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Stimuli-sensitive thiolated hyaluronic acid
based nanofibers: synthesis, preclinical
safety and in vitro anti-HIV activity

Aim:Todevelopaseminal enzymebioresponsive, mucoadhesive nanofibers (NFs) assafe
and effective nanocarriers for the prevention of HIV vaginal transmission. Methods: A
novel thiolated hyaluronic acid (HA-SH) polymer was synthesized to fabricate tenofovir
(TFV)-loaded electrospun NFs (HA-SH-NFs) and characterized in vitro/in vivo. Results:
A triggered drug release (87% w/w) from the engineered HA-SH-NFs (mean diameter
~75 nm) occured within 1 h under the influence of seminal hyaluronidase enzyme.
HA-SH-NFs were noncytotoxic, induced no damage on the C57BL/6 mice genital-tract
and other organs. No significant CD45 cell-infiltration and changes in cytokines level
in cervicovaginal tissues were observed. HA-SH-NFs significantly enhanced both TFV
retention and bioavailability in vaginal tissue compared with the 1% TFV-gel. The
anti-HIV activity of TFV (on pseudotyped virus followed by luciferase assay) was not
adversely affected by the electrospinning process. Conclusion: HA-SH-NFs developed
in this study could potentially serve as a safe nanotemplate for topical intravaginal

delivery of HIV/AIDS microbicides.
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According to the recent report of the global
AIDS epidemic, nearly 37 million people are
currently living with HIV/AIDS infections.
Since the epidemic began in the early 1980s,
more than 30 million people have died of
HIV-related infections. With 2 million new
infections and 1.2 million deaths in 2014—
2015, AIDS still remains the deadliest epi-
demic of our time [1]. The female-controlled
prophylactic methods using microbicides are
the major focus among HIV prevention strat-
egies. Topical microbicides are agents applied
within the vagina or rectum to prevent the
transmission of sexually transmitted diseases
including HIV infections [2.3]. The success
of vaginal delivery systems depends on the
locally prolonged residence time of drug-
containing formulations [4]. Mucoadhesive

polymers are widely used in vaginal deliv-
ery due to their prolonged contact with the
adsorption site [5]. These polymers interact
with mucus by van der Waals, hydrophobic,
electrostatic and hydrogen bond interactions.
Consequently, through the mucoadhesion
process the therapeutic efficacy of drugs can
be efficiently improved [s].

In recent years, hyaluronic acid (HA)
has been used widely in drug delivery
applications due to its excellent physico-
chemical properties [6-9]. It is a naturally
occurring, nonimmunogenic, hydrophilic
polysaccharide made of repeating disac-
charide units of D-glucuronic acid (GlcA)
and  N-acetyl-D-glucosamine  (GIcNAc),
linked through B(1-4) and B(1-3) glycoside

bonds [10,11]. However, HA is characterized
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by its weak mucoadhesive properties due to the pres-
ence of carboxylate (-COOH) groups on its GlcA units
which creates weak hydrogen bonding with mucin [12].
In contrast, functionalized polymers bearing sulf-
hydryl (SH) groups on their backbone are capable of
forming strong interactions with cysteine subunits of
mucin [13].

Recently, a lot of the emphasis has been put on the
microbicide vaginal gel formulations. However, such
gel systems suffer from several disadvantages such as
their limitation of encapsulating hydrophobic micro-
bicides, the low retention time requires a high dos-
ing frequency, poor acceptability and adherence [14].
Nanomedicine approaches play an important role in
vaginal and rectal microbicide delivery [15]. Nowadays,
electrospun nanofibers (NFs) are extensively studied
in drug delivery applications [16,17]. NFs formulations
offer various potential advantages in vaginal drug
delivery such as high drug loading efficiency, flexibility
to be formulated in various shapes and no leakage or
messiness [18,19]. The added advantages of electrospun
fibers include high surface-to-volume ratio and poros-
ity (19]. These benefits make the drug-loaded NFs an
attractive platforms for the formulations of therapeu-
tic molecules. Furthermore, the encapsulation of labile
molecules in polymeric nanocarrier systems such as
NFs can enhance their stability against a harsh acidic
vaginal environment and presence of enzymes such as
proteases, hydrolases and phosphatases.

Tenofovir (TFV) is a nucleotide reverse-transcriptase
inhibitor under the category of antiretroviral drugs. It
is a weakly acidic, water-soluble drug with a molecu-
lar weight (MW) of 287.213 Da [20]. The effectiveness
and safety of TFV as an anti-HIV vaginal microbicide
has been demonstrated [14]. Recently, several topical
TFV formulations, including vaginal gel (21, vaginal
ring [22], solid lipid nanoparticles (NPs) (23], muco-
adhesive chitosan NPs [24.25], pH responsive NPs [26],
pH responsive microspheres [27] and enzyme-sensitive
NPs 2], were developed. However, there are few papers
related to the use of electrospun NFs approach in HIV
vaginal transmission prevention strategies [28.29]. Based
on the effectiveness of TFV against HIV, it was used as
the model HIV microbicide drug in this study.

It is known that HA is hydrolysable following treat-
ment with hyaluronidase (HAase) enzyme [30], which
is abundant in human seminal fluid [31-33] as well as
other body fluids and tissues [¢]. The mechanism of
HA degradation under several conditions has already
been reviewed [34]. Since, human semen is a poten-
tial carrier of HIV virus during male to female inter-
course [35], designing a semen-triggered delivery system
would have the potential to locally inactivate or kill
the HIV virus prior to the penetration of the vaginal

mucosa and systemic exposure. Based on the forego-
ing facts, in this study, it was hypothesized that bio-
responsive and mucoadhesive hyaluronic acid-nano-
fibers (HA-SH-NFs) can be topically safe platforms
for an effective prevention of HIV virus transmission
through the vaginal mucosa. On exposure to semi-
nal HAase enzyme, the HA-based nanocarrier would
provide a triggered release of microbicide drug (TFV)
as illustrated in Figure 1. To test this hypothesis, sulf-
hydryl (-SH) group modified thiolated HA (HA-SH)
derivatives were synthesized and characterized. Thio-
lated HA derivatives were then used to engineer the
HA-SH based NFs and tested iz vitro and in vivo as
described below.

Materials & methods

Chemicals

TFV was purchased from Beijing Zhongshuo Pharma-
ceutical Technology Development Co. Ltd. (Beijing,
China). Hyaluronic acid sodium salt was kindly pro-
vided by Mr. Jack Liu (Zhenjiang DongYuan Biotech
Co., Ltd., Jiangsu, China). HAase from bovine testes
with a specified activity of 810 U/mg, purified type II
mucin from porcine stomach, 5,5'-Dithio-bis-(2-nitro-
benzoic acid) (DTNB), poly (ethylene oxide) (PEO:
MW of 400 kDa), cysteine hydrochloride, ethylene
sulfide, Dithiothreitol and deuterium oxide (D,O)
were from Sigma-Aldrich (MO, USA).

The human vaginal epithelial (VK2/EGE7),
endocervical epithelial (End1/E6E7) cell lines and
Lactobacillus crispatus bacteria were from the Ameri-
can Type Culture Collection (ATCC, VA, USA). The
CellTiter 96® AQueous One Solution Proliferation
assay kit with (3-[4,5-dimethylthiazol-2-yl]-5-[3-
carboxymethoxyphenyl]-2-[4-sulfophenyl]-2Htet-
razolium, inner salt; MTS) reagent and CytoTox-
ONE™, [actate dehydrogenase (LDH) cytotoxicity
assay kit were from Promega (WI, USA). Deionized
water for all the experiments was obtained through a
Millipore Milli Q water purification system (Millipore
Corp., MA, USA). All other chemicals were of ana-
lytical grades and used as obtained from the suppliers.
The pH was measured using a SevenEasy pH meter
(Mettler Toledo, Schwerzenbach, Switzerland) under
ambient temperature conditions (22-24°C).

Synthesis & characterization of thiolated
hyaluronic acid (HA-SH) derivative

The sulfhydryl (-SH) group modified thiolated HA
derivatives (HA-SH) were synthesized using the
nucleophilic opening reaction of ethylene sulfide [36]
as shown in Figure 2. Briefly, an aqueous solution of
HA (0.5% w/v) was prepared using Milli-Q water
and stirred for 2 h to make a homogeneous solution.
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Figure 1. Mechanism of HIV microbicide drug release from bioresponsive nanofibers under the influence of

human seminal fluid hyaluronidase (HAase) enzyme.
TFV: Tenofovir.

The pH of the solution was raised to 9.5 using sodium
hydroxide (NaOH) solution. A fivefold molar excess of
the ethylene sulfide was added drop-wise to the above
solution and the reaction mixture was stirred for 24 h
at room temperature. To separate the precipitate gen-
erated due to the oligomerization of ethylene sulfide,
the solution was vacuum filtered. To the clear filtrate,
a fivefold molar excess of dithiothreitol was added
to reduce the disulfide (S-S) bonds. The pH of the
solution was raised to 8.5 using NaOH solution and
mixture was further stirred for 24 h at room tempera-
ture. The pH of the reaction mixture was then acidi-
fied to 3.5 using the hydrochloric acid (HCI) solution.
To purify the final HA-SH product, acidified solu-
tion was dialyzed against diluted HCI solution (pH
3.5) for 24 h using a dialysis membrane (Spectra/Por
Float-A-Lyzer G2, MWCO: 8-10 kDa) supplied from
Spectrum Laboratories Inc. (Rancho Dominguez, CA,
USA) with media changes at every 8 h. The final prod-
uct was then lyophilized (Labconco Corp., MO, USA)
and stored at 2—8°C until further analysis.

The HA-SH derivatives were thoroughly charac-
terized for their molecular weight by size exclusion
chromatography (SEC), chemical structure by proton
nuclear magnetic resonance ("H-NMR) and Fourier
transform infrared (FT-IR) spectroscopy, -SH group
quantification using Ellman’s method (37], and crys-

tallography using powder x-ray diffraction (PXRD)
analysis. The detailed experimental conditions of all
these assays are in the supplementary file.

Fabrication of HA-SH-based NFs using
electrospinning method
In the electrospinning process, a polymer solution was
injected through a needle by electrostatic repulsive
forces on a grounded collector (Figure 3A). Native HA
or HA-SH polymer solutions alone were difficult to
processed by electrospinning into NFs due to their high
viscosity and enormous water affinity [38]. To improve
the electrospinnability of HA, PEO (MW 400 kDa),
a well-known fiber forming polymer [39.40] was used as
a core material. The potential use of PEO as a fiber
forming polymer and for other biomedical applications
has attracted a great attention due to its water-soluble,
biodegradable and biocompatible characteristics [41].
Preliminary experiments were performed to get the
optimal conditions for the electrospinning process.
The electrospinning process parameters such as feed-
ing rate, applied voltage and needle tip-to-collector
distance were optimized. However, the formulation
variables were the concentration, MW and solubility
of the polymers [42,43].

To formulate the HA-SH-NFs, the aqueous solu-
tions of HA-SH (20 mg/ml) and PEO (30 mg/ml)
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Figure 2. Synthetic scheme of thiolated derivatives of hyaluronic acid.

HA-SH: Thiolated hyaluronic acid.

were prepared at room temperature by stirring for 2 h,
and 24 h, respectively. An electrospun system with a
coaxial nozzle (NaBond Technologies Co., Ltd., Hong
Kong, China) was used for HA-SH-NFs produc-
tion. The inner core (PEO) and outer shell (HA-SH)
solutions were placed separately in two glass syringes
(Becton, Dickinson and Company, NJ, USA). For the
preparation of drug (TFV) loaded HA-SH-NFs, free
TFV (10 mg/ml) was mixed with the PEO solution
and used as core material. Two syringe pumps (Cole-
Parmer Instrument Company, IL, USA) were used to
provide a constant feeding rate (0.02 ml/h) of each
solutions. A voltage of 15 kV was applied in the elec-
trospinning process using a high voltage power supply
(Gamma High Voltage Research, Inc., FL, USA). The
distance from electrospinning syringe needle tip-to-
collector was kept constant at 10 cm. HA-SH-NFs
were collected onto an aluminum foil connected to the
ground. The NFs were vacuum dried at room tempera-
ture for 48 h and stored in a vacuum desiccator until
further use.

Physicochemical characterization of HA-SH-NFs
The developed HA-SH-NFs were characterized for
several physicochemical parameters such as surface
morphology, size distribution, mucoadhesive property
and in vitro drug release profile.

Surface morphology & size distribution analyses
Surface morphology of HA-SH-NFs was analyzed by
scanning electron microscopy (SEM) method. Briefly,
a small amount of the NFs was put onto a grid. The
membrane was mounted on a 1/200 SEM stubs with
double-sticky carbon tape. Samples were then sputter
coated with 20 nm thickness of gold and visualized
under a Philips SEM 515 microscope (Eindhoven, The
Netherlands) and observations were performed at an
accelerating voltage of 5 kV. The diameter of individ-
ual NFs was analyzed using Image Pro® Plus software
(Image-Pro®Plus 6.0, Media Cybernetics, MD, USA).
At least 100 NFs were counted per group. The histo-
gram and distribution curve were generated by IBM®
SPSS® Statistics software Version 23 (IBM Corp., NY,
USA).

Drug loading determination

To determine the drug loading, NFs at the concentra-
tion of 1 mg/ml were dispersed in water under con-
stant shaking at 100 r.p.m. for 48 h to allow com-
plete dissolution of the PEO core and vortexed for
5 min. The sample was centrifuged at 19,500 x ¢ for
30 min and the supernatant was analyzed by liquid
chromatography-mass spectroscopy (LC-MS) assay
of TEV [44]. The drug loading was calculated using
Equation 1:
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Drug loading (%) =

Total amount of TFV in mg
Total amout of NFs in mg

X100

In vitro mucoadhesion analysis

In vitro mucoadhesion analysis of HA-SH-NFs was
performed using mucin interaction [45.46] and ellipsom-
eter measurements [47-49]. Mucin interaction method
was used to study the mucin-NFs interactions in solu-
tion form and ellipsometer measurements were used to
study the interactions between HA-SH-NFs and the
mucin-coated silica surfaces.

Mucoadhesion assessment by mucin interaction
method

Mucin interaction analysis was performed using
native HA, and HA-SH-NFs at the concentration
of 10 mg/ml in phosphate buffer saline (PBS) (pH
7.4), vaginal fluid simulant (VES) (pH 4.2) and in
water (with 10 mM sodium chloride: NaCl), prepared
accordingly (s0.51]. The mucin at the concentration of
1.5% w/v [46] was used in the analysis. The polymer
samples were incubated for 0, 3, 6 and 24 h at 37°C
and 60 r.p.m. with or without mucin. The size and
zeta (C) potential values were analyzed by Laser Dop-
pler Velocimetry and Phase Analysis Light Scattering
methods using Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Worcestershire, UK) at 25°C. The instru-
ment was calibrated by using nanosphere™ of PMD
(59.0 £ 2.5 nm) and { potential standards (-68.0 +
6.8 mV).

Mucoadhesion assessment by ellipsometer
measurements

Ellipsometer is the study of adsorbed mass on a poly-
mer surface [49]. The adsorption of mucin and poly-
mers on methylated silicon wafer surface was studied
using an alpha-SE® ellipsometer (J.A. Woollam Co.
Inc., NE, USA) at a single angle of incidence. The
acquisition and analysis of ellipsometer data was per-
formed using CompleteEASE® software version 5.03
(J.A. Woollam Co. Inc., NE, USA). Two inch-diam-
eter silicon wafers (WRS Materials, CA, USA) were
hydrophobized (methylated) to enhance their interac-
tions with proteins [52,53] as previously described [54].
Briefly, silicon wafers with thermal oxide layer of 30 +
3 nm (n = 3) were dipped into a solution of trimethyl-
chlorosilane in ethanol (1:5 v/v ratios) for 2 h. After-
wards, the wafers were rinsed with water followed by
ethanol (three-times each) and stored in ethanol prior
to use. Immediately before use, wafers were rinsed with
water, blown dry using nitrogen gas, dipped in a mucin
solution (1.5% w/v) and incubated for 15 h at 37°C fol-

lowed by sequential washing with ethanol and water.

The native HA and HA-SH-NFs solutions at the con-
centration of 10 mg/ml in PBS (pH 7.4) were added on
methylated wafers and analyzed by ellipsometer at 30,
60 and 120 min.

A change in polarization was measured after light
was reflected from the wafer surfaces. The data were
represented as two values: Psi (¥; amplitude ratio) and
Delta (A, phase difference) [ss]. Interference occurs
as light recombined after traveling different paths
through the thin film. The thickness (4) measured
was used to calculate the adsorbed mass (2 in pug/cm?)
using Equation 2:

d -
Adsorbed mass (m) = %

Where, 7 and 7, are the refractive index of the sample
and the ambient environment, respectively, dn/dc is
the refractive index increment as a function of bulk
concentration (0.165 ml/g) of mucin [56].

In vitro drug release analysis

In vitro drug release analysis of HA-SH-NFs in the
presence or absence of HAase enzyme was performed
using dialysis method. An amount of HAase (1.08 U)
similar to that is normally present in human ejacu-
late containing 100 million sperms/ml was used in
the drug release analysis considering the average vol-
ume of human ejaculate of 3 ml [31]. Briefly, the drug
loaded HA-SH-NFs were transferred to a dialysis bag
(MWCO, 3.5-5 kDa) containing the simulant mix-
ture (pH 7.2) of the VES (pH 4.2) and seminal fluid
simulant (SES: pH 7.8) and placed inside a dialysis
tube containing the release medium (PBS, pH 7.2).
These VES and SFS buffers were prepared according to
the previous reports [50,51]. The whole system was then
placed in a thermostatic shaking water bath (BS-06,
Lab Companion, Seoul, Korea) at 37°C with constant
agitation at 60 r.p.m. Aliquots of samples (100 pl) were
taken at 0, 1, 3, 6, 12, 24 h from the release medium.
Simultaneously, an equivalent volume of the fresh
release medium was added at the same rate to maintain
the sink conditions. The amount of drug released from
HA-SH-NFs was quantified using the LC-MS assay of
TEV [44].

Drug release kinetics of TFV loaded HA-SH-NFs
was analyzed by various kinetic models [2.57] using the
previously described add-in DDSolver program [ss].
The kinetic models used were zero-order, first-
order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell,
Weibull and Quadratic models [58]. The criteria for
selecting the most appropriate model were based on
the correlation coefficient (R), the coefficient of deter-
mination, (R?) and the Akaike information criterion

(AIC) [58).
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In vitro cytotoxicity assays of HA-SH-NFs
Cytotoxicity assays on vaginal epithelial cells

The cytotoxic effects of HA-SH-NFs in the concentra-
tion range of 1-1000 pg/ml were tested on the viabil-
ity (MTS assay) and membrane integrity (LDH assay)
of VK2/EGE7 and End1/EGE7 cells using published
protocols 2. To perform the MTS assay, cells were
seeded to 96-well plates in a keratinocyte-serum free
medium and grown until 80% confluence. The cell
culture medium was replaced with 100 pl of native HA
or HA-SH-NF samples in the concentration range of
1-1000 pg/ml. Samples were kept in contact with the
cells for 48 h. The amount of formazan product was
determined by adding 20 pl of MTS reagent to the cul-
ture wells. The 96-well well plates were incubated for
4 h at 37°C in a humidified, 5% CO, atmosphere and
the absorbance was measured at 490 nm using a DTX
800 multimode microplate reader (Beckman Coulter,
CA, USA). The medium and 1% Triton X was used as
negative and positive controls, respectively. The percent
(%) cell viability was determined using Equation 3:

ABS (test)
ABS (control)

Where ABS (test) and ABS (control) represented

the absorbance of the amount of formazan product

Viability (%) = X 100

generated in viable cells.

To perform the LDH assay, the cells were incubated
with 100 pl medium containing the samples of native
HA and HA-SH-NFs in the concentration range of
1-1000 pg/ml. The 96-well well plates were incubated
at 37°C for 48 h and equilibrated to room temperature
for 30 min. One hundred microliters of CytoTox-One
reagent was added in each well and vortexed for 30 s.
The plates were incubated at room temperature for
10 min. Fifty microliters of stop solution from Promega
was added in each well and the plates were shaken for
10 s. The fluorescence intensity was measured at the
excitation/emission wavelengths of 560 nm/590 nm,
respectively, using the above microplate reader. The per-
cent (%) cytotoxicity was determined using Equation 4:

Cytotoxicity (%) =

Experimental - Background

. X100

Positive control - Background

Where experimental, background and positive control
represented the fluorescence intensity of the wells with
and without sample treatment, and with 1% Triton X
treatment, respectively.

Lactobacillus crispatus viability assay
A microbicide formulation should not disturb the
normal Lactobacillus vaginal microflora since this can

enhance the risk of HIV transmission through cervi-
covaginal (CV) mucosa [59]. In this study, L. crispatus
bacteria was used as representative species since it is one
of the most common vaginal Lactobacillus (60). L. cris-
patus was grown in ATCC medium 416 Lactobacilli
MRS broths (BD Biosciences, NJ, USA) at 37°C. The
viability assay was performed using Lactobacillus viabil-
ity assay [2s]. Briefly, the bacteria density was adjusted
to an OD, of 0.06, corresponding to 0.5 McFarland
Standard or 10® CFU/ml. The L. crispatus bacteria was
seeded in a 96-well plate at a volume of 100 ul and
incubated with 100 pl of the sample suspension for
48 h at 37°C. The 96-well well plates were treated with
10 pg/ml of commercially available penicillin-strepto-
mycin solution (positive control) from Invitrogen (CA,
USA). After the incubation, 20 pl MTS reagent was
added to each well and the absorbance was measured at
490 nm to express the viability using Equation 3.

In vivo evaluation on animal (mice) model
Female C57BL/6 mice with an average body weight
of 20 g at 8—12 weeks old from Jackson Laboratories
(Harbor, ME) were used for the in vivo evaluations
of HA-SH-NFs. All mice were housed (no more than
5 per cage) under a 12 h light: dark regime in the
UMKC Laboratory Animal Resource Center facility
which is a fully AAALAC (the Association for Assess-
ment and Accreditation of Laboratory Animal Care)
accredited with HEPA-filtered, temperature, humidity
and lighting control systems.

Vaginal cytology: mice estrous cycle stage
identification

Mice were treated with 2 mg of subcutaneous medroxy-
progesterone acetate (Depo-Provera®, NJ, USA)
diluted in Lactated Ringer’s solution at 4-5 days prior
to the in vivo experiments. This treatment induced a
diestrus-like state that is characterized by thinning
of the vaginal epithelial layer and reduced inter-indi-
vidual variability of vaginal histology [61]. Vaginal
cytology analysis was then performed to identify the
mice estrous cycle stages (proestrus, estrus, metes-
trus, diestrus) by visualizing the nucleated and corni-
fied squamous epithelial cells and polymorph nuclear
leukocytes [62].

Preclinical safety & toxicity evaluation

In vivo safety of HA-SH-NFs at the dose of 275 mg/
kg (equivalent to the drug dose of ~46 mg/kg) upon
once-daily vaginal administration up to 7 days was
assessed by histological analysis of mice genital tract
(vagina, cervix, uterus and ovary), rectum and other
organs (rectum, spleen, lung, liver, kidney, heart,
brain). The vagina was washed two-times by flush-
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ing repeatedly with 50 pl of PBS with a micropipette
before any treatment. To instill the samples, mice were
held upward by the base of the tail and samples were
administered intravaginally using a micropipette with
a soft tip. Care was taken in order to minimize tissue
injury or disturbance of vaginal mucus. Animals were
maintained in an upward position for 1 min in order
to reduce immediate vaginal leakage of samples. Mice
treated with nonoxynol-9 (N-9: Conceptrol®; 4% w/v)
from Revive Personal (NJ, USA) and benzalkonium
chloride (BZK: 2% v/v) from Sigma-Aldrich were used
as positive control groups. Mice treated with PBS were
used as negative control groups.

At predetermined time points, mice were eutha-
nized by carbon dioxide (CO,) asphyxiation at 70%
(viv) CO, (30% v/v oxygen). The collected tissues
were formalin fixed and embedded in paraffin follow-
ing standard tissue processing procedure. Histopatho-
logic review was performed on tissues stained with
hematoxylin and eosin (H&E). Images were viewed
and captured using a Nikon Labophot-2 microscope
(Nikon Instruments, Inc., NY, USA) equipped with
a PAXCam digital microscope camera and analyzed
using PAX-it image management and analysis software
(Midwest Information Systems, Inc., IL, USA).

Osmolality determination of the tested samples

Ideally, the osmolality of a microbicide formulation
should not exceed 400 mOsm/Kg to minimize any
risk of vaginal epithelial damage [63]. Thus, before
any treatment, the osmolality of each sample was ana-
lyzed (n = 3) using a Vapor Pressure 5520 Osmometer
(Wescor, Inc., UT, USA) calibrated with Opti-mole
100, 290 and 1000 mOsm/kg osmolality standards.
To analyze the samples osmolality, metal forceps were
used to place a single 1/8" solute-free Whatman No.1
filter paper disc (Wescor, Inc.) in the central depres-
sion of the holder. Ten microliters of each sample was
expelled onto the disc and it was ensured that the area
of the disc was fully covered by the sample. The sample
holder was inserted into the instrument and the osmo-
lality measurement was performed. The digital reading
of the osmolality of the each sample was recorded in

mOsm/kg.

Immunoassay of cytokines secretion in mice
cervicovaginal lavage & tissue samples

At predetermined time points after the sample treat-
ments, the mouse vagina was washed two-times by
flushing repeatedly with 50 pul of PBS and the cervico-
vaginal lavage (CVL) was collected. The CVL sample
was centrifuged (1000 x g, 10 min, 4°C) and super-
natant was collected. Mice were then euthanized by
CO, asphyxiation and the CV tissues were collected.

The CVL supernatant and the tissue samples were
kept frozen at -20°C until further processing. The con-
centration of several cytokines including interleukins
IL-1a, IL-1B, IL-6, IL-7, IFN-y-induced protein-10
(IP-10), TNF-o and mice keratinocyte-derived che-
mokine (MKC) was measured. The detailed experi-
mental conditions of the processing of mice CVL and
CV tissue samples for the cytokine assays according
to the manufacturer’s protocol (Milliplex MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel, EMD
Millipore Corp., MA, USA) were explained in the
supplementary file.

Immunohistochemical analysis to identify the
inflammatory cells in vaginal tissues

The CD45-associated protein is a lymphocyte-specific
membrane protein. In the present study, the immu-
nohistological staining for CD45-positive cells was
performed since an increased lymphocytes infilcra-
tion within the vagina epithelium is indicative of
vaginal inflammation. To visualize the lymphocyrtes,
CV tissues were harvested from the treated mice. The
detailed experimental condition was explained in the
supplementary file.

In vitro anti-HIV activity assay of HA-SH-NFs
Generation & characterization of pseudotyped
HIV virus particles

The pseudotyped HIV virus particles were generated
from two plasmids, one coding for the envelope, and
the other for the backbone. The glycoprotein G from
Vesicular Stomatitis Virus G Protein (VSV-G) was
selected as the envelope protein because it allowed the
infection for a very wide range of cell types from a vari-
ety of organisms and known to provide high titers [64].
The proviral vector pNL4.3.Luc.RE", with envelop
deleted and with the firefly luciferase gene was selected
as the reporter plasmid [64].

The pseudotyped HIV virus particles were pro-
duced by co-transfection of HEK293T producer cells
using lipofectamine 2000 (Invitrogen) assay [65.66].
Plasmids encoding VSV-G were co-transfected with
luciferase expressing pNL4.3.Luc.RE" plasmid to
generate VSV-G pseudotyped virus [65.66]. The viral
supernatant was then harvested at 72-h post-transfec-
tion, centrifuged for 15 min at low speed (500 x g) to
remove the cellular debris. The supernatant was fil-
tered through a 0.45 pm pore size filter and stored
in aliquots at -80°C until used for the single-cycle
infection assay.

To determine the titer (number of particles/ml) and
size distribution of virus particles, nanoparticle-track-
ing analysis (NTA) was performed using a Nanosight
LMI10 instrument (Nanosight, Salisbury, UK) outfit-
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ted with a LM14C laser. Samples were diluted first in
PBS to meet the optimal concentration between 10°
and 108 particles/ml. At least 300 pl of diluted sample
was needed for each analysis and was vortexed before
injection into the chamber. Each video of moving
particles was 60 s in duration, with a shutter speed
of 30 ms and camera gain of 680. Software settings
for analysis were: Detection threshold: 6, Blur: auto,
Minimum expected particle size: 50 nm. A minimum
of 200 completed particle tracks were completed for
each video and the data was analyzed using the NTA
2.3 analytical software (Malvern Inc., Worcestershire,
UK). Briefly, the NTA analysis determines the parti-
cle diffusion coefficient (D) by measuring the move-
ment of the particle (Brownian motion) and then this
employs the Stokes—Einstein equation (Equation 5) to
determine the size distribution and virus titer in each
sample [67.68].

_ TKg
D, 3rpd

Here, 7= sample temperature, K, = Boltzmann’s con-
stant, and 7 = solvent viscosity. Using D, the sphere-
equivalent hydrodynamic diameter (4) of the virus
particles was determined.

In vitro anti-HIV activity

The anti-HIV activity assay was performed using
MT-4 cells since they are highly permissive to
viruses [69]. Briefly, MT-4 cells at the density of 5
x 10° cells/ml were incubated with 25 pl of free TFV
or TFV loaded HA-SH-NFs suspended in cell culture
medium in a concentration range of 0.035-35 uM
for 24 h prior to the virus treatment. Cells were then
exposed to 25 pl of the pseudotyped virus particles
at the multiplicity of infection (MOI) of 1000, 5000
and 10,000 and incubated for 48 h. MOI was the
ratio of the number of pseudotyped virus particles to
the number of cells being exposed. The inhibition of
the pseudotyped HIV virus replication was analyzed
using luciferase assay due to its high sensitivity, and
robustness toward a variety of drugs and complex bio-
logical samples [70]. Briefly, after the 48 h of virus par-
ticle treatment, an equal volume of luciferase buffer
and substrate (Promega) was added and plates were
incubated for 10 min at 37°C in 5% CO,. The bio-
luminescence was then immediately measured using
a Luminometer (Promega), according to the manu-
facturer’s directions. Wells with no cells and cells sus-
pended in medium without TFV and HA-SH-NFs
were used as positive (PC) and negative control (NC)
samples, respectively. The inhibition of pseudotyped
HIV virus replication was presented in terms of
percentage (%) of viral load.

In vitro cytotoxicity assay of HA-SH-NFs on

MT-4 cells

The in vitro cytotoxicity of HA-SH-NFs on MT-4 cells
was analyzed up to 48 h incubation using the MTS
cell viability assay. Briefly, MT-4 cells were seeded
to 96-well plates in RPMI 1640 medium (Invitro-
gen, CA, USA) supplemented with 10% fetal bovine
serum and were allowed to grow until 80% confluence
was reached. The medium was replaced with 100 pl
of samples suspended in culture medium at different
concentrations (0.035-35 uM) and pseudotyped virus
particles with MOIs of 1000, 5000 and 10,000. Sam-
ples were kept in contact with the cells for 24 h at 37°C.
After the incubation, 20 pl of CellTiter 96 Aqueous
One Solution Reagent (Promega) was added to each
well and the absorbance was measured at 490 nm after
3 h incubation at 37°C. The absorbance was directly
proportional to the number of viable cells as analyzed
by using Equation 3. Cells with no treatment and those
treated with 1% Triton X were considered as negative
and positive controls, respectively.

Pharmacokinetics (PK) profiling of HA-SH-NFs
in mice

The PK parameters of HA-SH-NFs were evaluated
in C57BL/6 mice. Mice PK experiments were carried
out following the appropriate protocols as described
above in the in vivo section. TFV in 1% hydroxyethy-
cellulose (HEC) gel is prepared according to a previ-
ous report [14]. In this single-dose study, the C57BL/6
mice were divided randomly into two groups (n = 4).
Group 1 was treated with the 1% TFV-gel whereas,
group 2 was treated with HA-SH-NFs containing TFV.
Twenty microliters of the 1% TFV-gel or HA-SH-NFs
(equivalent to TFV dose of 8 mg/kg) was applied to the
mouse vagina using a micropipette with a soft tip with
minimal tissue injury or disturbance of vaginal mucus.
An equivalent TFV dose of approximately 8 mg/kg was
based on the effective human dose (40 mg/person) [14]
converted from the body surface area normalization
method for mice [71]. After the treatments, animals
were maintained in an upward position for 1 min in
order to reduce the immediate vaginal leakage of sam-
ples. At the predetermined time points (1, 4, 8, 24 and
72 h), mice were euthanized by CO, asphyxiation and
the vaginal and rectal tissues were collected and stored
at -80°C until further analysis.

Tissue homogenization & drug extraction

The collected vagina and rectum tissues were homog-
enized (10 mg of tissue in 100 pl of water) with the
addition of 10 pl of 100 pg/ml of internal standard
(IS: Adefovir). Tissues were homogenized using an
OMNI™ Tissue Homogenizer (Omni International,
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GA, USA). The tissue homogenate was then used to
extract the drug using acetonitrile protein precipitation
method. Samples were then centrifuged for 15 min at
14,000 r.p.m. and 4°C. The clear supernatant was trans-
ferred to another tube and speed vacuumed (Eppen-
dorf Vacufuge™ concentrator 5301, Eppendorf North
America, Inc., NY, USA) to dryness. The remaining
sample was reconstituted in 100 pl of water containing
1% v/v formic acid and centrifuged for 5 min at 14,000
rp.m. and 4°C. The supernatant was transferred to
an LC auto sampler vial and 20 pl was injected to the
LC-MS/MS system and analyzed. LC-MS/MS method
was developed, adapting the previously published pro-
tocol [72] and carried out on a UFLC Shimadzu promi-
nence system (Shimadzu USA manufacturing Inc.,
CA, USA). The LC calibration curve range of TFV
was 0.005-5 pg/ml (R?: 0.999). MS studies were per-
formed on a 3200 QTrap mass spectrometer (Applied
Biosystems Sciex, MA, USA) using multiple reaction
monitoring scan in positive ion mode.

The PK parameters for vaginal and rectal tissues
included: maximum observed concentration (C_ )
and corresponding time (t_); area under the concen-
tration-time curve (AUC) between 1and 72 h (AUC _,
,) were computed using the linear trapezoidal method.
The tissue PK parameters (T, C and AUC, )

were analyzed using Microsoft Excel add-in PKSolver

max

software using noncompartmental analysis [73].

Statistical data analysis

The experimental values were generally presented as
mean + standard deviation (SD) of triplicate determi-
nations (n = 3). All animal experimental conditions
(treatments and time points) were tested in a group of at
least four animals (n = 4) unless otherwise mentioned.
Statistical data analysis was evaluated using Student’s
t-test with 95% confidence interval. A p-value < 0.05
was considered statistically significant.

Results & discussion

Characterization of thiolated HA-SH derivative
In this study, a bioresponsive, mucoadhesive, bio-
compatible and safe HA-SH-NFs were formulated
intended for the effective prevention of HIV trans-
mission through vaginal mucosa. To test this hypoth-
esis, initially, a thiolated HA (HA-SH) derivative was
synthesized and characterized.

'H-NMR & FT-IR spectroscopy analyses

Thiol group’s derivatives were generated at the pri-
mary hydroxyl group of the GIcNAc units of HA using
the nucleophilic opening reaction of ethylene sulfide
(Figure 2). Compared to the spectrum of HA, a peak

corresponding to the methylene group attached to the
former hydroxyl oxygen (-CH,-CH,-SH), appeared at
approximately 3.8 ppm in the 'H-NMR spectrum of
HA-SH. The second methylene group, closer to the
-SH functionality overlapped with GlcA and GIcNAc
protons of HA from 3.0 to 3.8 ppm and appeared at
approximately 3.65 ppm [74] (Supplementary Figure 1A).

In the FT-IR spectrum of HA-SH (Supple-
mentary Figure 1B), a small peak of -SH group was
observed at approximately 2550 cm™. The signal of -SH
group peak was very weak and broad due to the hydro-
gen bonding of -SH group as also observed by other
researchers [75,76]. In addition, the HA-SH derivatives
exhibited to have 0.763 + 0.016 mM (n = 3) of -SH
groups as determined by Ellman’s method [37]. Overall,
FT-IR and NMR analyses confirmed the effective thiol

modification of native HA polymer.

SEC & PXRD analyses

SEC analysis showed that the average MW of
HA-SH was approximately 58 kDa which was
close to the average MW of native HA (~60 kDa)
(Supplementary Figure 2A). PXRD results revealed that
theamorphous natureof native HA hasbeen maintained
during the reaction process (Supplementary Figure 2B).
PXRD spectrum of HA-SH showed one additional
peak at 20 of 32° which was the typical PXRD peak
of NaCl [77]. This could be due to the crystallization
of the NaCl resulting from the sodium ions (Na*) of
HA and the chloride ions (CI") of HCl used in the pH
adjustment media. Overall, SEC and PXRD analysis
results confirmed that the native HA was quiet stable
under the thiol modification reaction process.

Formulation & physicochemical
characterization of HA-SH-NFs

The synthesized HA-SH polymer was used to formu-
late HA-SH-NFs. During the electrospinning process,
a polymer solution was injected through a needle by
electrostatic repulsive forces on a grounded collector
(Figure 3A) [78]. The charged fluid jet underwenta highly
stretching and whipping process through the air and
the solvent evaporated quickly, and as a result, NFs were
formulated and deposited on the collector. Initially, the
HA-SH solution was electrospun alone and no fibers
were formed due to the high viscosity and enormous
water affinity of HA [38]. However, the blended HA-SH
and PEO solutions produced NFs since PEO facilitated
the fiber formation during the electrospinning process
as confirmed by the SEM images.

Surface morphology & size distribution analysis
The mean diameter of the HA-SH-NFs engineered
using the electropinning process (Figure 3A) was found
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to be 74.96 + 46.31 nm (n = 100) (Figure 3D). The
SEM images revealed that the blended HA-SH and
PEO solutions produced the HA-SH-NFs (Figure 3B)
since PEO facilitated the fiber formation process dur-
ing the electrospinning process. Some beaded fibers
were also observed (Figure 3C) which could be due to
various factors such as the presence of ionizable groups
on the HA-SH polymer, feed rate of electrospinning
solutions and polymer concentrations [78]. The repul-
sive force between the ionizable groups within the
polymer backbone limits its electrospinnability and
inhibits the formation of continuous fiber under the
high electric field [79].

In vitro mucoadhesion analysis

The mucoadhesive property of HA-SH-NFs to native
HA was confirmed by the mucin interaction and
ellipsometer measurements.

Mucin interaction assay

Mucin interaction study showed the relationship
between the size of mucin and polymer aggregate was
correlated to the mucoadhesive property of HA-SH-
NFs to native HA. Results showed that the size of HA-
SH-NFs was significantly increased to approximately
4-~7 wm compared with the native HA (~1-3 pm) in
the presence of mucin as analyzed after 3 h incuba-
tion in PBS (Figure 4A), VFS (Figure 4B) and water
(Figure 4C). This was due to the higher thiol-thiol
(S-S) group interactions between mucin and thiolated
HA-SH-NFs in addition to the hydrophobic and elec-
trostatic interactions. However, the study of mucin-
HA interaction was limited due to the very large and
broad size distribution of these two molecules and
thus, the interaction between mucin and HA-SH-NFs
needs to be further analyzed using more sophisticated
microscopy methods such as atomic force microscopy
in the future.

Ellipsometer measurements

In the ellipsometer measurements, an increased muco-
adhesion of HA-SH-NFs was confirmed by an increase
in thickness (~3-fold) (Figure 4D) and adsorbed
mucin amount (~2-fold) (Figure 4E) of HA-SH-NFs
(~321 nm, ~34 pg/cm?, respectively) compared to the
native HA data (~105 nm, ~19 pg/cm?, respectively) as
calculated by Equation 2.

In vitro drug release analysis of HA-SH-NFs

The in vitro drug release profile for TFV loaded HA-
SH-NFs (loading ~16-17% w/w) in the presence and
absence of HAase enzyme was depicted in Figure 3E.
A significantly triggered drug release (~87%w/w) was
observed from HA-SH-NFs in the presence of HAase

enzyme, whereas, in its absence the value was approxi-
mately 54%w/w after 1 h. The cumulative percent
drug release was approximately 99% and 62% w/w
after a 6 h analysis in the presence and absence of
HAase enzyme, respectively.

The observed drug release from HA-SH-NFs might
be due to two facts: first, it was anticipated that the
interaction between -COOH groups of the HA and
amino groups of TFV could have affected the drug
release profile of HA-SH-NFs. Since, TFV has two
pKa values (2.0 and 6.7) [80], whereas HA has a pKa
value at 2.9 [81], both (native TFV and HA) will have a
negative charge at the working pH (7.2) of the release
medium. Therefore, there would be a minimal pos-
sibility of interaction between TFV and HA. Due to
these minimal interactions of HA with TFV, a higher
% cumulative drug release was also observed from HA-
SH-NFs in the absence of HAase during the first couple
of hours. However, the drug release was significantly
lower than that observed in the presence of HAase. Sec-
ond, the large surface areas to volume ratios of HA-SH-
NFs provided a larger area for drug interaction with the
surrounding medium. This facilitated the mass transfer
and thus, a fast release of drug was observed.

Ideally, the effective molar concentration (EC,)) of
TFV (5-7.6 uM) [82] required to exhibit its anti-HIV
activity should be locally released from HA-SH-NFs
before the HIV crosses the vaginal mucosa in the
time frame of 2—6 h and interacts with macrophages
and dendritic cells [83]. Based on the drug loading of
HA-SH-NFs (~16-17% w/w), the actual amount of
TFV was approximately 59 pM per 100 mg of NFs.
Considering the 10 mg of HA-SH-NFs will be used
in each treatment dose, this would be equivalent to
approximately 6 uM of TFV dose. Based on the drug
release data observed, it can be reasonably speculated
that the amount of microbicide released from HA-SH-
NFs would potentially exhibit an anti-HIV effect in
less than 6 h as most of the drug from HA-SH-NFs
was released out (~99% w/w) within this time frame.
It is noteworthy that the EC,| value of TFV from
HA-SH-NFs was achieved within that critical time-
frame of 2-6 h considering there is no significant
drug leakage from nanoformulations after intravaginal
administration in the presence of HAase.

The drug release profile from HA-SH-NFs was ana-
lyzed using various iz vitro kinetic models [57.58]. The
model with a higher R or R? values and lower AIC
value was considered to be the best. It was observed
that in the absence of HAase, the drug release from
NFs followed the Peppas model (R: 0.995; R?: 0.990;
AIC: 25.030) however, in the presence of HAase, NFs
followed Weibull model (R: 0.999; R?: 0.999; AIC:
9.396) (Supplementary Table 1).
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Figure 4. In vitro mucoadhesion analysis: mucin interaction method. (A) PBS (pH 7.4). (B) VFS (pH 4.2). (C) Water (with 10 mM NacCl).
Ellipsometer measurements. (D) Thickness (d) in nm. (E) Amount adsorbed (m) in ung/cm2.
HA: Hyaluronic acid; HA-SH-NF: Hyaluronic acid nanofiber; PBS: Phosphate-buffered saline; VFS: Vaginal fluid simulant.

2946 Nanomedicine (Lond.) (2016) 11(22) future science group fsg



Stimuli-sensitive HA-SH-NFs: synthesis, preclinical safety & in vitro anti-HIV activity Research Article

Table 1. Vaginal and rectal tissues pharmacokinetics parameters of tenofovir in 1%

hydroxyethylcellulose gel and thiolated hyaluronic acid nanofibers.

PK parameters 1% TFV-HEC gel HA-SH-NFs (vagina) 1% TFV-HEC gel HA-SH-NFs (rectum)
(vagina) (rectum)

T oo 1h 1h 4h 24 h

Coax 291.22 ug/g 561.46 ng/g 1597.06 nug/g 1715.48 ng/g

AUC, ., 14.38 mg.h/g 23.89 mg.h/g 72.50 mg.h/g 84.04 mg.h/g

HA-SH-NF: Hyaluronic acid nanofiber; PK: Pharmacokinetics; TFV-HEC: Tenofovir hydroxyethylcellulose.

In vitro cytotoxicity analysis of HA-SH-NFs
Cytotoxicity on vaginal keratinocytes cells
Cytotoxicity evaluation is an important factor in
developing a topical microbicide delivery system as
it should not damage the vaginal/endocervical epi-
thelium, disturb normal vaginal flora or trigger any
immune-response. According to ISO standard, if
the cell viability of control samples is 100%, tested
samples with a viability >80% have no cytotoxic-

ity. Cell viability of 60-80% correspond to mild
cytotoxicity, 40—60% to moderate cytotoxicity and
<40%, to severe cytotoxicity [84]. Based on the results
obtained, HA-SH-NFs did not show any significant
effect (p > 0.05) on the viability of VK2/EGE7 and
End1/E6E7 cells, compared with medium (nega-
tive control) (Figure 5A). A statistically insignificant
(p > 0.05) lower LDH release and percent cytotoxic-
ity was observed from cells incubated with HA-SH-
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Figure 5. Cytotoxicity assays of tenofovir-loaded thiolated hyaluronic acid nanofibers. (A) Effects on the viability of VK2/E6E7 and
End1/E6E7 cells (MTS assay). (B) Effects on lactate dehydrogenase release from VK2/E6E7 and End1/E6E7 cells (LDH assay). (C) Effects

on the viability of Lactobacillus crispatus bacteria. Results are given as mean = SD, n = 3 after 48 h incubation.

HA: Hyaluronic acid; HA-SH-NF: Hyaluronic acid nanofiber.
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NFs for 48 h in comparison to the negative control
(medium) (Figure 5B).

Effects on the viability of L. crispatus bacteria

A microbicide formulation should not disturb the
normal Lactobacillus vaginal microflora since this can
enhance the risk of HIV transmission through CV
mucosa [59]. As shown in Figure 5C, HA-SH-NFs have
no significant (p > 0.05) deleterious effect over the via-
bility of L. crispatus bacteria compared with the nega-
tive control (medium). Overall, the cytotoxicity and
lactobacillus viability assays of HA-SH-NFs showed
that the formulation was safe to vaginal/endocervical
epithelium cells.

In vivo evaluations of HA-SH-NFs

Preclinical safety plays an important role before pro-
ceeding with formulation testing in clinical trials. A
microbicide formulation may elicit a transient change
in the mucosal tissues, significant production and
secretion of proinflammatory cytokines. This leads
to the recruitment and activation of HIV-susceptible
cells that could enhance HIV transmission through
vaginal mucosa. The disruption of the CV epithe-
lia can increase the HIV transmission through CV
mucosa [85.86] and hence must be analyzed with any
microbicide formulation.

Osmolality determination

In addition to the preclinical safety, the osmolal-
ity of a vaginal microbicide formulation could have
profound effects on the vaginal environment and
epithelium which could enhance HIV vaginal trans-
mission and infection [8788]. The normal osmolal-
ity of female vaginal secretions was reported in the
range of 260-290 mOsm/kg and for human semen
the value was 250-380 mOsm/kg [s0.51]. Ideally, the
osmolality of a microbicide formulation should not
exceed 400 mOsm/Kg [63] to minimize any risk of
vaginal epithelial damage. In this study, the osmo-
lality values determined for each tested samples were
well below the recommended osmolality for intravagi-
nal application (<400 mOsm/kg) except for the N-9
(>1200 mOsm/kg). Mice were inspected daily during
HA-SH-NFs treatment and no alterations in behavior,
body weight or temperature was noted between the
treatment and control mice groups.

Vaginal cytology analysis

The mice CVL cells were used to identify the stages
of the mouse estrous cycle (proestrus, estrus, metes-
trus and diestrus) (Supplementary Figure 3). During
the proestrus stage, clusters of round, well-formed
nucleated epithelial cells (white arrow) were observed

whereas, during estrus cycle, cells were predominantly
cornified squamous epithelial cells (red arrow). The
metestrus stage was mainly represented by the pres-
ence of small, darkly stained leukocytes (blue arrow)
with some cornified squamous epithelial cells. The
last stage of the estrous cycle, diestrus, was associ-
ated predominantly with leukocytes including some
nucleated epithelial cells. Very few and rare cornified
squamous epithelial cells may still be present. It was
observed that Depo-Provera treatment maintained
the diestrus conditions in the mice vagina as analyzed
up to 9 days whereas, control mice (no Depo-Provera
treatment) showed changes in the estrous cycle stages
(appearance of the different cell types) at different days
(Supplementary Figure 3).

Immunohistological assays

The histological analysis of the mice genital tract
(vagina, cervix, uterus and ovary), rectum and other
organs (spleen, lung, liver, kidney, heart, brain) did
not show any signs of toxicity and damage upon
once-daily administration of HA-SH-NFs up to 24 h
(Figure 6A & B) and 7 days (Figure 6C & D). In the case
of the vagina, no histological changes were observed
in mice treated with HA-SH-NFs, and PBS (negative
control groups). However, a clear thinning and strip-
ping (damage) of the epithelium was observed (indi-
cated by red arrows) following 24 h treatment in the
N-9 and BZK treated mice (positive control groups)
(Figure 6A) and a layer of dead cells was shown after
7 days treatment (Figure 6C). These observations fur-
ther supported the toxicity of N-9 and BZK to the
vaginal mucosa. For the uterus and ovary, no signs of
alterations were observed in the presence of any of the
tested samples including the positive controls. This
suggested that N-9 and BZK were not able to reach the
upper genital tract in sufficient quantities to produce
any toxicity or damage.

Immunoassay of cytokines secretion in CVL

Cytokines play an important role in HIV infection and
transmission through CV mucosa and must be evalu-
ated for any microbicide formulation [89]. A microbi-
cide formulation was supposed to be in contact with
the CV epithelium for a variable time before sexual
intercourse and thus, should not cause the onset of
inflammation or cytokine secretions [86]. Levels (pg/
ml) of different cytokines including IL-la, IL-1B,
1L-6, IL-7, IP-10, TNF-o and a chemokine (MKC)
in CVL and genital tissues were analyzed after 24 h
treatment with PBS (negative control), N-9 and BZK
(positive controls), and HA-SH-NFs (treatment). The
selection of these cytokines and MKC chemokine
was based on the following facts. IL-la and IL-1B

2948

Nanomedicine (Lond.) (2016) 11(22)

fsg

future science group



Stimuli-sensitive HA-SH-NFs: synthesis, preclinical safety & in vitro anti-HIV activity Research Article

Negative Positive control Negative Positive control
control — Treatment control —

PBS BZK N-9  HA-SH-NFs PBS BZK N-9

@ >
q (]
[ =
© T ¢
> ¥
X c
e 3
S S
e

ne
2|
5 3
> B
£
s :
(o). 2

= -l

~ -
- S
23 g
o« T
(© Negative Positive control (@) Negative Positive control

control — Treatment control —

PBS ‘ BZK N-9 HA-SH-NFs

PBS

~ Spleen Kidney

Treatment

Figure 6. Preclinical safety and toxicity evaluation on female C57BL/6 mice after exposure to tenofovir loaded thiolated hyaluronic
acid-nanofibers and controls. (A) Genital tract tissues (vagina, cervix, uterus, ovary) and, rectum after 24 h exposure. (B) Other
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after 7 days exposure. (D) Other tissues (kidney, spleen, lung, liver, heart and brain) after 7 days exposure. Red arrows showed the

epithelial damage in tissues.

BZK: Benzalkonium chloride; HA-SH-NF: Hyaluronic acid nanofiber; N-9: Nonoxynol-9; PBS: Phosphate-buffered saline.

are efficient inducers of the proinflammatory signals,
released by injured epithelial tissues and enhance the
HIV replication process [59]. IL-6 enhance the HIV
replication process and act as a growth factor for HIV
virus. It has been recently shown that IL-7 facilitates

HIV transmission to CV tissues [90]. In addition, IL-7
also promotes HIV persistence during antiretroviral
treatment by enhancing residual levels of viral produc-
tion and inducing the proliferation of latently infected
CD4* T cells [91. IP-10 is significantly associated with
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Figure 7. Cervicovaginal lavage fluid and genital tissues cytokines and chemokine levels after 24 h exposure to tenofovir-loaded
thiolated hyaluronic acid nanofibers. (A-F) Data related to cytokines IL-1a, IL-1B, IL-6, IL-7, IP-10, TNF-a, respectively. (G) MKC
chemokine levels. Results are given as mean + SD, n = 4.

*p < 0.05; **p < 0.005.

BZK: Benzalkonium chloride; CVL: Cervicovaginal lavage; HA-SH-NF: Hyaluronic acid nanofiber; N-9: Nonoxynol-9.

high vaginal viral load and its higher level decreases the  HIV replication process [93]. TNF-a. is one of the most
T-cell functions in HIV infected individuals on ret- important proinflammatory cytokines that induces the
roviral therapy [92]. MKC is a chemokine and equiva- levels of IL-6 and IL-8 and helps in upregulation of
lent to the human IL-8 cytokine which stimulates the HIV replication [s9].
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Figure 8. Immune cells (CD45) infiltration on female C57BL/6 mice vaginal tissues after 24-h and 7-day exposure to (A) negative
control; (B) BZK; (C) N-9; (D) TFV-loaded thiolated HA-SH-NFs. Red arrows showed the CD45 infiltration in vaginal tissues.
BZK: Benzalkonium chloride; HA-SH-NF: Hyaluronic acid-nanofiber; N-9: Nonoxynol-9; PBS: Phosphate-buffered saline; TFV: Tenofovir.

Based on above mentioned facts and the roles of cyto-
kines in HIV vaginal transmission, it was important to
check the levels of these cytokines after a microbicide
formulation application. Results showed that the levels
of most of the cytokines were not significantly induced
after HA-SH-NFs treatment compared with the con-
trol CVL and genital tissue samples except for the
IL-1a/TNF-o in genital track tissue and IL-13/IP-10/
TNEF-a in CVL (Figure 7). However, cytokines levels
were well below their standard values reported [94,95].

Inflammatory cells identification in CV tissue

In addition to cytokines, an increased lymphocytes
infiltration within the vagina epithelium is indicative
of vaginal inflammation [61]. The CD45-associated
protein is a lymphocyte-specific membrane protein
and analyzed in this study. To identify the inflamma-
tory cells (CD45) infiltration in the mice genital tract,
the immunohistochemistry assay was performed. Fol-

lowing 24 h exposure, negative control (Figure 8A) and
HA-SH-NFs (Figure 8D) treated mice tissues did not
show any significant immune cell infiltration in the
genital tract. Moreover, few surface and luminal lym-
phocytes were observed. A significant high number of
immune cells infiltration was noted in BZK (Figure 8B)
and N-9 (Figure 8C) treated mice (indicated by red
arrows). However, very few, but not significant CD45
cells were observed after 7 days treatment with HA-
SH-NFs compared with BZK or N-9 treated groups
which suggested the lack of vaginal inflammation.

Overall, the cytokine and immunohistochemistry
data supported that HA-SH-NFs were potentially safe
for intravaginal application.

In vitro anti-HIV activity of HA-SH-NFs
Pseudotyped virus particle generation &
characterization

To determine the iz vitro anti-HIV activity of HA-
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Figure 9. In vitro anti-HIV activity of tenofovir-loaded thiolated hyaluronic acid nanofibers on pseudotyped HIV
virus particles at the MOI of (A) 10,000; (B) 5000; (C) 1000. Results are given as mean = SD, n = 3.
HA-SH-NF: Thiolated hyaluronic acid nanofiber; MOI: Multiplicity of infection; TFV: Tenofovir.

SH-NFs, the pseudotyped HIV  virus particles
were generated using plasmid transfection method
(Supplementary Figure 4A) and analyzed using a NTA
(Supplementary Figure 4B). The mean diameter of the
pseudotyped virus particles was found to be 128.00 =
15.53 nm (n = 6) and the virus titer (number of parti-
cles/ml) was determined to be 3.07 x 10'° + 0.30/ml (n
= 6) in cell culture media. A clear difference between
the background and sample containing pseudotyped
virus particles was observed (Supplementary Figure 4B)
which confirmed the presence of pseudotyped virus
particles.

In vitro anti-HIV activity

The in vitro anti-HIV activity of HA-SH-NFs on
MT-4 cells at the MOI of 10,000 (Figure 9A), 5000
(Figure 9B) and 1000 (Figure 9C) at different equivalent
drug concentrations showed that the NFs effectively
inhibited the virus replication process. However, the
effect was not different compared with that of the free
drug. This was consistent with recent observations by
other researchers [29]. This could be due to the fact that
the cell treatment with the pseudotyped HIV virus
was performed after the 24-h treatment with HA-SH-

NFs and by that time, most of the encapsulated drug
was released out of NFs as shown in the release profile
(Figure 3E). This probably led to have an equal amount
of free TFV in both HA-SH-NFs cell treated media
and in the media of free TFV treated cells leading to
similar level of anti-HIV activity in both cases. Future
studies should be performed at different time points
after HA-SH-NFs treatment in the presence and
absence of HAase enzyme to determine the influence
of the enzyme responsiveness of these NFs on their
antiviral activity.

The in vitro anti-HIV activity of TFV and HA-SH-
NFs was significantly increased as the MOI was low-
ered from 10,000 to 1000. This could be due to the
presence of fewer virus particles exposed to the native
TFV or HA-SH-NFs as MOI was lowered. Cytotox-
icity data confirmed that the HA-SH-NFs were non-
cytotoxic to MT-4 cells and produced no significant
effect (p > 0.05) on MT-4 cells viability, compared
with the medium (data not shown).

Although, the anti-HIV activity of free TFV and
TFV in HA-SH-NFs was not significantly different,
the in vitro anti-HIV activity assay results suggested
that the drug maintained its structural integrity, and
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Figure 10. Pharmacokinetics profile of tenofovir. TFV levels following intravaginal administration of TFV loaded
HA-SH-NFs and 1% TFV-gel in vaginal (A), and rectal (B) tissues. Results are given as mean = SD, n = 4.
HA-SH-NF: Thiolated hyaluronic acid-nanofiber; TFV: Tenofovir

the activity of TFV was unaffected by composite geom-
etry of HA-SH-NFs. In addition, drug formulations
such as NFs have several advantages compared with the
native drug, including the ability for sustained/con-
trolled drug release with a potential reduction in the
side effects, and protection of native drug against harsh
local environmental conditions (acidic pH, oxidation,
degradative enzymes, etc.) in the vagina.

Tenofovir pharmacokinetic parameters in mice

TFV levels in 1% TFV-gel and HA-SH-NFs were
analyzed in the mice vagina (Figure 10A) and rectal
(Figure 10B & Table 1) tissues between 1 h and 24 h
postadministration. TFV release profile showed that
the drug transport from vagina to rectum in 1% TFV-
gel occurred quickly compared with HA-SH-NFs as
evidenced by the relatively low T value of 1% TFV-
gel. This could be due to the immediate leakage of
TFV from the vaginal cavity to the rectum because of

the short genital-anal distance and the close proximity
of the vaginal and rectal tissues.

Comparing the vaginal tissue TFV levels with HA-
SH-NFs and TFV-gel, it was clearly observed that the
HA-SH-NFs were able to increase the drug retention.
In case of TFV-gel, a lower C__ value was observed
compared with HA-SH-NFs formulation. Results have
clearly shown that TFV in NFs stayed longer due to
the bioadhesive and protective nature of the developed
formulation. Moreover, HA-SH-NFs seem to provide
a higher bioavailability of TFV in vaginal tissue as
observed by higher AUC, _ value compared with the
1% TFV-gel (Table 1).

Conclusion

In this study, a novel bioresponsive, mucoadhesive and
biocompatible thiolated HA-based NFs loaded with
a vaginal anti-HIV microbicide TFV were developed
using the electrospinning method. It was observed
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that HAase enzyme triggered a significant drug release
from HA-SH-NFs. HA-SH-NFs were noncytotoxic
to human vaginal VK2/EGE7, and End1/EGE7 cells
and had no deleterious effect on the viability of Lacto-
bacillus bacteria. Histological analyses confirmed the
safety of HA-SH-NFs in C57BL/6 mice genital tract
and other organs. Moreover, NFs did not induce any
CD45 immune cell infiltration in genital tract tissues.
The cytokine levels were not significantly changed
for most of the tested cytokines in CVL and CV tis-
sues. The HA-SH-NFs were able to increase the TFV
retention and provided a higher drug bioavailability
in vaginal tissue, including the lower drug disposition
to the rectum tissue compared with the 1% TFV-gel.
The in vitro anti-HIV activity data showed that the
drug loaded HA-SH-NFs were able to inhibit the
replication process of pseudotyped HIV virus and
the anti-HIV activity of TFV was preserved after the
electrospinning process.

One limitation of the previously reported HAase
triggered drug release from the HA based nanopar-
ticles (HA-NPs) was the drug release time: it took
about 24 h to reach approximately 90% w/w [2]. How-
ever, the release profile of HA-SH-NFs developed in
this study has significantly been improved and a trig-
gered drug release was observed after 1 h of incuba-
tion in the presence of HAase enzyme. This could be
due to the absence of any cross-linking chemistry at
the HAase enzyme target site (carboxylic acid groups)
in HA-SH-NFs compared with that present in the
HA-NPs. Moreover, the large surface areas to volume
ratios and the porosity of NFs provided a larger area
for drug interaction with the surrounding medium
which facilitated the mass transfer and a rapid drug
release.

The scalability of HA-SH-NFs fabrication method
is also higher due to the involvement of fewer formu-
lation steps compared with other TFV or microbi-
cides formulation methods [223] and the availability
of industrial scale nanofiber production equipments.
Moreover, the method avoids toxic organic solvents
and harsh acidic/alkaline formulation conditions [24-
26.28.29] for sensitive bioactive agents such as protein
and peptides. Further, these HA-SH-NFs have addi-
tional advantages of being mucoadhesive in nature
due to the presence of thiol groups on their surface.
However, further experiments are needed to confirm
the proof-of-concept of this work such as: in vive
stimuli-responsiveness, drug release and bioretention
of these nanoformulations in the presence of seminal
fluid and HAase enzyme; expanding the application
of HA-SH-NFs platform to other topical microbicides

(fusion/entry inhibitors) alone or in combination with
other reverse transcriptase inhibitors; analyzing the
interaction between mucin and HA-SH-NFs using
other methods such as atomic force microscopy; ana-
lyzing the in vivo anti-HIV efficacy of developed NFs
in an appropriate animal model. Overall, the data
presented here highlight the potential of HA-SH-NF
templates for the vaginal delivery of anti-HIV/AIDS

microbicides.

Supplementary data

To view the supplementary data that accompany this paper
please visit the journal website at: www.futuremedicine.com/
doi/full/10.2217/nnm-2016-0103
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Executive summary

Thiolated polymer synthesis & nanocarrier formulation

e Sulfhydryl (-SH) group modified thiolated-hyaluronic acid (HA) polymer (HA-SH) was synthesized and
physicochemically characterized.

e Bioresponsive, mucoadhesive and biocompatible loaded HA-SH based nanofibers (HA-SH-NFs: mean diameter
~75 nm) loaded with a vaginal anti-HIV microbicide (tenofovir [TFV]) were engineered by electrospinning
process.

Physicochemical characterization of nanocarrier formulation

e Mucin-interaction and ellipsometer studies confirmed the higher mucoadhesion of HA-SH-NFs compared with
the native-HA polymer.

e Semen hyaluronidase (HAase) enzyme triggered drug release within 1 h from these NFS (potential clinical
relevance: HIV virus vaginal occurs in approximately 2-6 h).

In vitro cytotoxicity of nanocarriers

e HA-SH-NFs NFs were noncytotoxic to the human vaginal cells and L. crispatus bacteria.

 In vivo safety, biocompatibility and immuno-histochemical evaluation of nanocarriers.

e HA-SH-NFs did not induce any tissue damage on the C57BL/6 mice genital-tract and other vital organs upon
once-daily administration for 7 days.

* No significant CD45 cell-infiltration and changes in cytokines levels in cervicovaginal tissues were observed
following 24 h of exposure to the HA-SH-NFs.

In vitro anti-HIV activity of nanocarriers

e |n vitro anti-HIV activity data (analyzed by luciferase assay) suggested that the drug maintained its structural
integrity after nanofabrication.

e HA-SH-NFs inhibited the in vitro replication process of pseudotyped HIV.

Pharmacokinetics & in vivo drug release profile of nanocarriers

* HA-SH-NFs significantly increased the TFV retention and bioavailability in vaginal tissue compared with the 1%
TFV-gel.

Conclusion & future perspective

e HA-SH-NFs could potentially serve as a safe and effective nanotemplate for topical delivery of bioactive
agents such as HIV/AIDS microbicides.
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