100 μL of growth medium. The 
first part of the well was incubated with 100 µL suspension of 
the microsphere suspension of maraviroc (1 mg/mL)/tenofovir 
(1 mg/mL); the positive control was inoculated with 100 µL of 
penicillin-streptomycin solution (10,000 IU/mL penicillin and 
10,000 µg/mL streptomycin) while the negative control was 
inoculated with 100 µL of sterile broth. The 96 well plates 
were incubated at 37°C for 48 h. A microplate reader (EZ 
Read 400 Biochrom Ltd, UK) was used to determine the 
absorbance at a wavelength of 492 nm.17 The percentage 
viability of each organism was determined from the equation:

Percentage viability ¼
Absorbance testð Þ

Absorbance ðcontrolÞ
� 100 (2) 

Efficacy Testing
TZM-bl Assay
TZM-bl cells assay was described by Ilomuanya et al19 in 
which the TZM-bl cells were plated in 96 well plates and 100 
μL of a 10-fold serial dilution of each of the optimal mar-
aviroc and tenofovir microspheres in a 50:50 ratio was 
applied. Nonoxynol 9 gel was used as the negative control. 
Several microbicide assays have been conducted using non-
oxynol-9 as the control agent. It is the first microbicide 
candidate to be evaluated which failed in clinical trials how-
ever it has served as negative control in microbicide assays.20

Statistical Analysis
The design of experiment was analyzed using the Design- 
expert software (Trial version 13, Stat-Ease Inc., 
Minneapolis MN, USA). Statistical analysis was con-
ducted using the student t-test, assuming a significance 
level (α) of 0.05 and at 95% confidence interval. Results 
were presented as mean ± standard deviation with n = 3 
determinations.
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Results
Formulated Microspheres
The formulated microspheres were discrete, free flowing 
and almost spherical in shape as seen in Figure 1. The 
particle size of the F formulations containing tenofovir 
ranged from 443.36 ± 50.87 µm to 633.30 ± 63.90 µm 
with percentage mucoadhesion values of 57% to 90%. 
Encapsulation efficiency values ranged from 7.7% to 
78.9% with observed percentage yield of 1.9% through 
11.3%. Larger particle sizes were observed with the G 
formulations with dimensions spanning from 490.85 ± 
10.11 µm to 794.59 ± 23.6 µm; however, similarly ranged 
mucoadhesion values of 63.3% to 93.3%, and percentage 
yield of 2.4% to 13.1% were recorded as shown in Table 2.

Variability of Independent Factors and Its 
Effect on Outcome Variables
An increase in the concentration of the polymer (chitosan) 
resulted in higher percentage mucoadhesion levels (F3→F4 & 
G3→G4) and encapsulation efficiency (F3→F4 & G3→G4) 
as shown in Table 1. Increasing the concentration of the cross-
linking agent (tripolyphosphate), (G4→G2, F8→F6, and 
F4→F2) caused an increase in particle size when there is a 
corresponding maximum polymer concentration (2%w/v), but 
a decrease in particle size was observed when the polymer 
concentration was low (1%w/v) F7→F5 & G7→G5.

The extension of curing time from 15 min to 30 min 
resulted in decreased mucoadhesion with a corresponding 
increase in encapsulation efficiency (G2→G6 & G3→G7).

Screening, Characterization, and 
Optimization of Formulation Variables
The factors that were relevant to the outcome variables 
(responses) were identified using a half normal plot and 
pareto chart generated by the design expert software.

The half normal plot highlights relevant factors that 
influence particle size which are factors/interaction terms 
that do not align with the straight line (Figure 2A) with a 
further confirmation in the pareto chart (Figure 2B).

These factors include curing time C, interaction terms AB 
(concentration of tripolyphosphate/chitosan) and interaction 
terms ABC (concentration of tripolyphosphate/chitosan/curing 
time).

The pareto chart demonstrates the significance of these 
factors by showing them to be above the t-value limit and 
the Bonferroni limit in the chart (Figure 2B).

Encapsulation efficiency was governed by the factor B 
(concentration of chitosan) and interaction factors ABC 
(concentration of tripolyphosphate/chitosan/curing time) 
as shown in Figure 2C and D. However, the outcome 
variable mucoadhesion was governed by only the concen-
tration of chitosan (Figure 2E and F).

Analysis of variance (ANOVA) was used to test for the 
significance of the model for all the outcome variables and 
the level of significance, α was set at 0.05.

The ANOVA table showed the overall significance of the 
model for all outcome variables as well as the significance of 
the individual factors identified from the pareto charts. The p 
values obtained were less than the α value which confirmed 
the statistical significance of the three models (Table 3).

The fit summary (Table 4) showed a good fit with 
regards to the R2 values which were 0.9615, 0.9276, and 
0.9040 for the outcome variable particle size, encapsula-
tion efficiency and mucoadhesion, respectively. The proxi-
mity of these values to 1 is an indication of a close 
relationship between the experimental and predicted 
values. Furthermore, the difference between the adjusted 
R2 and predicted R2 is less than 0.2 for the three outcome 
variables which implies that the values agree and are in 
proximity. The adequate precision for the three outcome 
variables is greater than 4 which is the goal of the fit 
assessment as it indicates adequate signal.

Interaction plots and pairwise comparison were used to 
tease out the best conditions for the optimized formulation and 
a prediction of the outcome variables (response) as shown in 
Table 5 and Figure 2G. The two sets of values presented in 

Figure 1 Microspheres observed under an optical microscope with 10x 
magnification.
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Table 5 showed proximity of values before optimization (F4 
and F6) and after optimization.

In vitro Release Pattern of Maraviroc and 
Tenofovir from the Microspheres
An analysis of the in vitro drug release from the optimal 
maraviroc and tenofovir microspheres was carried out 
by fitting the release data into various kinetic models to 
determine the coefficient of correlation (R2) for each 
model (Table 6). The evaluation of the release kinetic 

models of maraviroc has shown that maraviroc release 
followed a zero-order kinetic model (highest coefficient 
of correlation value of R2 =0.9409) and a super case II 
drug transport mechanism (release exponent, n = 1.1329 
obtained from the Korsmeyer–peppas model). Tenofovir 
release followed a Higuchi model release kinetics and a 
non-Fickian drug transport mechanism, demonstrated by 
highest values of coefficient of correlation R2 = 0.9034 
and release component n = 0.5973 in the Korsmeyer– 
peppas model.

Figure 2 Continued.
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Compatibility Studies
Characteristic major peaks which are indicative of tenofo-
vir and maraviroc were observed in both spectra for the 
drugs and polymer. The infrared spectrum of pure tenofo-
vir compared with tenofovir microsphere as shown in 
Figure 3A and B, displayed a manifestation of the major 

peaks attributed to tenofovir, also in the vibrational spec-
trum of the tenofovir microsphere with no major shift in 
peaks which is an indication of no significant interactions.

Characteristic major peaks which are indicative of 
tenofovir that were observed in both spectra are the 
C=O, carbonyl stretching (group frequency 

Figure 2 (A) Half normal plot showing relevant factors for the outcome variable particle size. (B) Pareto chart showing relevant factors for the outcome variable particle 
size. (C) Half normal plot showing relevant factors for the outcome variable encapsulation efficiency. (D) Pareto chart showing relevant factors for the outcome variable 
encapsulation efficiency. (E) Half normal plot showing the relevant factors for the outcome variable mucoadhesion. (F) Pareto chart showing the relevant factors for the 
outcome variable mucoadhesion. (G) Contour plots showing the optimization procedure with desirability values. 
Note:  
A: Conc of TTP 
B: Conc of chitosan 
C: Curring Time 

Positive Effects. Negative Effects.
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1690–1675 cm−1), the C=C˗C aromatic ring (group fre-
quency 1510–1450 cm−1), the N-H stretching amide 
group/normal polymeric OH stretch (group frequency 

3400–3380 cm−1), and the vinyl C-H bend (group fre-
quency 915–890 cm−1). In Figure 3C and D the vibration 
spectrum of pure maraviroc and maraviroc microspheres 
has shown peaks characteristic of maraviroc such as the 
C-F stretch of aliphatic fluoro compounds (group fre-
quency 1150–1000 cm−1), the C=O stretch carboxylate 
salt (group frequency 1610–1550 cm−1), the N-H stretch 

Table 3 ANOVA for the Selected Relevant Factors and Factor Interactions for Each Response

Parameter SS df MS F-value P-value

Response 1 = Particle Size (Y1)

Model 43,000.81 3 14,333.60 33.27 0.0027 Significant

C 11,680.03 1 0.0065

AB 19,388.74 1 19,388.74 45.01 0.0026
ABC 11,932.04 1 11,932.04 27.70 0.0062

Residual 1723.22 4 430.81

Cor Total 44,724.03 7

Response 2 = Encapsulation Efficiency (Y2)

Model 5264.82 2 2632.41 32.03 0.0014 Significant

B 4563.95 1 4563.95 55.53 0.0007
ABC 700.88 1 700.88 8.53 0.0330

Residual 410.95 5 82.19

Cor Total 5675.77 7

Response 3 = Mucoadhesion (Y3)

Model 2439.51 1 2439.51 56.47 0.0003 Significant

B 2439.51 1 2439.51 56.47 0.0003
Residual 259.20 6 43.20

Cor Total 2698.71 7

Note: α = 0.05. 
Abbreviations: SS, sum of Squares; df, degree of freedom; MS, mean square.

Table 4 Fit Statistics

Parameters Values

Particle size (Y1)

R2 0.9615

Adjusted R2 0.9326
Predicted R2 0.8459

Adequate precision 11.9714

Encapsulation efficiency (Y2)

R2 0.9276
Adjusted R2 0.8986

Predicted R2 0.8146

Adequate precision 11.9765

Mucoadhesion (Y3)

R2 0.9040

Adjusted R2 0.8879

Predicted R2 0.8293
Adequate precision 10.6274

Table 5 Predicted and Experimental Values of the Optimal 
Conditions of Microspheres Obtained by Numerical 
Optimization

Values Particle 
Size (µm)

Encapsulation 
Efficiency (%)

Mucoadhesion 
(%)

1
Predicted 633.3 70.14 86.68

Observed 623.3 69.8 86.70
% Error 1.58 0.48 0.02

2
Predicted 461.3 91.8 79.5

Observed 456.2 90.0 78.9

% Error 1.11 1.96 0.75
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aromatic nitro compounds (group frequency 
1555–1485 cm−1) and the amide functional group fre-
quency 1680–1630 cm−1.21

Lactic Acid Bacteria Species Identification
The DNA samples showed amplification for the band 
sharing frequency (BSF) primers producing an amplifica-
tion size of 526bp by all lactic acid bacteria as shown in 
Figure 4. The lactobacillus bacteria identified via the 
online BLAST search with corresponding percentage iden-
tity and GenBank accession numbers were Lactobacillus 
fermentum (98.85% identity, SUB7940628 Seq_29B_BSF- 
8_ZTJ MT904660), Lactobacillus fermentum (98.66% 
identity, SUB7940628 Seq_30B_BSF-8_ZTJ MT904661) 
and Enterococcus Faecalis (99.4% identity, SUB7940628 
Seq_28B_BSF-8_ZTJ MT904659).

Viability of Lactic Acid Bacteria
L. fermentum and E. faecalis had an average viability of 
93.9% and 89.7%, respectively, after a 48-h exposure to 
the microsphere suspension with a reduced viability of 
11.2% and 11.5% observed for the positive control. The 
mean absorbance values for the negative control were 1.16 
± 0.17 and 1.26 ± 0.22. The test agents had absorbance 
values that were approximately the same (1.09 ± 0.25 and 
1.13 ± 0.19) as the negative control. The positive control 
group had the least values of 0.13 ± 0.02 and 0.13 ± 0.01 
(Table 7).

Assuming a significance level (α) of 0.05 and at 95% 
confidence interval, test for significance has shown p 
values of 0.706 and 0.498 for the test and negative control 
with values 0.002 and 0.001 obtained for the test and the 
positive control, respectively.

Efficacy Testing
Results from the in vitro concentration–response curve of 
the optimal F4 and G4 microspheres showed an initial 
threshold dose at a concentration of 0.001g/mL. This indi-
cates the onset of action of a decline in HIV infectivity 
after which there was a progressive decline until at a 
concentration of 1 µg/mL. There was a contrasting differ-
ence between the response of the negative control com-
pared to the microspheres (Figure 5).

Discussion
The experimental design employed in this study has aided 
in the screening and identification of the dominant relevant 
factors and interaction terms which are significant in the 
model. Numerical optimization was conducted with the 
goal of identifying the best levels of the identified domi-
nant factors that will produce optimal responses.

The interaction factor of the combination of polymer 
and crosslinking agent concentration was the most impor-
tant factor that influenced the particle size. This implies 
that high concentrations of chitosan and tripolyphosphate 
will lead to the formation of microspheres with larger 
particle size. The goal with regards to particle size is to 
achieve the minimal particle size possible, although the 
size of microspheres ranges from 1–1000 µm.

Curing time was seen to influence particle size in the 
pareto chart. Extending the curing time allows for exten-
sive crosslinking and likely increase in particle size. The 
possibility of hydrophilic drugs like tenofovir washing off 
in the aqueous tripolyphosphate solution is pertinent and 
should be considered thus curing time is best maintained at 
low levels.16

The concentration of chitosan has been found to be a 
very important factor that influences encapsulation effi-
ciency and mucoadhesion from the pareto chart. High 
concentrations of chitosan allow for maximum crosslink-
ing with available tripolyphosphate; it increases the visc-
osity of the dispersion and expands the binding sites for 
better crosslinking with a wider surface area for improved 
drug encapsulation, with a resultant effect of maximum 
encapsulation. Interestingly, chitosan concentration is the 
sole factor that controlled mucoadhesion as shown in the 
pareto chart. Chitosan is a bioadhesive polymer and it 
confers the bioadhesive property to a microsphere.22 In 
view of this, the concentration of chitosan should be 
maintained at its highest. However, the concentration of 

Table 6 Mathematical Model for Maraviroc and Tenofovir 
Release Kinetic Data

Mathematical Model R2 Slope Intercept

Maraviroc
Zero order 0.9409 1.3525 −0.8893

First order 0.8966 −0.0159 2.0783
Higuchi model 0.8953 11.807 −16.519

Korsmeyer–peppas model 0.7543 1.1329 −0.3801

Tenofovir
Zero order 0.8086 0.9167 24.766
First order 0.8590 −0.0027 1.9436

Higuchi model 0.9034 8.6698 11.813

Korsmeyer–peppas model 0.4907 0.5973 0.9209
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the tripolyphosphate could be minimized to reduce particle 
size.

The predicted values for the optimal microsphere from 
the model showed the proximity between the optimal and 
predicted values of two sets of conditions after numerical 
optimization. The two conditions can be implemented; 
however, the condition with the lower particle size, higher 
percentage mucoadhesion values, good encapsulation effi-
ciency which had close values to formulation F4 and G4 
was selected as the optimized condition.

The choice of method employed in microsphere prepara-
tion determines to a great extent the particle size range and 
percentage yield of the particles. Ideally, microspheres are of 
size range 1–1000 µm; however, lower particle sizes are 
observed with spray drying method compared to ionic gelation 
technique.6

Zhang et al16 formulated microspheres using spray drying 
method and reported an optimal tenofovir microsphere particle 
size and percentage yield of 4.73 µm and 68.9% compared to 
ours which was 456.18 µm and 11.3%, respectively. The 

Figure 3 Continued.
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higher percentage yield observed with spray drying could be 
attributed to the use of less solvents coupled with an atomized 
drying process compared to ionic gelation technique.

The release of tenofovir from the microsphere started 
within 1 h and was sustained for 72 h in majority of the 
formulations. In comparison to a maraviroc which is moder-
ately lipophilic, the release commenced after 12 h and was 
sustained for 72 h. The difference in their hydrophilicity might 
account for this difference in release pattern from the micro-
sphere. Similarly, Dobard et al reported an observed slower 
release of maraviroc compared to tenofovir in their studies of a 

rectal gel containing maraviroc and tenofovir. They attributed 
this slower release to the ionization pH of maraviroc at 7.0 that 
affects tissue permeability. Irrespective of the difference in rate 
of release, maraviroc is reported to be several folds more potent 
compared to tenofovir.5

The high percentage mucoadhesion (90% and 93.3%) 
observed with formulations F4 and G4, respectively, 
portrays the potentials of a formulation that will over-
come the challenges of short residence time in the 
vagina and coital dependent administration associated 
with previous conventional microbicides. The ability of 

Figure 3 (A) Pure Tenofovir Infrared spectrum. (B) Tenofovir and excipient Infrared spectrum. (C) Pure Maraviroc Infrared spectrum. (D) Maraviroc and excipient infrared spectrum.
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the microspheres to adhere to the vaginal mucosa will 
allow for a longer duration of action such that the 
dosing and administration will not be tailored to the 
time of intercourse (before or after) which was a huge 
set back that discouraged adherence to the 1% tenofovir 
gel that employed the BAT24 (a dose 12 h before sex 
and the second dose 12 h after sex and no more than 2 
doses in 24 h) dosing strategy.23

There was no significant interaction observed between 
the drugs and the polymers. The major peaks identified 
with the pure drugs were manifested in the spectrum of the 
drug/polymer with no major shift in peaks.

The pre-exposure prophylactic ability of the combined 
optimal tenofovir and maraviroc microspheres was 

evaluated via an in vitro concentration-response procedure 
using nonoxynol-9 as the control. Nonoxynol-9 is a sper-
micidal agent which was one of the early nonspecific 
antiviral agents that were tested as microbicides but failed 
in clinical trials.24

The HIV infectivity of the combination of F4 and G4 
microspheres compared with nonoxynol-9 showed a 
marked difference in the HIV infectivity rate against the 
CCR5 tropic HIV-1 BaL strain. The continuous decline in 
HIV infectivity of the microspheres indicates adequate 
release of the drugs and anti-HIV activity.

The use of some antimicrobial medications can cause a 
preponderance of pathogenic bacteria that results in a 
condition in women termed bacterial vaginosis.25

Table 7 Independent Sample t-test Comparing the Means of Absorbance of the Test Agent and Controls to Test for Significance

Test Organism N OD Average Viability (%) Mean ± SD 
(Absorbance)

CI** P value*

L. fermentum
Test 3 0.062 93.9 1.16 ± 0.17 (0–0.41) 0.706
Negative Control 3 100 1.26 ± 0.22

L. fermentum
Test 3 0.062 93.9 1.16 ± 0.17 (0.56–1.35) 0.002

Positive control 3 11.2 0.13 ± 0.02

E. faecalis
Test 3 0.079 89.7 1.13 ± 0.19 (0–0.34) 0.498

Negative control 3 100 1.26 ±0.22

E. faecalis
Test 3 0.079 89.7 1.13 ± 0.19 (0.70–1.30) 0.001
Positive control 3 11.5 0.13 ± 0.01

Notes: *Significance level = 0.05. **95% confidence interval.

Figure 4 Agarose gel electropherogram for PCR detection of Lactic acid bacteria, M = 100bp DNA ladder, + = positive control (Lactobacillus fermentum).
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Several studies have used the strain Lactobacillus cris-
patus to assess the effect of microbicides on vaginal lactic 
acid bacteria; however, this is not the only strain present in 
the vaginal environment in women. Some women have 
other strains of lactobacillus as the constituent of their 
vagina microbiota in addition to other lactic acid-produ-
cing organisms such as E. Faecalis.

Studies have reported differences in strains of 
Lactobacillus resident in women across races with black 
Americans having lesser probability to have L. crispatus com-
pared to Caucasians and Asians.26 Studies in northeast India 
reported L. mucosae and E. faecalis as the dominant species in 
their cohort. Ethnicity and genetic variation have been found 
to influence vaginal microbiota composition.27

In view of this variability in vaginal microbiome com-
position, this study has explored other lactic acid bacteria 
isolated from the women in this study.

The assay of a 1 mg/mL suspension of the microsphere 
on the strains L. fermentum and E. faecalis showed a 
viability that confirmed the ability to thrive thus, asserting 
its safety for use as a microbicide.

Conclusion
The combination of maraviroc and tenofovir microspheres 
which is not available as oral dosage forms has shown efficacy 
against the HIV-1BaL virus strain. The microspheres intended 
for use in the formulation of a vaginal microbicide had good 

mucoadhesion which is a potential for prolonged residence 
time in the vagina. The antiretroviral drugs were adequately 
released from the carrier polymer and did not significantly 
disrupt the growth of the lactic acid bacteria which constitute 
valuable bacteria microflora of the vagina thus can be utilized 
for further in vivo studies.
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