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Abstract: This study explored the development of cross-linked gels to potentially provide a physical
barrier to vaginal sperm transport for contraception. Two types of gels were formulated, a physically
cross-linked iota-carrageenan (Ci) phenylboronic acid functionalized hydroxylpropylmethyacrylate
copolymer (PBA)-based (Ci-PBA) gel, designed to block vaginal sperm transport. The second gel
was pH-shifting cross-linked Ci-polyvinyl alcohol-boric acid (Ci-PVA-BA) gel, designed to modulate
its properties in forming a viscoelastic, weakly cross-linked transient network (due to Ci gelling
properties) on vaginal application (at acidic pH of ~3.5–4.5) to a more elastic, densely cross-linked
(due to borate-diol cross-linking) gel network at basic pH of 7–8 of seminal fluid, thereby acting as a
physical barrier to motile sperm. The gels were characterized for dynamic rheology, physicochemical
properties, and impact on sperm functionality (motility, viability, penetration). The rheology data
confirmed that the Ci-PBA gel was formed by ionic interactions whereas Ci-PVA-BA gel was chemi-
cally cross-linked and became more elastic at basic pH. Based on the screening data, lead gels were
selected for in vitro sperm functionality testing. The in vitro results confirmed that the Ci-PBA and
Ci-PVA-BA gels created a barrier at the sperm-gel interface, providing sperm blocking properties.
For preclinical proof-of-concept, the Ci-PBA gels were applied vaginally and tested for contraceptive
efficacy in rabbits, demonstrating only partial efficacy (40–60%). Overall, the in vitro and in vivo
results support the development and further optimization of cross-linked gels using commercially
available materials as vaginal contraceptives.

Keywords: contraceptive formulation; cross-linked gel; rheology; physical barrier; vaginal sperm transport

1. Introduction

The unmet need for contraception remains a global health priority. The World Health
Organization (WHO) estimates that 214 million women of reproductive age in developing
countries who want to avoid pregnancy are not using contraceptive methods [1]. The major
obstacles include lack of information, access, safety concerns, and limited choice of contra-
ceptive methods differing in site of administration, effectiveness, and duration of use [2].
These methods include hormones (e.g., oral pills, syringeable, implants), intrauterine de-
vices (IUDs), sterilization (e.g., tubal ligation), chemical barriers (e.g., spermicides), and
physical barriers (e.g., male and female condoms, cervical caps, diaphragms) [3]. Barrier
contraceptives are intended to prevent fertilization by physically or chemically blocking the
sperm and egg interaction. Of these, chemical barriers represent a viable method; however,
only nonoxynol-9 (N-9) is currently on the market, but it causes side effects with prolonged
use [4]. The physical barrier-based female contraceptives are non-hormonal, safe, can be
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used without seeking a health care provider, and effective if used correctly. However, the
disadvantages include the requirement of a high degree of consistent and correct use before
each act of sexual intercourse, incidence of allergic reactions and urinary tract infections,
and chances of slippage and breakage during coitus, which necessitate a back-up use of
emergency contraception. These limitations require the development of alternative means
of physical barrier contraceptives that provide ease of application, retention during coitus,
discreet, and on-demand use. Thus, the choice of delivery system and biomaterials, which
can provide flexible properties for ease of application, safety, and durability to withstand
the shear forces of coitus, is important.

Vaginal delivery systems for contraception include a variety of dosage forms [5] and
one of the most widely used are gels, owing to their capability of adhesion to surfaces for a
reasonable period and the feasibility of low-cost manufacturing. The vaginal contraceptive
gels are specifically developed as spermicides, but to date, not much work has been
undertaken to develop gel products that can act as an on-demand stimuli-responsive
physical barrier to sperm transport to the uterus. The synthesis and characterization of a
pH-responsive synthetic mucin-like polymer (SMP) gel has been proven to inhibit viral
transport in vitro, at both acidic and neutral pH [6,7]. The SMP gel is formulated using
two hydroxypropyl methacrylamide (HPMA)-based copolymers, each functionalized with
phenylboronate (PBA) or salicylhydroxamate (SHA) vinyl moieties [8]. Because of the
pH-sensitivity of PBA-SHA copolymer’s reversible covalent cross-linking chemistry [8,9],
the polymer network transitioned from a more fluid, lubricating, gel-like consistency at
acidic vaginal pH to that of a densely cross-linked physical barrier to the virus when
exposed to basic pH of semen fluid. The PBA-SHA cross-linking works by boronic acids or
the boronate species undergoing a reversible condensation reaction with cis-diols to form
cyclic boronate esters. The complex formed between PBA and SHA exists in the tetrahedral
boronate conformation and yields a viscoelastic, cross-linked network at acidic pH. The
proof-of-concept (POC) that SMP gel can prevent sperm transport has been reported in
animal models [10]. Though innovative, a high concentration of each of the polymers
(~200 mg/mL) was used in formulating the SMP gel to provide 100% contraceptive efficacy,
which adds to the cost and manufacturing complexity in requiring large quantities of the
custom polymers for bulk production of the gel. All these challenges support exploration
of other commercially available polymers in generating the vaginal gels as a physical
contraceptive barrier to sperm.

Previous studies showed that biomaterials such as polyvinyl alcohol (PVA) and
polysaccharides could chemically cross-link with boric acid (BA) or BA-derivatives in
developing soft biodegradable hydrogels [11–13]. PVA is a biodegradable polymer that has
been extensively explored in various forms of delivery systems, including gels [14–16]. The
anionic polysaccharides (e.g., carrageenan and hyaluronic acid) have also been explored for
hydrogel preparations due to their characteristic ionic interactions [17]. Studies have also
reported the use of carrageenan-iota (Ci) vaginal hydrogel formulations for contraceptive
applications [18–20]. Ci also has a natural gelling behavior in the presence of monovalent
cations and forms soft, syringeable hydrogels [21]. Thus, carrageenan is not only safe but
can also serve as an ionic gelling agent to BA or BA-derivatives [22]. Hence, the composite
materials of natural polysaccharides, polymers, and BA derivatives could provide potential
alternatives in developing vaginal hydrogel formulations.

The purpose of this work is to show POC development of vaginal contraceptive
formulations using primarily commercially available pharmaceutical polymers such as
carrageenan and PVA, cross-linkers, and excipients to provide a physical barrier to sperm
transport. This includes designing formulations that can modulate its properties in forming
a viscoelastic, weakly cross-linked, transient network on vaginal application, transitioning
to a more elastic and densely cross-linked network in the presence of semen. SMP gel
was developed as a control barrier gel and its physicochemical and rheological properties
were considered as baseline parameters for developing the gel formulations as potential
physical contraceptive barriers in this study. For POC evaluation, two formulations were



Polymers 2022, 14, 1728 3 of 20

designed: (a) a physically cross-linked polymeric gel targeted to remain in the vagina after
the application and to block sperm transport in the presence of seminal fluid, and (b) a
biologically inspired pH-sensitive chemically cross-linked gel that because of the cross-
linking chemistry of the polymer network, can transition from a more fluidic, lubricating,
gel-like consistency at acidic vaginal pH to a densely cross-linked physical barrier to sperm
when exposed to a basic pH of seminal fluid. Both of these gels were characterized in vitro
(dynamic rheology, physicochemical properties, and sperm functionality) and the selected
lead gels were tested in vivo for contraceptive efficacy in rabbits.

2. Materials and Methods
2.1. Materials

Carrageenan (iota type: Ci) polymer was provided by AEP Colloids, Division of
Sarcom, Inc. (Hadley, NY, USA). Polysciences, Inc. (Warrington, PA, USA) synthesized and
provided the PBA and SHA polymers copolymerized with a 2-hydroxypropyl methacry-
lamide (pHPMA) polymer backbone with ~9% and 5% PBA and SHA functionalities,
respectively. Sodium acetate, PVA, and BA were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Sodium hydroxide (NaOH), hydrochloric acid (HCl), parabens (methyl and
propyl), and glycerol were obtained from Fisher scientific (Waltham, MA, USA).

2.2. Methods
2.2.1. Formulation of Physically Cross-Linked Ci-PBA Gels

The physically cross-linked gel was prepared using PBA-HPMA co-polymer and
commercially available Ci polymer at different concentrations to understand their cross-
linking behavior. Specific quantities of PBA-HPMA and Ci polymers were separately
dissolved in 25 mM sodium acetate buffer (pH~4.2). The PBA-HPMA solution was kept
overnight under slow stirring for the complete solubilization of the polymer and once a clear
solution was obtained, it was titrated with 1N NaOH to pH~4.2. The Ci polymer at different
concentrations was dissolved with heating at 80–90 ◦C under constant stirring for ~30 min
to generate homogenous and clear solutions. The pH of these solutions was adjusted to
~4.2 using 1 N HCl. The volume ratio of mixing the PBA-HPMA and Ci solutions was
1:1 v/v with adding additional 1 mL of acetate buffer in the mixed sample. This solution
was kept overnight at room temperature to allow complete polymerization in order to
enhance the flowability and homogeneity of the Ci-PBA gels. The gel samples were adjusted
to acidic (pH 3.5–4.5) or basic (pH 7–8) pH using HCl or NaOH solutions, respectively. As
a control, the PBA-HPMA and SHA-HPMA polymers-based SMP gel at final concentration
of 100 mg/mL for each polymer and pH 3.8 was formulated using a previously published
method [9]. Paraben-based preservatives (methyl and propyl parabens at a combined
concentration of 0.27% w/w) in glycerol (2.5% w/w) were added as excipients to make the
final gel product. The prototype formulations were then evaluated for physicochemical
properties, dynamic rheology (elastic (G′), and viscous (G′′) moduli as a function of angular
frequency (ω)), osmolality, homogeneity, syringeability, self-healing/spinnbarkeit behavior,
and gelling capability at acidic pH (~4–4.5) and neutral to basic pH of ~7–8. The rationale
for selecting these pH ranges was based on the fact that the normal cervicovaginal fluid is
acidic (pH~3.5–4.5) and becomes neutral to basic (pH~7–8) in the presence of seminal fluid
during sexual intercourse [23,24].

2.2.2. Formulation of Chemically Cross-Linked Ci-PVA-BA Gels

The chemically cross-linked, pH-sensitive gels were formulated using PVA and Ci
polymers in combination with BA as a cross-linker. Separate solutions of PVA and BA
were prepared in DI water and heating to 80–90 ◦C with constant stirring for ~30 min.
Both solutions were allowed to cool down, mixed and gently vortexed, and kept at room
temperature for complete solubilization for another 2 h. Once the PVA-BA solution became
homogeneous and clear, specific amounts of Ci (prepared per the method in Section 2.2.1)
were added. The solutions were gently mixed and kept in a water bath at 60 ◦C for another
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10–15 min to make them homogenous and clear and then left overnight at room temperature
for complete polymerization and generation of chemically cross-linked Ci-PVA-BA gels.

2.3. Rheological Measurements

Rheological measurements of the gels were made using an AR-G2 rheometer (TA
Instruments, Wilmington, DE, USA). A frequency sweep experiment was performed to
examine the nature and viscoelastic behavior of the synthesized gels at two temperatures
(25 ◦C and 37 ◦C) and pH conditions (~4–4.5 and 7–8). The measurements were taken
using plate SST ST 20 mm (zero degree) Smart Sweep geometry (Part No. 511200.905,
Serial No. 108064). The rheometer was calibrated as per the standards provided by TA
Instruments. For the measurements, ~750 µL of each gel was placed on the sample stage of
the instrument and the frequency sweep range of 0–100 rad/s and 5% strain were applied.

2.3.1. Storage (G′) and Loss (G′′) Modulus and Tan ∆ Measurements

The G′ and G′′ values obtained from the frequency sweep run were plotted to under-
stand the effects of concentration, temperature (25 ◦C and 37 ◦C), and pH (acidic and basic)
on the structural properties of gels. The data were presented as overlay plots for the gels.
The frequency sweep data were also used to evaluate the tan delta (tan ∆) values, defined
as the ratio of G′ and G′′. In general, tan ∆ values > 1 show liquid-like material, and values
of <1 or close to zero confirm the viscoelastic nature of the gels [25,26].

2.3.2. Complex Viscosity

In addition to G′ and G′′ modulus, complex viscosity was also recorded for the gels on
rad/s scale. The overall resistance of the material to deformation regardless of the storage or
deformation loss was recorded as complex modulus, whereas the ratio of complex modulus
to angular frequency (ω) was recorded as complex viscosity [27]. Complex viscosity helps
in understanding the viscosity of materials under oscillatory stress. The data curves were
fitted into the standard models provided in the Trios software (TA Instruments) to calculate
the zero-shear-rate viscosity.

2.4. Creep Recovery Analysis

Creep recovery measurement of the lead Ci-PBA and Ci-PVA-BA gels was performed
using 20 mm Peltier plate geometry on the ARG-2 rheometer at 25 ◦C with 5 Pa stress over
180 s. The recovery measurement was recorded for 320 s. Creep and recovery compliance
and percent strain as a function of time were reported.

2.5. Physical Observations

The addition of materials may cause evident changes in the flow and physical prop-
erties of the gel formulations. Hence, analyzing these physical changes along with the
rheology are important parameters in gel characterization. For this, the physical prop-
erties such as the homogeneity, syringeability, and self-healing/spinnbarkeit behavior
were analyzed. The syringeability was checked using 1 mL syringe with 15-gauge needle
connected to Intramedic polyethylene tubing (Becton Dickinson and Company, Franklin
Lakes, NJ, USA).

2.6. Osmolality Measurements

The osmolality was analyzed using Vapro® Model 5600, (Wescor, Inc., Logan, UT,
USA), calibrated with osmolality standards of 100 and 290 mmol/kg. The gels were diluted
with DI water to obtain the appropriate consistency in order to completely cover the
sample disc. Once analyzed, the measured values were adjusted to the dilution factor and
represented as an average of three runs (n = 3).
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2.7. Fourier Transform Infrared Spectroscopy (FTIR)

In order to map the functional group interactions and cross-linking efficiency between
the polymers in gels, Attenuated Total Reflectance-FTIR (ATR-FTIR) analysis was per-
formed (Nicolet™ iS™ 10, Thermo Fisher Scientific, Waltham, MA, USA). For this, specific
quantities of the materials were placed on sample holder and scanned (n = 10) in the range
of 4000–525 cm−1.

2.8. Stability Analysis

The selected gel formulations were tested for short-term stability under different
temperature conditions to evaluate their appropriate storage conditions. Briefly, the formu-
lations were stored in glass vials at 25 ◦C, 4 ◦C, and 37 ◦C for up to 9 days to observe any
physicochemical (e.g., pH, homogeneity, color), rheological, or viscoelastic changes using
the methods discussed above.

2.9. In Vitro Sperm Functionality Testing

A physiologically relevant in vitro test method was developed using human or rab-
bit sperm to simulate testing of gel effectiveness as a physical sperm barrier. For the
human sperm, volunteers donated semen under the EVMS Institutional Review Board
(IRB) approved protocol #13-02-FB-0031. Rabbit sperm were collected under the Eastern
Virginia Medical School (EVMS) Institutional Animal Care and Use Committee (IACUC)
approved protocol # 19-022 (animal source and handling is provided under Section 2.10
below). Initially, the semen samples were analyzed on computer-assisted sperm analyzer
(CASA) to evaluate the quality of the sperm, and sperm with ≥50% motility were used.
Before testing, the samples were kept in a CO2 incubator at 37 ◦C for 30 min. The universal
hydroxyethyl cellulose (HEC) placebo gel was used as a reference (negative control) [28],
and the N-9 gel at 4% w/w was used as a positive control. In brief, the human or rabbit
sperm sample was placed adjacent to the test samples (~100 µL) on a microscope slide
(Figure 1). A coverslip with a mixture of Vaseline and glass beads applied on the 4 corners
was slowly placed on top of the gel. About 50 µL of sperm sample was applied from one
end of the cover slip until the sperm encountered the gel edges. The penetration of sperm
passing through the sperm–gel interface was tracked at room temperature and then after
20 min incubation at 37 ◦C in a CO2 incubator (to ensure temperature-induced thinning of
the gel did not compromise the gel’s barrier properties at body temperature). The distance
(in µm) traveled by sperm that penetrated the gel was calculated from the point of contact
of sperm with gel, referred to as interphase. The sperm penetration values are represented
as mean ± SD of four different penetration sites on the same slide. The sperm penetration
as well as spreading of gel under coverslip was completed using crossline reticules (Klar-
mann Rulings, Inc., Litchfield, NH, USA), fitted to the objective of a Nikon Eclipse E800
microscope. The images were captured using a CCD spot camera (Diagnostic Instruments,
Inc., Sterling Heights, MI, USA).
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2.10. Rabbit Contraceptive Efficacy Test (RCET)

Based on the in vitro investigations, the lead gels were selected for contraceptive
efficacy testing in rabbits. Sperm was collected from a colony of male New Zealand White
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Rabbits (Envigo Global services Inc., Denver, PA, USA), maintained in an animal housing
facility at EVMS. Sperm was collected from male rabbits using an artificial vagina and
analyzed in a computer assisted sperm analyzer (CASA). The semen samples that showed
≥50% motility were pooled and adjusted to a concentration of 50 million motile sperm/mL
in medium containing Tyrode’s albumin lactate pyruvate (TALP) combined with 0.1%
bovine serum albumin (BSA). Each animal was administered ~2 mL of the respective
samples to the upper vagina via a syringe connected with a flexible catheter. After 15 min,
the animals were artificially inseminated with ~0.5 mL of pooled rabbit sperm. Following
insemination, human Chorionic Gonadotropin (hCG from Sigma, St. Louis, MO, USA) was
applied at 0.25 mL/rabbit through the ear vein. Animals were then maintained for at least
11 days before euthanasia. At necropsy, the implantation sites were counted and compared,
and the animals were defined as pregnant if any implantation sites were observed.

3. Results and Discussion
3.1. Rheological Characterization of PBA-SHA (Control) Gel

PBA-SHA gel was evaluated by dynamic rheology to verify that the rheological be-
havior is consistent with previously published results [9] and support its use as a reference
control barrier gel in the studies described herein. As expected, the chemically cross-linked
PBA-SHA gel showed frequency-dependent viscoelastic behavior that was both pH and
temperature dependent. The crossover frequency (ωc, defined as the frequency at which
G′ = G′′) shifted from ≥1 rad/s at pH < 4 to 0.9 ± 0.2 rad/s (n =3) at pH 4.5 to loss of
cross over for storage and loss modulus within the measured 0.1–100 rad/s range at basic
pH (7–8) (Figure 2a), indicative of a shift from more liquid-like to more viscoelastic-like
behavior and notably similar to previously published results in which ωc < 0.01 rad/s
(0.008 rad/s at pH 7.6) was observed [9]. The plateau storage modulus (G′plateau) also
increased with pH, indicating a stronger cross-linked gel network. This increase in the
crossover modulus was observed because of the strengthening of coordinate covalent bond
formation between PBA and SHA with increase in pH. The gel formation and strength-
ening are reversible in nature and generates dynamically cross-linked gel networks [9].
PBA-SHA gel showed a temperature-dependent decrease in the crossover frequency and,
to a lesser extent, G′plateau (Figure 2b), indicating a gel softening or loss of elasticity, which
is further consistent with previously published findings for the PBA-SHA gel and chemical
crosslinking chemistry [9]. The Tan ∆ plots (Figure 2c) of PBA-SHA gel also confirmed that
both temperature and pH affected the viscoelastic strength of the gel.

3.2. Development of Physically Cross-Linked Ci-PBA Gels

The physically cross-linked Ci-PBA gels were prepared in acetate buffer using poly-
mers at different concentrations (Table 1) to analyze the effect on viscoelastic behavior. In
Ci-PBA gels, on vaginal application at acidic pH, weak gel network was predominantly
formed by the inherent gelling property of Ci, but also via van der Waals, H-bonding, and
hydrophobic interactions with PBA polymer. The presence of the sulfated groups in Ci
polymer are esters of a very strong acid, which accumulate electronegative charge at acidic
(3.5–4.5) or neutral to basic pH (7–8) and generates an ionic interaction with cationic amine
functionality of the HPMA copolymer backbone of PBA polymer. These ionic interactions
in addition to the above van der Waals, H-bonding, and hydrophobic interactions helped in
forming a physically cross-linked Ci-PBA gel at basic pH (7–8) (Figure 3d). The screening
results showed that the polymeric ratios of PBA-HPMA and Ci were critical in developing
a physically cross-linked gel, and increasing the PBA concentration formed a harder gel
(Gels 1, 5, and 6) whereas, a higher relative concentration of Ci (Gel 1 (20 mg/mL)) created
a harder and crumbly gel. As the relative concentration of Ci increased, the zero-shear-rate
viscosity also increased, which showed that the addition of specific amounts of Ci affected
the viscoelastic behavior of gels formed by ionic or chemical crosslinking interaction with
PBA-HPMA polymers. Some air bubbles were also observed in the gels having a higher con-
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centration of Ci, specifically when made in larger volumes (≥25 mL), thus Gel 7 containing
lower concentration of Ci (8 mg/mL) was also investigated.
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Table 1. Concentrations of Ci and PBA-functionalized polymers, rheological characterizations, and
physical observations of Ci-PBA gels. The G′max and G′′max values were measured at 25 ◦C and
marked as maximum values obtained for the scans in the range of 1 to 10 rad/s.

Gel Ci
(mg/mL)

PBA
(mg/mL)

Williamson
Model (r2)

Zero Shear
Rate Viscosity

(Pa. S)
Physical Properties G′max (Pa) G′′max (Pa)

1 20 33.33 N.D. * N.D. Crumbly, hard,
non-syringeable 173.56 30.73

2 10 33.33 N.D. N.D. Soft, syringeable with
self-healing property 43.48 5.70

3 5 30 N.D. N.D. Fluidic, no gel behavior 3.33 1.54

4 10 30 0.98 125,107 Soft, syringeable 34.40 8.65

5 20 30 0.99 163,155
Hard but syringeable

with self-healing
property

42.84 7.17

6 10 50 0.99 354,482 Relatively hard with
some syringeability 72.22 7.63

7 8 20 0.99 103,782 Extremely soft,
syringeable 28.67 8.81

* N.D.: Not defined (gels did not fit into Williamson model to provide zero-shear rate viscosity).
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Figure 3. Physically cross-linked Ci-PBA gel (Gel 2) rheology data at pH 4.5: (a) temperature-
dependent (at 25 and 37 ◦C) changes in the G′ and G′′ modulus profiles at varying angular frequency,
(b) temperature-dependent (at 25 and 37 ◦C) changes in the complex viscosity, (c) Tan ∆ plots, which
confirming the gel was softer at 37 ◦C compared to 25 ◦C, and (d) ionic interaction between PBA and
Ci polymers in forming the Ci-PBA gel.

3.2.1. Frequency Sweep Rheology and Tan ∆ Measurements for Ci-PBA Gels

The G′ and G′′ measurements from frequency sweep runs are important parameters
to evaluate the viscoelastic behavior of the materials. For the gel formulations, the G′ is
generally higher than G′′ modulus, however, the values are dependent on the polymer con-
centration and pH, both influencing the cross-linking behavior [29,30]. The cervicovaginal
fluid is shown to have a viscoelastic behavior [31,32] and its rheological properties could
help in designing vaginal contraceptive gels. Frequency sweep studies with cervical mucus
showed G′ > G′′ across all frequencies tested, with G′ and G′′ moduli values in the range
of 23.4–13.6 Pa and 5.4–4.6 Pa, respectively [32], confirming its viscoelastic nature [32]. In
our study, physically cross-linked Ci-PBA gel (Gel 2) showed similar viscoelastic behavior
(Figure 3a–c) to that of cervical mucus. Notably, the rheological profile for the Ci-PBA
gel did not reveal a crossover frequency as observed with the chemically cross-linked
PBA-SHA gel, indicating that Ci-PBA formulation was a physically cross-linked gel [21].
From the rheology data (Table 1), it seems that Ci plays a critical role and the gel was
formed by an ionic interaction between Ci and PBA polymers. The presence of the sulfated
functional groups in Ci polymer accumulate electronegative charge at acidic pH, which
perhaps prevents the formation of diol-interaction of Ci with PBA [9], but alternatively
generates an ionic interaction in forming a physically cross-linked gel (Figure 3d).

In comparing the behavior of Ci-PBA gels of varying Ci and PBA-HPMA polymer
concentrations, it was also observed (Table 1 data) that Gel 4 that had slightly less PBA
concentration (30 mg/mL compared to 33.33 mg/mL in Gel 2) showed similar characteris-
tics to Gel 2 in terms of rheology, syringeability and self-healing properties, and selected
for further investigations. This also provided the information that a slight change in the
PBA polymer concentration did not provide much influence on the gel rheology. How-
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ever, Gel 3 with lower (5 mg/mL) and Gel 5 with relatively higher concentrations of Ci
(20 mg/mL), Gel 6 with higher amount of PBA (50 mg/mL) and Gel 7 with relatively
lower concentrations of both PBA (20 mg/mL) and Ci (8 mg/mL) (Table 1) were also
tested for rheology to further investigate the effects of polymer concentrations. Frequency
sweep measurements displayed a stepwise increase in the G′ and G′′ values (Figure 4)
with increase in Ci concentrations in the gels. Gel 6 showed the highest relative G′ and
G′′ values and was a harder gel, possibly due to a very high concentration of PBA [33].
The complex viscosity data from the frequency sweep measurements were also analyzed
for obtaining the zero-shear-rate viscosity using Williamson model, which is commonly
used in determining the viscosity of gels and fluids at low shear rates [34]. The correlation
coefficient (r2) for the Williamson model was found to be >0.99. The increase in G′, G′′, and
zero-shear viscosity values suggested that the gel formulations could provide contraceptive
effects by serving as a physical biomimetic plug to block sperm penetration. The tan ∆
value for Ci-PBA gels was in the range of 0.05–1.18, (Figures 4 and 5) and decreased with
increasing the Ci concentration. Gel 3 showed a tan ∆ value of 1.18 (>1), which aligned
with visible observation of its viscous nature, but Gel 2 (0.17–0.21), Gel 4 (0.24–0.25), and
Gel 7 (0.30–0.32) showed tan ∆ values and consistency close to that of the cervical mucus
(0.27–0.38) [32] to provide a desirable syringeability and physical barrier properties in vitro
and in vivo, and selected for further evaluation.

Polymers 2022, 14, x FOR PEER REVIEW 10 of 22 
 

 

 

Figure 4. G′ and G″ overlays and Tan Δ values for Ci-PBA gels. The inserted table shows the range 

of tan Δ values for the gels. 

  

Figure 4. G′ and G′′ overlays and Tan ∆ values for Ci-PBA gels. The inserted table shows the range
of tan ∆ values for the gels.



Polymers 2022, 14, 1728 10 of 20

Polymers 2022, 14, x FOR PEER REVIEW 11 of 22 
 

 

 

 

Figure 5. G′ and G″ overlay values and Tan Δ values for Ci-PBA Gel 2 (a,b) and Gel 4 (c,d), respec-

tively, (2e and 4e are gels with excipients). The values show that gels with excipients were relatively 

harder compared to the non-excipient formulations. 

  

Figure 5. G′ and G′′ overlay values and Tan ∆ values for Ci-PBA Gel 2 (a,b) and Gel 4 (c,d), respec-
tively, (2e and 4e are gels with excipients). The values show that gels with excipients were relatively
harder compared to the non-excipient formulations.

3.2.2. Effect of Excipients on Viscoelastic Behavior of Ci-PBA Gels

To make the final gel formulations for in vitro sperm functionality testing, methyl
and propyl parabens at a combined concentration of 0.27% w/w (as preservatives) [22],
and glycerol at 2.5% w/w (to dissolve the parabens and to enhance the syringeability
and in vivo applicability of the gel) were added to Gel 2 and Gel 4 (called as Gel 2e and
4e, respectively, ‘e’ stands for the excipients). Rheological investigations showed that
the addition of these excipients increased the viscoelastic behavior of the gel, also con-
firmed by an increase in the G′ and G′′ values (Figure 5a,c). Moreover, the corresponding
tan ∆ value of ~0.1 in the presence of excipients also defined a thick gel formation
(Figure 5b,d).

3.3. Development of pH-Dependent Chemically Cross-Linked Ci-PVA-BA Gels

To develop a chemically cross-linked Ci-PVA-BA gel, and using all off-the-shelf poly-
mers and excipients, Ci polymer was added as a gelling (thickening) agent at acidic pH [35],
whereas PVA and BA were used to generate a chemically cross-linked hydrogel at basic
pH [36,37]. In the literature, PVA is also shown to form physically cross-linked hydrogels
with polysaccharides such as chitosan and carrageenan for wound healing and drug deliv-
ery applications [14,38,39]. In forming a pH-sensitive chemically cross-linked Ci-PVA-BA
gel, initially the weakly cross-linked transient network was formed on vaginal application
at acidic pH, predominated by the inherent gelling property of Ci and somewhat to its
interaction with the PVA polymer. At this stage, there was probably no cross-linking or
interaction of BA (un-ionized at acidic pH) with the hydroxyl groups of PVA. However,
when the pH was increased to basic, borate ions were generated from BA and assisted in
its rapid cross-linking (due to borate-diol cross-linking) with PVA via forming a di-diol
functionality [40] or hydrogen bonds [41], both helped in creating a pH-sensitive chemically
densely cross-linked gel (Figure 6d).
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Figure 6. (a) Physical observations of Gel 4P (representative Ci-PVA-BA gel) showing that it as a
soft, weak, flowing gel at acidic pH of ~4–4.5 with no spinnbarkeit behavior whereas, increasing the
pH to 7–8 generated a chemically cross-linked system with characteristic spinnbarkeit. (b) Effect of
polymers and cross-linker concentrations on the conversion of physical to chemically cross-linked
gels after adjusting the pH from acidic to 7–8, analyzed through G′ and G′′ modulus crossover
frequency measurements. (c) Tan ∆ values for Gel 1P to Gel 4P. (d) Representative cross-linking
reaction between PVA and BA under acidic and basic pH conditions.

The Ci-PVA-BA gels were prepared by varying the concentrations of the components
(Table 2) to investigate the conversion of a physically cross-linked system at acidic pH to
chemically cross-linked gel at neutral to basic pH to act as a physical barrier to vaginal
sperm transport. The rationale was to design a formulation that can modulate its properties
in forming a viscoelastic, weakly cross-linked, transient network on vaginal application
(acidic pH) to a more elastic, densely cross-linked network at increased pH that may serve
as a physical barrier to motile sperm. It was observed that increasing the concentrations of
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PVA and BA increased the G′ and G′′ values (Table 2), whereas gels with low Ci amounts
(5 mg/mL) were relatively fluidic. The cross-linking data for the gels under acidic and
basic conditions were also fitted (r2 > 0.99) to the Williamson model to determine the
zero-shear-rate viscosity of gels at low shear rates (Table 3).

Table 2. Final concentrations of the components, and rheological and physical characterizations
results of Ci-PVA-BA gels. The G′max and G′′max measurements were made at 25 ◦C after increasing
the pH to 7–8.

Gel Ci
(mg/mL)

PVA
(mg/mL)

BA
(mg/mL)

KCl
(mg/mL)

Cross-
linking

G′max
(Pa)

G′′max
(Pa)

ωc
(rad/s)

Modulus at
Crossover (Pa)

1P 5 10 5 2.5 No 18.73 3.93 NA NA

2P 5 20 10 2.5 Weak 75.77 46.32 39.03 46.17

3P 5 30 15 2.5 Yes 752.13 431.05 2.44 330.59

4P 6 30 15 2.5 Yes 5020.03 2294.13 0.90 1570.58

5P 5 10 5 - No 10.14 4.39 NA NA

6P 9 30 10 - Yes 175.97 125.05 9.49 122.59

7P 9.5 30 10 - Yes 321.93 444.94 13.42 388.11

Table 3. Ci-PVA-BA gels showed pH-dependent changes in the zero-shear rate viscosity.

Gel

Acidic pH Basic pH

Zero-Shear Rate
Viscosity (Pa·S)

Williamson r2

Value
Zero-Shear Rate
Viscosity (Pa·S)

Williamson r2

Value

2P 2.99 0.93 44.39 0.99

3P 8.46 0.93 448.12 0.99

4P 50.67 0.99 4964.79 0.99

6P 2.23 0.94 41.59 0.99

7P 19.16 0.98 161.85 0.98

As shown in Figure 6a,b, subsequent increases in the G′ and G′′ values of Ci-PVA-BA
gels at basic pH indicated an increased viscoelasticity and performance of a chemically
cross-linked gel with characteristic spinnbarkeit behavior. Gels 1P and 5P, having the
least amounts of PVA and BA showed that the cross-linking disappeared and exhibited
only physically formed gels, primarily attributed to gelling properties of the Ci polymer.
However, the gels with KCl (2P, 3P and 4P) and without KCl (6P and 7P) exhibited pH-
dependent transition from a physical gel to chemically cross-linked gels. Since BA alone did
not cross-link with PVA (mixture of BA and PVA was liquid at acidic pH), to compensate for
this behavior, Ci was added to enhance the viscosity and potentially the in vivo retention
of the gel. However, the cross-linking of borate ions (formed after BA was exposed to a
basic pH conditions) and PVA occurred rapidly via forming a di-diol bond (Figure 6d),
which indicated a chemically cross-linking behavior of the gel at basic pH.

Tan ∆ explains the capability of a material or gel to dampen the applied strain that is at
equilibrium between G′ and G′′. If tan ∆ is high,gels are extremely viscous compared to gel
with low tan ∆ (suggesting that gels are more elastic in nature) [37]. It was observed that Ci-
PVA-BA gels have relatively high tan ∆ (>1) (Figure 6c) at basic pH compared to Ci-PBA gels,
which indicated that PVA-BA crosslinking caused gels to be more viscous in nature, also
confirmed by its distinct spinnbarkeit behavior (Figure 6a). It was also observed that Gel 1P
with lower PVA/BA concentration (10 mg/mL and 5 mg/mL, respectively) had high elastic
behavior owing to the Ci component of the gel. With increase in PVA/BA concentration
increased the cross modulus and the viscosity of the gels (Gel 2P-4P) (Figure 6b,c). The
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data provided in Table 2 and Figure 6 reflected that KCl aided in the internal cross-linking
of functional groups of Ci polymer [21], but created a cloudy gel at acidic pH (possibly
due to KCl precipitation) [42], which was not seen in the absence of KCl (Gels 5P, 6P,
and 7P). Hence, to avoid the precipitation generated from KCl, but to compensate for the
KCl-induced cross-linking and thickening, higher concentrations of Ci were tested (Gels
6P (9 mg/mL) and 7P (9.5 mg/mL)). Gels 6P and 7P both showed better syringeability
and were not liquid at basic pH, but Gel 7P showed clear transitioning from physical
to chemical-crosslinking behavior when the pH was changed from acidic to basic and
tested further.

Physical observations with Gel 7P exhibited a soft syringeable (no spinnbarkeit) gel
characteristic at acidic pH (~4.8), but a thicker (higher viscosity) gel with spinnbarkeit
behavior was observed when the pH was changed to 7–8 (Figure 7a). The frequency sweep
data (Figure 7b) showed that the zero-shear viscosity was increased at higher pH, which
confirmed that the Ci-PVA-BA gel became viscoelastic due to pH-dependent transition to a
chemically cross-linked gel. As discussed previously, tan ∆ plot (Figure 7c) revealed that Gel
7P at basic pH was found to viscous compared to Gel 7P at acidic pH. However, addition
of excipient (containing glycerol) prevented crosslinking creation between PVA-BA to
provide optimum viscoelasticity (Tan ∆~0.087–0.793) for further biological evaluations [43].
Based on the screening of gel formulations, physicochemical characterization, appropriate
syringeability, and dynamic rheology results, Ci-PVA-BA Gel 7P (30 mg/mL of PVA,
10 mg/mL of BA, and 9.5 mg/mL of Ci, pH of ~4.8) was selected for in vitro functionality
and rheology testing in the presence of excipients.
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Figure 7. (a) Physical observations with Ci-PVA-BA gel 7P exhibiting a soft syringeable (no
spinnbarkeit) characteristic at acidic pH (~4.8), but a thicker viscoelastic gel with spinnbarkeit
behavior was observed when the pH was increased to 7–8. (b) Frequency sweep results of Gel
7P with and without excipients at acidic and basic pH. (c) Tan ∆ plots for gel 7P under acidic and
basic conditions.

Rheology of Ci-PVA-BA Gel (7P) in the Presence of Excipients

Similar to the Ci-PBA gel, methyl and propyl parabens in glycerol were added to
the Ci-PVA-BA gel. The gel without excipients showed physical-to-chemical cross-linking
transition at the pH of 7–8, but the gel with excipients did not show any crossover frequency
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(cross-linking), nevertheless with prominent physical changes (Figure 7b). The disappear-
ance of cross-linking of PVA with BA, we hypothesize, may have been because of an inter-
action between glycerol and BA to form sodium bis (glycerol) borates bi-product [43–45].
This may have resulted in insufficient quantities of BA in the sample to produce a strong
chemically cross-linked gel with PVA, but with prominent physical changes since there
was an increase in the G′ and G′′ values for the gels with excipient at basic pH compared
to acidic pH. These data showed that although glycerol is commonly used as humec-
tant/lubricant and solvent for preservatives, its concentration plays a critical role and
needs to be optimized on a case-by-case basis.

3.4. Creep Recovery Analysis of Ci-PBA and Ci-PVA-BA Gels

The creep recovery (quantitative) and visual (qualitative) testing of the lead gels (Ci-
PBA Gel 2 and Gel 7 and Ci-PVA-BA Gel 7P) was performed to confirm their self-healing
and mechanical properties (Supplementary File Data and Figures S1 and S2). Data con-
firmed that gels were able to recover back to their state of origin after removal of the stress
after attaining deformation, indicating their self-healing and viscoelastic characteristics.

3.5. Osmolality Measurements of Ci-PBA and Ci-PVA-BA Gels

The osmolality of vaginal formulations should not be too high to minimize the risk of
vaginal epithelial damage [46]. Specific recommendations have been proposed with desir-
able values of ≤380 mOsm/kg; however, most of the over-the-counter vaginal lubricants
exceed this value and WHO recommended acceptable values as high as 1200 mOsm/kg
on an interim basis [47,48]. In this study, the osmolality values of Ci-PBA and Ci-PVA-BA
gels were in the range of ~350–500 mOsm/kg, which was well below the 1200 mOsm/kg,
acceptable for intravaginal application.

3.6. FTIR Analysis of Ci-PBA and Ci-PVA-BA Gels

To analyze the functional group interactions between polymers, FTIR analysis was
performed for Ci-PBA and Ci-PVA-BA gels and native polymers (Ci, PBA, and PVA) as
controls (Figure 8). The Ci-PBA gel showed signature peaks of −CH− and –OH stretching
in the range of ~3000 to 2850 cm−1 and ~3400 to 3300 cm−1, respectively, which were
present in the control samples. There were also doublets (1690 to 1400 cm−1) from the
−C=O group of the amide functional group of the PBA polymer (Figure 8a). The gels also
showed water deformation peak at ~1635 cm−1; ester sulfate O=S=O symmetric vibrations
at ~1200 to 1185 cm−1; C−O stretch at ~1150 and 1070 cm−1; C−O−C peaks at ~930 cm−1;
and −O−SO3 stretching vibration at ~850 and 800 cm−1 of the Ci polymer [49]. The
presence of multiple signature signals in the gels and of the control materials, suggested
that the interaction between the polymers was a non-covalent type, which was confirmed by
the rheology data that these gels were physically cross-linked through ionic interactions. In
the chemically cross-linked Ci-PVA-BA gel (Gel 7P), the spectra revealed typical bands of Ci
(discussed above) and PVA (at ~839, 917, and 1089 cm−1, attributed to C−C bending,−CH2
rocking, and ester C−O−C bending from the acetyl groups) polymers (Figure 8b) [50].
For both PVA and Ci, strong stretching vibrations were observed at ~3250 and 3350 cm−1,
attributed to the −OH groups, and signature −CH− stretching in the range of 2930 cm−1.
Noticeably, PVA polymer showed a doublet (~1420 to 1300 cm−1) for the OH−C−OH
group at acidic pH, which was almost disappeared at neutral to basic pH due to cross-
linking between PVA and BA (Figure 8c) [51,52]. The cross-linking of PVA with BA was
also confirmed with reduction in the intensity of (C−O)−C−OH)) group peak at 1150 to
1050 cm−1 [51,52]. The gel under acidic pH showed sulfate functionality of the Ci polymer
at ~850 and 800 cm−1, but at basic pH, this was slightly shifted (~915 to 930 cm−1), possibly
due to resonance generated from the cross-linking reaction.
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3.7. Stability Testing

The gel formulations were tested for their rheology and physical changes under
different temperatures. Physical observations (Figure 9a) suggested that Ci-PBA gel was
stable at 25 ◦C and 4 ◦C (tested up to 9 days) with no changes in the homogeneity, pH,
or color. However, being a physical gel, it became softer and fluidic at 37 ◦C, which is
a common phenomenon for gels at higher temperature, and suggested that the Ci-PBA
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gel should be best stored at ≤25 ◦C. In the case of Ci-PVA-BA gel, at 4 ◦C the gel turned
milky white after day 2 (Figure 9b). Although it remained clear at 25 ◦C and 37 ◦C up
to day 9, but like the Ci-PBA gels, it became softer and fluidic at 37 ◦C. Hence, the best
storage condition for the Ci-PVA-BA gel would be the ambient temperature (~25 ◦C). These
physical observations were also supported by the tan ∆ plots (Figure 9a,b) of the rheological
frequency sweep runs, which confirmed that the gels were relatively softer and fluidic at
37 ◦C (tan ∆ > 1) compared to at 4 ◦C or 25 ◦C with tan ∆ was < 1.
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Figure 9. Tan ∆ values and physical changes observed for: (a) Ci-PBA gel (Gel 4) and (b) Ci-PVA-BA
gel (Gel 7P) stored at 25 ◦C, 4 ◦C, and 37 ◦C for up to 9 days.

3.8. In Vitro Sperm Functionality Testing (Sperm Motility, Viability, and Penetration)

Based on the screening of prototype gel formulations, the lead gels with promising
rheological data demonstrating gelling capability at low concentrations and at pH 4–5
selected for in vitro sperm functionality testing are summarized in Table 4. The Ci-PBA Gels
2 and 4 were tested because both showed similar rheology, syringeability, and self-healing
properties close to cervical mucus. In the case of Ci-PVA-BA Gel, based on the rheology
data, Gel 7P was selected for in vitro functionality testing. Results showed that the Ci-PBA
Gel 2 provided a strong sperm penetration inhibition (compared to the controls) and created
a barrier at the sperm-gel interface at room temperature with suitable syringeability and
spinnbarkeit behavior. There was no pH-dependent thickening observed for all the Ci-PBA
gels at basic pH (~7–8) of sperm samples, which confirmed their design of a physically
cross-linked gel. The Ci-PVA-BA Gel 7P also created a barrier at the sperm-gel interface
with suitable syringeability and spinnbarkeit behavior, but the gel provided pH-sensitive
thickening (increased cross-linking) when exposed to a higher (basic) pH of sperm samples.
While the universal HEC placebo gel as a negative control allowed the sperm to rapidly
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penetrate through the gel, the N-9 4% gel (positive control) did not provide any penetration,
but all the sperm died or disintegrated upon contact with N-9.

Table 4. In vitro sperm penetration testing results of Ci-PBA and Ci-PVA-BA gels and controls.

Samples * Polymer Composition
and Gel pH

Approximate Sperm Penetration
Distance (µm) **

0 min 20 min

Ci-PBA (Gel 2) 33.33 mg/mL of PBA,
10 mg/mL of Ci, pH~4.4 0 ± 0 0 ± 0

Ci-PBA (Gel 4) 30 mg/mL of PBA,
10 mg/mL of Ci, pH~4.4 140 ± 3.5 390 ± 29.2

Ci-PVA-BA
(Gel 7P)

30 mg/mL of PVA,
9.5 mg/mL of Ci, 10

mg/mL of BA, pH~4.8
150 ± 11.2 350 ± 35.4

HEC gel 2.7% w/w, pH~4.4 >500 µm Spread all over

N-9 gel 4% w/w 0 ± 0 *** Not applicable
* In vitro testing was conducted using human sperm. ** The sperm penetration distance was represented as mean
± SD of four different penetration sites on the same slide. *** The sperm were immotile, possibly dead due to the
membrane-disrupting effect of N-9.

3.9. In Vivo Contraceptive Efficacy Testing of the Gels

The RCET study included four animal groups: sham control, gel samples, HEC
gel (negative control), and N-9 (positive control). The in vitro sperm penetration results
confirmed that Ci-PBA Gel 2 created a strong barrier at the sperm-gel interface with suitable
syringeability and spinnbarkeit behavior, supporting its confirmatory RCET in rabbits.
The Ci-PBA Gel 7, which showed no/minimal bubble formation was also tested in RCET.
Two separate RCET studies were conducted and a summary of both of these studies are
provided in Table 5. The results demonstrated a contraceptive efficacy of 60% for Ci-PBA
Gel 2 and 40% for Ci-PBA Gel 7. Though Gel 2 showed a strong in vitro sperm penetration
barrier, it did not show a 100% contraceptive efficacy in rabbits, possibly because the
in vitro barrier was not sufficiently effective in in vivo efficacy testing using the rabbit
model. Another possible reason for not achieving a complete contraceptive efficacy could
be an inadequate distribution of the gel samples to cover the cervical os (noting rabbits
have two cervices, each with a separate uterine horn).

Table 5. Summary of RCET Study Results of Gels (2 mL of each samples used).

Treatment Arms
RCET # 1 RCET # 2 Summary of Two

RCET Studies

# Pregnant/Total
(% Contraceptive Efficacy)

# Pregnant/Total
(% Contraceptive Efficacy)

# Pregnant/Total
(% Contraceptive Efficacy)

Sham control 3/3 (0%) 3/3 (0%) 6/6 (0%)

HEC gel
(2.7% w/w) 4/5 (20%) 4/4 (0%) 8/9 (~11%)

N-9 gel
(4% w/w) 0/2 (100%) 0/2 (100%) 0/4 (100%)

Ci-PBA (Gel 2) 2/5 (60%) Not applicable 2/5 (60%)

Ci-PBA (Gel 7) Not applicable 3/5 (40%) 3/5 (40%)

4. Conclusions

This study explored the development of novel vaginal contraceptive gel formulations
that provide a physical barrier to sperm transport. Two types of formulations, physi-
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cally cross-linked Ci-PBA and pH-shifting physically/chemically cross-linked Ci-PVA-BA
gels, were designed and characterized for their rheology, physicochemical properties, and
in vitro sperm-penetration-blocking characteristics. The physically cross-linked Ci-PBA
gels were targeted to remain in the vagina after application and in the presence of sem-
inal fluid to block sperm transport. The pH-sensitive Ci-PVA-BA gels were designed
to transition from a more fluid-like, physically cross-linked gel at low vaginal pH to a
densely chemically cross-linked gel that may act as a physical (mesh) barrier to sperm
when exposed to the higher pH of seminal fluid. In vitro results suggested that the polymer
concentrations, pH, and excipients affected the rheology and spinnbarkeit behavior in
both the gel formulations. Based on the screening data, lead Ci-PBA and Ci-PVA-BA gels
were tested for in vitro sperm functionality, which confirmed that the gels provided sperm
blocking properties to support their further in vivo testing. However, when Ci-PBA gels
were further evaluated in a rabbit contraceptive efficacy model, only partial protection
was observed. Nonetheless, the in vitro and in vivo results together provide initial proof-
of-concept that the Ci-PBA gels are capable of providing sperm blocking properties and
further formulation optimization is needed to enhance their barrier contraceptive efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14091728/s1, Figure S1: Qualitative observation for self-
healing nature of Ci-PBA Gel 2 (a,b) and Gel7 (c,d). Fluidic nature of the gels helped it to self-heal
exhibited by mechanical push with spatula. (e) Demonstrate self-healing nature of Ci-PVA-BA at
acidic pH; Figure S2: Creep-recovery data for gels at 25◦C. (a) Relative % strain v/s. time (seconds)
plot for Ci-PBA Gel 2 and Gel 7 at acidic pH. (b,c) Creep and recovery compliance confirming
viscoelastic and self-healing nature of Ci-PBA gels. (d) Creep-recovery profile (in terms of % strain)
for Gel 7P under acidic and basic conditions showing self-healing nature upon removal of the stress.
(e,f) Creep and recovery compliance confirming the viscoelastic nature of Ci-PVA-BA gel at both
acidic and basic pH. References [53,54] are cited in the supplementary materials.

Author Contributions: Conceptualization, A.R., V.A., N.C., O.N.S., T.J.M., G.F.D., M.R.C. and G.K.;
methodology, A.R., V.A., N.C. and G.K.; software, A.R.; validation, A.R., N.C. and G.K.; formal analy-
sis, A.R., V.A., N.C., M.R.C. and G.K.; investigation, A.R., V.A., O.N.S., T.J.M. and G.K.; resources,
G.F.D., M.R.C. and G.K.; data curation, V.A., M.R.C. and G.K.; writing-original draft preparation,
A.R., V.A. and N.C.; writing-review and editing, O.N.S., T.J.M., G.F.D., M.R.C. and G.K.; visualiza-
tion, A.R., V.A. and N.C.; supervision, G.F.D., M.R.C. and G.K.; project administration, G.F.D. and
M.R.C.; funding acquisition, G.F.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research work was supported by Grant# OPP1162284 from the Bill and Melinda Gates
Foundation to CONRAD, Eastern Virginia Medical School.

Institutional Review Board Statement: Donor sperm samples used in this study were obtained
under an IRB approval protocol # 13-02-FB-0031.

Informed Consent Statement: Sperm donors provided informed consent under approved IRB
protocol # 13-02-FB-0031.

Data Availability Statement: The data presented in this study are available within the article or
supplementary material.

Acknowledgments: The authors are thankful to Pamela Walter, Office for Professional Writing,
Publishing, and Communication at Thomas Jefferson University, Philadelphia, PA, for carefully
reading and editing this manuscript.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1. WHO. Contraception. Available online: https://apps.who.int/iris/bitstream/handle/10665/329884/WHO-RHR-19.18-eng.pdf?

ua=1 (accessed on 7 February 2022).
2. Council, N.R. Contraception and Reproduction: Health Consequences for Women and Children in the Developing World; The National

Academies Press: Washington, DC, USA, 1989; p. 120.

https://www.mdpi.com/article/10.3390/polym14091728/s1
https://www.mdpi.com/article/10.3390/polym14091728/s1
https://apps.who.int/iris/bitstream/handle/10665/329884/WHO-RHR-19.18-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/329884/WHO-RHR-19.18-eng.pdf?ua=1


Polymers 2022, 14, 1728 19 of 20

3. Sitruk-Ware, R.; Nath, A.; Mishell, D.R., Jr. Contraception technology: Past, present and future. Contraception 2013, 87, 319–330.
[CrossRef] [PubMed]

4. Schreiber, C.A.; Meyn, L.A.; Creinin, M.D.; Barnhart, K.T.; Hillier, S.L. Effects of long-term use of nonoxynol-9 on vaginal flora.
Obs. Gynecol. 2006, 107, 136–143. [CrossRef] [PubMed]

5. Ndesendo, V.M.K.; Pillay, V.; Choonara, Y.E.; Buchmann, E.; Bayever, D.N.; Meyer, L.C.R. A review of current intravaginal
drug delivery approaches employed for the prophylaxis of HIV/AIDS and prevention of sexually transmitted infections. AAPS
PharmSciTech 2008, 9, 505–520. [CrossRef] [PubMed]

6. Mahalingam, A.; Jay, J.I.; Langheinrich, K.; Shukair, S.; McRaven, M.D.; Rohan, L.C.; Herold, B.C.; Hope, T.J.; Kiser, P.F. Inhibition
of the transport of HIV in vitro using a pH-responsive synthetic mucin-like polymer system. Biomaterials 2011, 32, 8343–8355.
[CrossRef]

7. Jay, J.I.; Shukair, S.; Langheinrich, K.; Hanson, M.C.; Cianci, G.C.; Johnson, T.J.; Clark, M.R.; Hope, T.J.; Kiser, P.F. Modulation
of Viscoelasticity and HIV Transport as a Function of pH in a Reversibly Crosslinked Hydrogel. Adv. Funct. Mater. 2009, 19,
2969–2977. [CrossRef]

8. Roberts, M.C.; Mahalingam, A.; Hanson, M.C.; Kiser, P.F. Chemorheology of phenylboronate-salicylhydroxamate crosslinked
hydrogel networks with a sulfonated polymer backbone. Macromolecules 2008, 41, 8832–8840. [CrossRef]

9. Roberts, M.C.; Hanson, M.C.; Massey, A.P.; Karren, E.A.; Kiser, P.F. Dynamically Restructuring Hydrogel Networks Formed with
Reversible Covalent Crosslinks. Adv. Mater. 2007, 19, 2503–2507. [CrossRef]

10. Kiser, P. GCE Phase II: Synthetic Mucin Polymers for Reproductive Health. Available online: https://www.scholars.northwestern.
edu/en/projects/gce-phase-ii-synthetic-mucin-polymers-for-reproductive-health-6 (accessed on 6 February 2022).

11. Elshaarani, T.; Yu, H.; Wang, L.; Zain ul, A.; Ullah, R.S.; Haroon, M.; Khan, R.U.; Fahad, S.; Khan, A.; Nazir, A.; et al. Synthesis of
hydrogel-bearing phenylboronic acid moieties and their applications in glucose sensing and insulin delivery. J. Mater. Chem. B
2018, 6, 3831–3854. [CrossRef]

12. Lacina, K.; Skladal, P.; James, T.D. Boronic acids for sensing and other applications—a mini-review of papers published in 2013.
Chem. Cent. J. 2014, 8, 60. [CrossRef]

13. Tarus, D.; Hachet, E.; Messager, L.; Catargi, B.; Ravaine, V.; Auzely-Velty, R. Readily prepared dynamic hydrogels by combining
phenyl boronic acid- and maltose-modified anionic polysaccharides at neutral pH. Macromol. Rapid Commun. 2014, 35, 2089–2095.
[CrossRef]

14. Ma, S.; Wang, S.; Li, Q.; Leng, Y.; Wang, L.; Hu, G.-H. A Novel Method for Preparing Poly(vinyl alcohol) Hydrogels: Preparation,
Characterization, and Application. Ind. Eng. Chem. Res. 2017, 56, 7971–7976. [CrossRef]

15. Park, J.-C.; Ito, T.; Kim, K.-O.; Kim, K.-W.; Kim, B.-S.; Khil, M.-S.; Kim, H.-Y.; Kim, I.-S. Electrospun poly(vinyl alcohol) nanofibers:
Effects of degree of hydrolysis and enhanced water stability. Polym. J. 2010, 42, 273–276. [CrossRef]

16. Madlova, M.; Jones, S.A.; Zwerschke, I.; Ma, Y.; Hider, R.C.; Forbes, B. Poly(vinyl alcohol) nanoparticle stability in biological
media and uptake in respiratory epithelial cell layers in vitro. Eur. J. Pharm. Biopharm. 2009, 72, 437–443. [CrossRef] [PubMed]

17. Zied, S.; Elie, A.-J.; Luc, P.; Didier Le, C. Anionic Polysaccharide Hydrogels with Charges Provided by the Polysaccharide or the
Crosslinking Agent. Drug Deliv. Lett. 2012, 2, 240–250. [CrossRef]

18. Li, B.; Zaveri, T.; Ziegler, G.R.; Hayes, J.E. User preferences in a carrageenan-based vaginal drug delivery system. PLoS One 2013,
8, e54975. [CrossRef] [PubMed]

19. Elias, C.J.; Coggins, C.; Alvarez, F.; Brache, V.; Fraser, I.S.; Lacarra, M.; Lahteenmaki, P.; Massai, R.; Mishell, D.R., Jr.; Phillips,
D.M.; et al. Colposcopic evaluation of a vaginal gel formulation of iota-carrageenan. Contraception 1997, 56, 387–389. [CrossRef]

20. Maguire, R.A.; Zacharopoulos, V.R.; Phillips, D.M. Carrageenan-based nonoxynol-9 spermicides for prevention of sexually
transmitted infections. Sex. Transm. Dis. 1998, 25, 494–500. [CrossRef]

21. Flores, S.L.; Descallar, F.B.A.; Matsukawa, S.; Bacabac, R.G. Dynamic rheological properties of mixed carrageenan gels under
large strains. J. Biorheol. 2017, 31, 35–39. [CrossRef]

22. Yati, K.; Srifiana, Y.; Lestari, A.I. Optimization of SRC (Semi Refined Carrageenan) and Glucomannan Concentration as Gelling
Agent to the Physical Stability Sunscreen Gel of Dry Corncob Extract (Zea mays L.). Open Access Maced J. Med. Sci. 2019, 7,
3833–3836. [CrossRef]

23. Godha, K.; Tucker, K.M.; Biehl, C.; Archer, D.F.; Mirkin, S. Human vaginal pH and microbiota: An update. Gynecol. Endocrinol.
2018, 34, 451–455. [CrossRef]

24. Tevi-Benissan, C.; Belec, L.; Levy, M.; Schneider-Fauveau, V.; Si Mohamed, A.; Hallouin, M.C.; Matta, M.; Gresenguet, G. In vivo
semen-associated pH neutralization of cervicovaginal secretions. Clin. Diagn Lab. Immunol. 1997, 4, 367–374. [CrossRef] [PubMed]

25. Kleine-Borger, L.; Meyer, R.; Kalies, A.; Kerscher, M. Approach to differentiate between hyaluronic acid skin quality boosters and
fillers based on their physicochemical properties. J. Cosmet. Derm. 2022, 21, 149–157. [CrossRef] [PubMed]

26. Ikeda, S.; Nishinari, K. “Weak gel”-type rheological properties of aqueous dispersions of nonaggregated kappa-carrageenan
helices. J. Agric. Food Chem. 2001, 49, 4436–4441. [CrossRef] [PubMed]

27. Moreno, R. Rheology. In Encyclopedia of Materials: Science and Technology; Buschow, K.H.J., Cahn, R.W., Flemings, M.C., Ilschner, B.,
Kramer, E.J., Mahajan, S., Veyssière, P., Eds.; Elsevier: Oxford, UK, 2001; pp. 8192–8196.

28. Tien, D.; Schnaare, R.L.; Kang, F.; Cohl, G.; McCormick, T.J.; Moench, T.R.; Doncel, G.; Watson, K.; Buckheit, R.W.; Lewis, M.G.;
et al. In vitro and in vivo characterization of a potential universal placebo designed for use in vaginal microbicide clinical trials.
AIDS Res. Hum. Retrovir. 2005, 21, 845–853. [CrossRef]

http://doi.org/10.1016/j.contraception.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22995540
http://doi.org/10.1097/01.AOG.0000189094.21099.4a
http://www.ncbi.nlm.nih.gov/pubmed/16394051
http://doi.org/10.1208/s12249-008-9073-5
http://www.ncbi.nlm.nih.gov/pubmed/18431651
http://doi.org/10.1016/j.biomaterials.2011.05.001
http://doi.org/10.1002/adfm.200900757
http://doi.org/10.1021/ma8012674
http://doi.org/10.1002/adma.200602649
https://www.scholars.northwestern.edu/en/projects/gce-phase-ii-synthetic-mucin-polymers-for-reproductive-health-6
https://www.scholars.northwestern.edu/en/projects/gce-phase-ii-synthetic-mucin-polymers-for-reproductive-health-6
http://doi.org/10.1039/C7TB03332J
http://doi.org/10.1186/s13065-014-0060-5
http://doi.org/10.1002/marc.201400477
http://doi.org/10.1021/acs.iecr.7b01812
http://doi.org/10.1038/pj.2009.340
http://doi.org/10.1016/j.ejpb.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19462480
http://doi.org/10.2174/2210304x11202040002
http://doi.org/10.1371/journal.pone.0054975
http://www.ncbi.nlm.nih.gov/pubmed/23358688
http://doi.org/10.1016/S0010-7824(97)00176-5
http://doi.org/10.1097/00007435-199810000-00010
http://doi.org/10.17106/jbr.31.35
http://doi.org/10.3889/oamjms.2019.514
http://doi.org/10.1080/09513590.2017.1407753
http://doi.org/10.1128/cdli.4.3.367-374.1997
http://www.ncbi.nlm.nih.gov/pubmed/9144379
http://doi.org/10.1111/jocd.14629
http://www.ncbi.nlm.nih.gov/pubmed/34806283
http://doi.org/10.1021/jf0103065
http://www.ncbi.nlm.nih.gov/pubmed/11559151
http://doi.org/10.1089/aid.2005.21.845


Polymers 2022, 14, 1728 20 of 20

29. Douglas, J.F. Weak and Strong Gels and the Emergence of the Amorphous Solid State. Gels 2018, 4, 19. [CrossRef]
30. Soto, F.; Chrostowski, R. Frontiers of Medical Micro/Nanorobotics: In vivo Applications and Commercialization Perspectives

Toward Clinical Uses. Front. Bioeng. Biotechnol. 2018, 6, 170. [CrossRef]
31. Feola, A.; Duerr, R.; Moalli, P.; Abramowitch, S. Changes in the rheological behavior of the vagina in women with pelvic organ

prolapse. Int. Urogynecol. J. 2013, 24, 1221–1227. [CrossRef]
32. Bastholm, S.K.; Becher, N.; Stubbe, P.R.; Chronakis, I.S.; Uldbjerg, N. The viscoelastic properties of the cervical mucus plug. Acta

Obs. Gynecol. Scand. 2014, 93, 201–208. [CrossRef]
33. BeMiller, J.N. 13—Carrageenans. In Carbohydrate Chemistry for Food Scientists, 3rd ed.; BeMiller, J.N., Ed.; AACC International

Press: St. Paul, MN, USA, 2019; pp. 279–291.
34. Trios. AR-G2 Rheometer Analysis Manual. Available online: http://www.ifug.ugto.mx/~{}labblanda/manuales/Content/

Rheology%20Common%20Topics/Analysis%20Models/Williamson.htm (accessed on 7 February 2022).
35. Pettinelli, N.; Rodriguez-Llamazares, S.; Bouza, R.; Barral, L.; Feijoo-Bandin, S.; Lago, F. Carrageenan-based physically crosslinked

injectable hydrogel for wound healing and tissue repairing applications. Int. J. Pharm. 2020, 589, 119828. [CrossRef]
36. Cheng, A.T.Y.; Rodriguez, F. Mechanical properties of borate crosslinked poly(vinyl alcohol) gels. J. Appl. Polym. Sci. 1981, 26,

3895–3908. [CrossRef]
37. Riedo, C.; Caldera, F.; Poli, T.; Chiantore, O. Poly(vinylalcohol)-borate hydrogels with improved features for the cleaning of

cultural heritage surfaces. Herit. Sci. 2015, 3, 23. [CrossRef]
38. Zhang, Y.; Ye, L.; Cui, M.; Yang, B.; Li, J.; Sun, H.; Yao, F. Physically crosslinked poly(vinyl alcohol)–carrageenan composite

hydrogels: Pore structure stability and cell adhesive ability. RSC Adv. 2015, 5, 78180–78191. [CrossRef]
39. El-Fawal, G.F.; Yassin, A.M.; El-Deeb, N.M. The Novelty in Fabrication of Poly Vinyl Alcohol/kappa-Carrageenan Hydrogel

with Lactobacillus bulgaricus Extract as Anti-inflammatory Wound Dressing Agent. AAPS PharmSciTech 2017, 18, 1605–1616.
[CrossRef]

40. Ochiai, H.; Shimizu, S.; Tadokoro, Y.; Murakami, I. Complex formation between poly(vinyl alcohol) and borate ion. Polymer 1981,
22, 1456–1458. [CrossRef]

41. Itou, T.; Kitai, H.; Shimazu, A.; Miyazaki, T.; Tashiro, K. Clarification of cross-linkage structure in boric acid doped poly(vinyl
alcohol) and its model compound as studied by an organized combination of X-ray single-crystal structure analysis, Raman
spectroscopy, and density functional theoretical calculation. J. Phys. Chem. B 2014, 118, 6032–6037. [CrossRef]

42. Wang, Y.; Shi, Y.; Gu, Y.; Xue, P.; Xu, X. Self-Healing and Highly Stretchable Hydrogel for Interfacial Compatible Flexible
Paper-Based Micro-Supercapacitor. Materials (Basel) 2021, 14, 1852. [CrossRef]

43. Zhang, Y.; Hui, B.; Ye, L. Reactive toughening of polyvinyl alcohol hydrogel and its wastewater treatment performance by
immobilization of microorganisms. RSC Adv. 2015, 5, 91414–91422. [CrossRef]

44. Chiappe, C.; Signori, F.; Valentini, G.; Marchetti, L.; Pomelli, C.S.; Bellina, F. Novel (Glycerol)borate-Based Ionic Liquids: An
Experimental and Theoretical Study. J. Phys. Chem. B 2010, 114, 5082–5088. [CrossRef]

45. Fink, J.K. (Ed.) Chapter III—Fracturing Fluids. In Water-Based Chemicals and Technology for Drilling, Completion, and Workover Fluids;
Gulf Professional Publishing: Boston, MA, USA, 2015; pp. 115–178.

46. Ham, A.S.; Nugent, S.T.; Peters, J.J.; Katz, D.F.; Shelter, C.M.; Dezzutti, C.S.; Boczar, A.D.; Buckheit, K.W.; Buckheit, R.W., Jr. The
rational design and development of a dual chamber vaginal/rectal microbicide gel formulation for HIV prevention. Antivir. Res.
2015, 120, 153–164. [CrossRef]

47. Ayehunie, S.; Wang, Y.-Y.; Landry, T.; Bogojevic, S.; Cone, R.A. Hyperosmolal vaginal lubricants markedly reduce epithelial
barrier properties in a three-dimensional vaginal epithelium model. Toxicol. Rep. 2018, 5, 134–140. [CrossRef]

48. WHO/UNFPA/FHI. Use and Procurement of Additional Lubricants for Male and Female Condoms; WHO: Geneva, Switzerland, 2012.
49. Ghani, N.A.A.; Othaman, R.; Ahmad, A.; Anuar, F.H.; Hassan, N.H. Impact of purification on iota carrageenan as solid polymer

electrolyte. Arab. J. Chem. 2019, 12, 370–376. [CrossRef]
50. Croitoru, C.; Pop, M.A.; Bedo, T.; Cosnita, M.; Roata, I.C.; Hulka, I. Physically Crosslinked Poly (Vinyl Alcohol)/Kappa-

Carrageenan Hydrogels: Structure and Applications. Polymers 2020, 12, 560. [CrossRef]
51. Alhosseini, S.N.; Moztarzadeh, F.; Mozafari, M.; Asgari, S.; Dodel, M.; Samadikuchaksaraei, A.; Kargozar, S.; Jalali, N. Synthesis

and characterization of electrospun polyvinyl alcohol nanofibrous scaffolds modified by blending with chitosan for neural tissue
engineering. Int. J. Nanomed. 2012, 7, 25–34. [CrossRef]

52. Kharazmi, A.; Faraji, N.; Mat Hussin, R.; Saion, E.; Yunus, W.M.; Behzad, K. Structural, optical, opto-thermal and thermal
properties of ZnS-PVA nanofluids synthesized through a radiolytic approach. Beilstein J. Nanotechnol. 2015, 6, 529–536. [CrossRef]

53. Kim, J.R. Laboratory development of a constitutive model for visco-elasto-plastic materials. KSCE J. Civ. Eng. 1999, 3, 261–271.
[CrossRef]

54. Available online: https://www.tainstruments.com/wp-content/uploads/Boston-Rheology-Training-2019.pdf (accessed on
1 March 2022).

http://doi.org/10.3390/gels4010019
http://doi.org/10.3389/fbioe.2018.00170
http://doi.org/10.1007/s00192-012-2002-x
http://doi.org/10.1111/aogs.12308
http://www.ifug.ugto.mx/~{}labblanda/manuales/Content/Rheology%20Common%20Topics/Analysis%20Models/Williamson.htm
http://www.ifug.ugto.mx/~{}labblanda/manuales/Content/Rheology%20Common%20Topics/Analysis%20Models/Williamson.htm
http://doi.org/10.1016/j.ijpharm.2020.119828
http://doi.org/10.1002/app.1981.070261134
http://doi.org/10.1186/s40494-015-0053-2
http://doi.org/10.1039/C5RA11331H
http://doi.org/10.1208/s12249-016-0628-6
http://doi.org/10.1016/0032-3861(81)90310-4
http://doi.org/10.1021/jp5026569
http://doi.org/10.3390/ma14081852
http://doi.org/10.1039/C5RA20495J
http://doi.org/10.1021/jp100809x
http://doi.org/10.1016/j.antiviral.2015.06.010
http://doi.org/10.1016/j.toxrep.2017.12.011
http://doi.org/10.1016/j.arabjc.2018.06.008
http://doi.org/10.3390/polym12030560
http://doi.org/10.2147/IJN.S25376
http://doi.org/10.3762/bjnano.6.55
http://doi.org/10.1007/BF02823812
https://www.tainstruments.com/wp-content/uploads/Boston-Rheology-Training-2019.pdf

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Formulation of Physically Cross-Linked Ci-PBA Gels 
	Formulation of Chemically Cross-Linked Ci-PVA-BA Gels 

	Rheological Measurements 
	Storage (G') and Loss (G″) Modulus and Tan  Measurements 
	Complex Viscosity 

	Creep Recovery Analysis 
	Physical Observations 
	Osmolality Measurements 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Stability Analysis 
	In Vitro Sperm Functionality Testing 
	Rabbit Contraceptive Efficacy Test (RCET) 

	Results and Discussion 
	Rheological Characterization of PBA-SHA (Control) Gel 
	Development of Physically Cross-Linked Ci-PBA Gels 
	Frequency Sweep Rheology and Tan  Measurements for Ci-PBA Gels 
	Effect of Excipients on Viscoelastic Behavior of Ci-PBA Gels 

	Development of pH-Dependent Chemically Cross-Linked Ci-PVA-BA Gels 
	Creep Recovery Analysis of Ci-PBA and Ci-PVA-BA Gels 
	Osmolality Measurements of Ci-PBA and Ci-PVA-BA Gels 
	FTIR Analysis of Ci-PBA and Ci-PVA-BA Gels 
	Stability Testing 
	In Vitro Sperm Functionality Testing (Sperm Motility, Viability, and Penetration) 
	In Vivo Contraceptive Efficacy Testing of the Gels 

	Conclusions 
	References

