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Abstract: The development of thermosensitive bioadhesive hydrogels as multifunctional platforms
for the controlled delivery of microbicides is a valuable contribution for the in situ treatment of
vagina infections. In this work, novel semi-interpenetrating network (s-IPN) hydrogels were pre-
pared by the entrapment of linear poly(methyl vinyl ether-alt-maleic anhydride) (PVME-MA)
chains within crosslinked 3D structures of poly(N-isopropylacrylamide) (PNIPAAm). The multi-
functional platforms were characterized by Fourier transform infrared spectroscopy, scanning elec-
tron microscopy, thermal techniques, rheological analysis, swelling kinetic measurements, and bi-
oadhesion tests on porcine skin. The hydrogels exhibited an interconnected porous structure with
defined boundaries. An elastic, solid-like behavior was predominant in all formulations. The swell-
ing kinetics were strongly dependent on temperature (25 °C and 37 °C) and pH (7.4 and 4.5) condi-
tions. The s-IPN with the highest content of PVME-MA displayed a significantly higher detachment
force (0.413 +0.014 N) than the rest of the systems. The metronidazole loading in the s-IPN improved
its bioadhesiveness. In vitro experiments showed a sustained release of the antibiotic molecules
from the s-IPN up to 48 h (94%) in a medium simulating vaginal fluid, at 37 °C. The thermosensitive
and bioadhesive PNIPAAm/PVME-MA systems showed a promising performance for the con-

trolled release of metronidazole in the vaginal environment.

Keywords: nanocomposite hydrogel; thermosensitive hydrogel; bioadhesive hydrogel; controlled
drug release; metronidazole

1. Introduction

Temperature-sensitive hydrogels (TSHs) have been well studied as stimuli respon-
sive materials for controlled drug release [1,2]. These systems undergo a sol-gel transfor-
mation or a volume phase transition after achieving a critical temperature. The swelling
and deswelling behavior of some TSHs can be tailored by the suitable tuning of tempera-
ture. This effect is convenient to trigger the release of drugs from the hydrogel under suit-
able thermal conditions, e.g., at physiological temperature.

The poly(N-isopropylacrylamide) (PNIPAAm) is a thermosensitive polymer with a
lower critical solution temperature (LCST) of around 32 °C [3]. PNIPAAm-based systems
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of variable architectures have been prepared for their application in the clinical field in-
cluding block and grafted copolymers [4], self-assembly conjugates [5], interpenetrating
polymer networks (IPNs) [6], and semi-interpenetrating polymer networks (s-IPNs) with
crosslinked PNIPAAm [7]. This polymer has been proposed for topical treatments in the
vagina [4]. PNIPAAm-based hydrogels go through a volume phase transition by increas-
ing temperature above their LCST, resulting in the removal of large amounts of drug-
loaded solution from the materials [8].

The combination of thermo-responsive polymers with bioadhesive materials has po-
tential to improve the efficacy of local treatments. The adhesive interactions with, for ex-
ample, mucin-coated epithelial surfaces enhance the residence time of dosage forms at the
application site, increasing the drug bioavailability [9]. Furthermore, drugs can be suc-
cessfully delivered to the systemic circulation, e.g., via vaginal mucosa, for the treatment
of various diseases like migraine and osteoporosis [10].

Polymers recognized for their intrinsic bioadhesive properties have been combined
with the PNIPAAm to design multifunctional materials for biomedical uses. For example,
Sosnik et al. synthesized chitosan-g-PNIPAAm micelles for the delivery of hydrophobic
drugs via mucosa [11]. These polymeric micelles retained both the intrinsic mucoadhesive
nature of chitosan and the thermo-responsive properties of PNIPAAm. Wiltsey et al. de-
veloped an adhesive system that supports the tissue repair by mixing an injectable copol-
ymer of PNIPAAm-g-chondroitin sulfate with alginate microparticles [12]. The adhesive
strength of the scaffold was maximized with the addition of alginate particles to the
PNIPAAm copolymer. Klemetsrud et al. found promising mucoadhesive properties for
liposomes coated with poly(N-isopropylacrylamide-co-methacrylic acid) (p(NIPAAM-co-
MAA)) in simulated conditions of the oral cavity [13]. This result is consistent with the
adhesive nature of MAA-based polymers, commercially known as Eudispert [14].

In this regard, the development of bioadhesive drug carriers is an important goal in
the treatment of bacterial vaginosis (BV). The topical administration of metronidazole
(MTZ) is one of the most common treatments for this disease [15]. The antibiotic is typi-
cally marketed in creams, vaginal washing, and suppositories. However, traditional
presentations have shown limitations to guarantee the permanence requirements of the
drug excipients in the vaginal mucosa due to factors such as the orthostatic posture and
vaginal secretions, leading to incomplete therapies or unnecessary waste of the drug [16].

Microbicide-loaded hydrogels have been studied for sustained vaginal drug deliv-
ery, since in some clinical trials the maintenance of therapeutic drug concentrations for a
prolonged period is essential. Sundara et al. demonstrated the potential application of
subtilosin-containing polyethylene glycol hydrogels for BV prophylaxis [17]. The hydro-
gels displayed an initial rapid-release phase (24 h) followed by a slow, sustained-release
phase. In another approach, Malli et al. designed a thermosensitive and mucoadhesive
hydrogel based on pluronic® F127, chitosan, and MTZ for the treatment of trichomoniasis,
a recurrent vaginal infection [18]. The in situ forming hydrogel restricted the MTZ absorp-
tion through vaginal mucosa, prolonging the drug activity against T. vaginalis. Recently,
Giordani et al. found a suitable performance of sodium hyaluronate networks for the con-
trolled release of chlorhexidine in the vaginal cavity, based on the mechanical resistance
of the material, its water uptake ability, mucoadhesion, in vitro drug release behavior, and
antimicrobial activity [19].

Overall, the development of mucoadhesive thermosensitive hydrogels as multifunc-
tional platforms for the controlled drug delivery is a valuable contribution to the current
therapeutic applications, especially in the treatment of BV.

In this work, novel thermosensitive bioadhesive s-IPNs were prepared by the entrap-
ment of linear poly(methyl vinyl ether-alt-maleic anhydride) (PVME-MA) chains within
crosslinked structures of PNIPAAm. PVME-MA is an FDA-approved polymer known for
its biodegradability, biocompatible properties, and low toxicity [20]. This bioadhesive
synthetic copolymer, commercially known as Gantrex, has been used in formulations of
dental adhesives [21], as a scaffold for tissue engineering [20], and in microneedle arrays
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for drug delivery [22]. The multifunctional platforms were characterized by Fourier trans-
form infrared spectroscopy, scanning electron microscopy, thermal techniques, rheologi-
cal analysis, swelling kinetic measurements, and bioadhesion tests on porcine skin. The
loading and in vitro release studies of MTZ from the PNIPAAm/PVME-MA s-IPN in sim-
ulated vaginal conditions evidenced the potential of these thermosensitive and bioad-
hesive materials as drug carriers in the treatment of BV.

2. Materials and Methods
2.1. Materials

N-isopropylacrylamide (NIPAAm) 97%, N,N'-methylenebisacrylamide (MBA) 99%,
N,N,N’,N'-tetramethylethylenediamine (TEMED) 99%, potassium persulfate (KPS) 99%,
poly(methyl vinyl ether-alt-maleic anhydride) (PVME-MA) 216,000 g mol!, sodium dihy-
drogen phosphate 99%, disodium hydrogen phosphate 99%, citric acid 99.5%, potassium
hydroxide 85%, calcium hydroxide 95%, bovine serum albumin 96%, lactic acid 85%, ace-
tic acid 99.7%, glycerol 86%, urea 98%, glucose anhydrous 96%, and metronidazole (MTZ)
98% were purchased from Sigma-Aldrich. Sodium chloride 99% was obtained from
Meyer. All reagents were of analytical grade and used as received without further purifi-
cation. The aqueous solutions were prepared with deionized water, purified by a Milli-Q
Organex system (Millipore, Molsheim, France).

2.2. Preparation of s-IPN

The s-IPNs were prepared by adding NIPAAm monomer, MBA, KPS, and TEMED
into PVME-MA copolymer solution, as shown in Figure 1. Briefly, NIPAAm 10% solution
was prepared under nitrogen atmosphere at 4 °C. The appropriate amount of MBA was
added to the former solution in a molar ratio of MBA to NIPAAm of 1:50. A PVME-MA
10% solution, previously hydrolyzed at 60 °C for 6 h, was added to the monomeric solu-
tion, keeping the initial conditions. Then, 1 mL of KPS 2% solution was added and the
mixture was stirred. Afterwards, 25 pL of TEMED was added with further stirring. Next,
the resultant mixture was poured into a cylindrical mold of 25 mm diameter chilled in an
ice bath (4 °C). Finally, the hydrogel was removed from the mold, washed with deionized
water, and dried by lyophilization.

N\
\ \ o
KPS, TEMED |
o + O + AAAAAAAAR _——
M 4°C, N, atm
/
N

/

Figure 1. Schematic representation of s-IPN formation. The photographs illustrate, from left to right,
the appearance of as-formed composite hydrogels, the ease of handling of dehydrated samples, and
the sticky nature of wet material.
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Neat PNIPAAm hydrogels were also prepared by a similar procedure without the
addition of PVME-MA. Table 1 summarizes the volumes used for the preparation of hy-
drogels.

Table 1. Feed solution volumes in the preparation of hydrogels.

Code NIPAAmM/MBA (mL) PMVE-alt-MA (mL)
PNIPAAmM 2 0
s-IPN 1 1.60 0.40
s-IPN 2 1.46 0.54
s-IPN 3 1.34 0.66

2.3. Characterizations

Fourier transformed infrared spectroscopy (FTIR) spectra were recorded in a Frontier
spectrometer (PerkinElmer, Beaconsfield, UK) by the KBr pellet technique.

Scanning electron microscopy (SEM was used to study the internal morphology of
samples. The characterizations were performed using a scanning electron microscope
model JEOL JSM-5410LV (JEOL-LTD, Tokyo, Japan) equipped with an INCA system and
an X-ray dispersive energy microanalysis detector (Oxford Instruments, Buckingham-
shire, UK), operated with an acceleration voltage of 15 kV. The samples were gold sput-
tered prior to SEM examination.

TGA experiments were carried out under nitrogen flow until 800 °C and a heating
rate of 10 °C min™, using a Pyris 1 apparatus (PerkinElmer, Llantrisant, UK).

Rheological measurements were performed in an MCR 502 rheometer (Anton Paar,
Graz, Austria) at room temperature, using a parallel plate fixture. The plate diameter was
50 mm. Frequency sweeps were carried out over the range 0.1-100 rad/s under a maxi-
mum shear strain of 0.5%. The rheological measurements were performed at least in trip-
licate for each formulation, and a representative curve of each material was chosen to
show the general trend.

Swelling properties were investigated by the gravimetric method at temperatures of
25 and 37 °C. Xerogel samples of known weight (wo) were immersed in sodium phosphate
buffer (pH 7.4, 100 mM) or citrate-phosphate buffer (pH 4.5, 100 mM). At specific times
(#), the samples were removed from the swelling medium, blotted, weighed (w:), and
placed in the same bath until constant weight was reached. The swelling percent at time ¢
was calculated from the following relation:

Wi — W

Swelling (%) = X 100% 1)

0

2.4. Bioadhesion Analysis

In vitro adhesion tests were carried out to measure the bulk adhesive strength of hy-
drogels using a Texture Analyzer TA.XT Plus (Stable Micro System, Surrey, England). The
samples were hydrated with a medium simulating vaginal fluid (MSVF) [23]. The compo-
sition of MSVF is shown in Table 2. The analyses were performed at room temperature.
Porcine skin was used as a testing surface to mimic human skin tissues.

Table 2. Composition of MSVF.

Composition in Water gL
Sodium chloride 3.51
Potassium hydroxide 1.40
Calcium hydroxide 0.22
Bovine serum albumin 0.02

Lactic acid 2.00




Pharmaceutics 2021, 13, 1284

5 of 16

Acetic acid 1.00
Glycerol 0.16
Urea 0.40
Glucose 5.00

The porcine skin was obtained from a local market; the subcutaneous fat was re-
moved, and the skin was immediately washed with isopropyl alcohol. The processed por-
cine tissue was cut into 10 x 10 mm squares, and one piece was attached to the upper
aluminum cylinder probe (6 mm diameter) of the texturometer using a cyanoacrylate glue.
An equal portion of tissue was fixed on the Peltier plate using the same glue. A hydrogel
sample, 10 mm wide, 10 mm long, and 3 mm thick, was placed on the porcine skin glued
to Peltier plate. A preload of 1 N was applied for 60 s to the upper side of hydrogel (to be
sandwiched between the porcine tissues), and then the upper probe was raised at a con-
stant speed of 2 mm/min. The force required to detach the hydrogel from the tissue surface
was determined as the peak value in resultant force-time plot.

The data are presented as mean + standard deviation. For comparative studies, the
data were analyzed by analysis of variance (ANOVA) with an acceptable significance
level of p < 0.05 using the statistical package NCSS 2007.

2.5. Loading and Releasing Studies of MTZ

Each xerogel sample was loaded by sorption in 2 mL of 0.75 wt% MTZ solution, fol-
lowed by freeze-drying. The experiments of drug release were performed in citrate—phos-
phate buffer (pH 4.5, 100 mM) and MSVF, at temperatures of 25 and 37 °C. The MTZ-
loaded hydrogels were immersed in 50 mL of buffer solution. At specific time intervals,
samples of 200 uL were withdrawn and replaced with equal volumes of fresh medium.
The MTZ concentration was determined by recording the absorbance at 320 nm in an UV-
Vis spectrophotometer model 8453 (Agilent Technologies, Shangai, China), and subse-
quently interpolating the value in a calibration curve.

3. Results and Discussion
3.1. FTIR

Figure 2 shows the FTIR spectra of the hydrolyzed form of PMVE-MA, neat
PNIPAAm hydrogel, and those of s-IPN samples of different compositions.

The spectrum of the hydrolyzed form of copolymer shows a band from 3500 to 3030
cm! related to stretching vibration of hydroxyl groups (OH) of carboxyl moieties (hydro-
lyzed MA unit). This broad band partially overlaps with absorption bands between 2980
and 2840 cm™, which are assigned to symmetrical and asymmetrical C-H stretching vi-
brations of CH (hydrolyzed MA unit), CHz, and CHs (MVE unit) groups [24]. The sharp
band at 1728 cm™ is attributed to stretching vibration of the carbonyl group (C=0O) (hydro-
lyzed MA unit). The signal at 1173 cm™! is assigned to stretching vibration of the ether
group (C-O-C) (MVE unit) [24].

The spectrum of PNIPAAm hydrogel displays the typical absorptions of its polymer
precursor. The broad band in the spectral region from 3500 to 3160 cm™ is assigned to N-
H stretching of a secondary amide. Strong bands due to C-H vibrations of CH, CHz, and
CHs groups are observable in the range of 3000 to 2837 cm™'. The C=O group gives rise to
the band at 1651 cm™ (amide I), while the N-H in-plane bending peak appears at 1549
cm™ (amide II). The band at 1465 cm™ and the doublet peak between 1397 and 1355 cm™!
are attributed to the bending of C-H bond and deformation of the isopropyl group
(C(CHs)2), respectively [25].

The characteristic individual absorptions of PVME-MA and PNIPAAm polymers are
distinguished in the spectra of s-IPN samples; however, spectral shifts are also detected.
The bands due to O-H (hydrolyzed MA unit of PVME-MA) and N-H (PNIPAAm) vibra-



Pharmaceutics 2021, 13, 1284

6 of 16

tions overlap in the region from 3600 to 3150 cm™, appearing as a well-resolved contribu-
tion at 3073 cm™ in all three spectra. This lower wavenumber signal can be related to the
hydroxyl groups of the interpenetrated polymer, and also to the amine groups of the pol-
ymer network involved in H-bonding interactions. The relative intensity of C=O band in-
creases in s-IPN spectra with respect to the PNIPAAm spectrum as result of the copolymer
contribution (hydrolyzed MA unit). Moreover, this signal shifts to lower wavenumbers
(1657 cm™) as compared to its position in the PVME-MA spectrum. This effect is consistent
with the participation of the carbonyl group of the copolymer in H-bonding interactions
[26]. The presence of PVME-MA within the crosslinked PNIPAAm chains is confirmed by
the ether peak (MVE unit) at 1173 cm™ in all three s-IPN spectra.
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Figure 2. FTIR spectra of PMVE-MA, pristine PNIPAAm hydrogel, and s-IPN samples.

3.2. SEM Analysis

Figure 3 shows the exterior appearance and the internal microstructure of single
PNIPAAm network hydrogel and s-IPN samples. The s-IPN showed a whitish appear-
ance, in contrast with the translucent aspect of the PNIPAAm hydrogel. All samples dis-
played an internal porous structure with defined boundaries. The presence of smaller
pores within larger cavities evidences the pore interconnection, which is a desirable fea-
ture for capillary transport of biological fluids and drug solutions through the polymer
matrix [27,28].
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Figure 3. SEM micrographs of cross sections of PNIPAAm (a), s-IPN 1 (b), s-IPN 2 (c), and s-IPN 3 (d) hydrogels.

Different pore sizes were detected among hydrogels. The pore dimensions of all s-
IPN samples are smaller than the pore size of the PNIPAAm sample (~10 um). Moreover,
the increase in PVME-MA content decreased the pore dimensions of composite networks.
In this work, the amounts of NIPAAm monomer and MBA crosslinker were decreased
from PNIPAAm to s-IPN 3 samples, so the proportion of crosslinked networks should
also be reduced. The denser structures of s-IPN could be related to the H-bonding inter-
action between the PNIPAAm network and the entrapped PVME-MA copolymer, which
is consistent with the previously shown FTIR results. The non-covalent interactions favor
the homogeneous distribution of the copolymer within the free volume of the PNIPAAm
network, reducing the sizes of pores left by the ice crystal sublimation during the freeze-
drying of materials. The reduction in internal pore sizes of s-IPN with the increase in in-
terpenetrated polymer content is closely related to non-covalent interactions [29,30].

3.3. TGA Analysis

Figure 4 shows the thermograms of hydrolyzed PMVE-MA, neat PNIPAAm hydro-
gel, and those of s-IPN samples of different compositions. Table 3 summarizes the tem-
peratures of the maximum rate of weight loss (Tm) of each weight loss step for different
materials.
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Figure 4. Thermograms of neat PNIPAAm hydrogel, PMVE-MA, and s-IPN samples.

Table 3. T for PNIPAAm hydrogel, PMVE-MA, and s-IPN samples.

Sample T'nax (°C)
PNIPAAmM 410.29

s-IPN 1 173.36, 395.77, 596.5

s-IPN 2 168.35, 282.6, 419.63, 622.56

s-IPN 3 173.59, 284.69, 415.24, 612.47
PVME-MA 170.31, 280.86, 444.85

All samples lost mass at temperatures below 100 °C, which was associated with the
evaporation of residual moisture. The PVME-MA exhibited a multi-step degradation pro-
cess. The degradation step with Twar at 170 °C was related to the dehydration of carboxyl
groups, while final steps were attributed to the degradation of the copolymer backbone
[31]. Conversely, the thermal degradation of PNIPAAm hydrogel occurred in a single
weight loss step, in accordance with previous findings [32].

The mass loss step at Tma~170 °C, associated with the formation of carboxylic acid
anhydride groups in PVME-MA, was detected in thermograms of s-IPN samples, con-
firming the entrapment of copolymer within the PNIPAAm network. Further degradation
steps of individual polymers overlap in the interval from 280 to 600 °C.

3.4. Rheological Measurements

The viscoelastic properties of neat PNIPAAm hydrogel and those of s-IPN samples in
similar hydration conditions were analyzed by rheological measurements. Storage (G") and
loss (G") dynamic moduli of hydrogels as a function of frequency are shown in Figure 5.



Pharmaceutics 2021, 13, 1284

9 of 16

100

-
o

Modulus G, G** (Pa)

PNIPAAM —8— —o—

s-IPN1 —e— —o—
s-IPN2 —A— ——

s-IPN3 —¢— —0—

1 ! ' LI | ' L ' L |

0.1 1 10 100

Frequency (rad/s)

Figure 5. Rheological measurements of neat PNIPAAm hydrogel and s-IPN samples.

The frequency dependence of G" and G" for the PNIPAAm hydrogel showed a “true
gel” type behavior: a slight variation in dynamic moduli with the frequency was observed
and the mechanical loss tangent (tand = G"/G’) was smaller than 0.1 (from 0.04 to 0.07) in
the whole frequency range [33]. A similar elastic, solid-like nature of MBA-crosslinked
PNIPAAm hydrogels has been reported elsewhere [34].

Rheological properties were expected to change with the decrease in PNIPAAm con-
tent, the polymer that forms the interconnected elastic framework. For the s-IPN samples,
a greater frequency dependence of G” and smaller separation between the two moduli
were observed as compared to the neat PNIPAAm hydrogel. The values of tand were
found to be between 0.11 and 0.29, which is associated with a “weak gel” network [33,35].
This viscoelastic condition can favor the flow of hydrogel within some cavities of the hu-
man body, thereby minimizing the disturbance of the biological environment and increas-
ing its capacity to make intimate contact with the tissue substrate [36]. Moreover, it should
be noticed that the G’ continued to be almost independent of frequency, and G’ values
were found larger than G” in all s-IPNs, indicating that the solid-like character remained
predominant over the liquid-like response, as in single PNIPAAm hydrogel.

3.5. Swelling Kinetic Measurements

Figure 6 shows the swelling behavior of neat PNIPAAm hydrogel and that of s-IPN
samples. At fixed conditions of pH and temperature, higher swelling degrees at equilib-
rium were observed for s-IPNs as compared to the PNIPAAm hydrogel. Moreover, swell-
ing levels increased with the PVME-MA content, which was associated with the contribu-
tion of hydrophilic copolymer.

The thermo-responsive behavior, owing to the crosslinked PNIPAAm, was observed
in all hydrogels at both pH values. At 25 °C, the hydrogels reached swelling ratios higher
than 1000% at pH 7.4 and 4.5. The tendency to form hydrogen bonds (H-bonds) between
the hydrophilic groups of PNIPAAm and water molecules prevails at temperatures below
the phase transition temperature, thereby promoting water uptake into the hydrogel net-
work. The swelling capabilities of all hydrogels drastically decreased at 37 °C, exhibiting
equilibrium swelling ratios lower than 400% at both pH values. The time to reach the
swelling equilibrium was also shortened to around 1 h in all samples. The hydrophobic
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interactions between the PNIPAAm moieties became prominent at temperatures above
the transition temperature, leading to a dramatic decrease in the swelling capabilities of

hydrogels.
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Figure 6. Swelling kinetics of the neat PNIPAAm hydrogel and those of s-IPN samples in buffer media pH 7.4 and pH 4.5,
at temperatures of 25 and 37 °C. The experimental points were joined using a spline line function.

Besides the thermosensitive behavior, the hydrogels showed pH-responsive proper-
ties, which were more pronounced for s-IPN samples. The swelling percent at equilibrium
of the three composite hydrogels increased at pH 4.5 with respect to pH 7.4 at both tem-
peratures. The carboxyl side groups of PVME-MA (pKa 6.5 and 3.5 [37]) are fully depro-
tonated and half deprotonated at pH 7.4 and 4.5, respectively. The net charge of interpen-
etrated copolymer affects its interactions: PVME-MA-PVME-MA and PVME-MA-
PNIPA Am network. Ionized donor or acceptor groups can form short charge-assisted H-
bonds that are typically stronger than ones between neutral groups. These strengthened
H-bonds play a key functional role in several proteins [38]. At pH 7.4, both charged -
COO-moieties of PVME-MA are able to form strong H-bonds with the H-donor-CONH-
group of the crosslinked PNIPAAm. This network reinforcement can restrict the motion
of the PNIPAAm segments, limiting the water uptake at physiological pH. On the other
hand, at pH 4.5, short COOH- -OOC intramolecular H-bonds in the PVME-MA would
be favored over the strengthening of the PNIPAAm network. This effect can explain the
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enhancement of swelling capabilities of s-IPNs in an acidic environment with respect to
their behavior at pH 7.4.

The reversibility of thermal-induced swelling/shrinking behavior of hydrogels was
assessed by varying the temperature between 25 and 37 °C, in pH 7.4 and 4.5 media. The
hydrogels were allowed to reach the equilibrium condition at each temperature. Figure 7
shows the swelling degree of the different samples under three consecutive cycles of tem-
perature change. The variations in swelling degree are fully reversible within the tested
conditions, i.e., values at 25 and 37 °C stay the same from one cycle to another.
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Figure 7. Cycles of swelling/shrinking of the neat PNIPAAm hydrogel and s-IPN samples, under alternating temperatures
of 25/37 °C. Error bars are included in the graphs.

3.6. Bioadhesive Analysis

Bioadhesion refers to the interaction between synthetic or natural macromolecules
and biological tissues [39]. Hydrogels with a higher content of the adhesive copolymer (s-
IPN 2 and s-IPN 3) were selected to evaluate their bioadhesive behavior.

Figure 8a shows the detachment force obtained from adhesion tests for PNIPAAm,
s-IPN 2, and s-IPN 3 samples hydrated with MSVF. An analysis of variance (ANOVA)
was conducted between the three groups with freedom degrees (FD) of 8 and n = 3. Since
the calculated F value and the critical F value were 66.5544 and 5.1432, respectively, the
detachment forces were significantly different between samples (p = 0.00008). The Tukey
post hoc test revealed that the adhesion force of PNIPAAm hydrogel (0.274 + 0.003 N) was
not significantly different from the slightly higher value of the s-IPN 2 hydrogel (0.308
0.022 N) (p > 0.05). However, the s-IPN 3 sample, with the highest content of PVME-MA,
displayed a significant higher detachment force (0.413 + 0.014 N) than the rest of the hy-
drogel systems (p < 0.05). As mentioned before, the PVME-MA has been recognized for its
bioadhesiveness. The carboxyl group content and the polyanionic nature of the copolymer
at the MSVF pH condition (pH 4.6) allow forming hydrogen bonds and/or electrostatic
interactions between proteins on the surfaces of porcine skin tissue and the polymeric
chains of the hydrogel [40,41].
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Figure 8. Bioadhesive properties of PNIPAAm, s-IPN 2, and s-IPN 3 samples (a), and those of s-IPN 2, s-IPN 3 with and
without MTZ (b). Data are shown as the mean + SD from three independent replicates. Statistical significance (* p < 0.05)
was determined by ANOVA with a Tukey post hoc test.

Figure 8b shows the adhesive properties of s-IPN 2 and s-IPN 3, with and without
MTZ. ANOVA compares two groups, s-IPN 2/s-IPN 2-MTZ and s-IPN 3/s-IPN 3-MTZ,
with FD =5 and n = 3. The adhesion force of s-IPN 2-MTZ was significantly higher than
that of s-IPN 2 (calculated F = 39.7552, critical F =7.7086, p = 0.0032). The same trend was
followed by the second group; the adhesive properties of s-IPN 3-MTZ were superior with
respect to the s-IPN 3 sample (calculated F = 237.6187, critical F = 7.7086, p = 0.0001). The
Tukey post hoc analysis indicated significant differences for s-IPN 2/s-IPN 2-MTZ sam-
ples (p < 0.05), and also for s-IPN 3/s-IPN 3-MTZ hydrogels (p < 0.05). Hence, the MTZ
loading in the s-IPN samples increased the adhesion force for both formulations. This fea-
ture was associated with the hydroxyl group contribution of the MTZ that increased the
probability of H-bonding interactions between the skin tissue surface and the MTZ-con-
taining hydrogels. Wroblewska et al. [42] found that MTZ-containing gel formulations
(bigels, hydrogels, oleogels) exhibit higher adhesive forces on porcine buccal mucosa than
the formulations without MTZ.

The bioadhesive performance of MTZ-loaded formulations s-IPN 2 (0.412 + 0.018 N)
and s-IPN 3 (0.587 + 0.013 N) was superior to that obtained by Perioli et al. [43] for the
market product Zidoval® (bioadhesive force of 0.060 N), using porcine vaginal mucosa
tissues of 2 x 2 cm. These authors reported mucoadhesive forces up to 0.196 + 0.017 N for
chitosan-based gels intended for MTZ administration.

3.7. Studies of MTZ Release

Taking advantage of their high swelling degrees at 25 °C, the dry samples of s-IPN 2
and s-IPN 3 were loaded by sorption in the drug solution at this temperature, followed by
lyophilization.

Figure 9a displays the MTZ release profiles from s-IPN 2 and s-IPN 3 in citrate—phos-
phate buffer pH 4.5 and MSVF as release media, at 25 °C. Both hydrogels showed a similar
release profile, achieving the maximum percentage of cumulative release in a short period
of 3h.
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Figure 9. Release kinetics of MTZ from s-IPN 2 and s-IPN 3 in buffer pH 4.5 and MSVF media, at 25 °C (a) and 37 °C (b).
Inset (b) shows release profiles from s-IPN 3 in an initial relaxed state. The experimental points were joined using a spline

line function.

Contrary to the quick delivery observed at 25 °C, the release profiles from initially
dehydrated s-IPN 2 and s-IPN 3 samples at 37 °C were prolonged up to 48 h and 24 h,
respectively, as shown in Figure 9b. This time shift of the release profiles is in accordance
with the temperature-dependent swelling behavior of hydrogels (Figure 6). The low
swelling level of hydrogels at 37 °C leads to slow transport of the drug through the cross-
linked matrix to the external medium [44,45]. Moreover, the drug can be released from
the hydrogels at 37 °C without excessive enlargement of their volume dimensions as com-
pared to the hydrogel expansion that occurs at 25 °C.

Both hydrogels displayed an initial burst release within the first 10 h at physiological
temperature, followed by a sustained release stage. This sustained release can improve
the bioavailability of the drug during vaginosis treatments [18,46]. It also should be high-
lighted that the MTZ was consistently released from s-IPN 2 and s-IPN 3 in FVS at 37 °C,
reaching 94% and 83% of cumulative amounts, respectively, at equilibrium.

Figure 9b (inset) includes the MTZ release profiles from s-IPN 3 in a relaxed state,
i.e, immediately after being loaded with the drug, without the drying by lyophilization.
Differences in the release kinetic were observed with respect to the delivery from the ini-
tially dehydrated s-IPN 3 sample. The release from the relaxed state of hydrogel exhibited
a strong burst profile, since around 61% of the encapsulated drug was delivered within
the first 30 min. The preexistence of polymer chain relaxations at 25 °C, followed by the
immersion of the drug-loaded hydrogel into a 37 °C warmed release medium, leads to the
volume contraction of material and a rapid expulsion of the inner drug solution. This de-
livery strategy can be useful when high doses of the drug must be locally attained at the
target site in short periods.

4. Conclusions

Thermosensitive and bioadhesive s-IPNs were successfully prepared by the entrap-
ment of PVME-MA chains within a chemically crosslinked PNIPAAm structure. Hydro-
gen bonding interactions were formed between both polymers as confirmed by FTIR anal-
ysis. Samples of different PVME-MA content exhibited an interconnected porous struc-
ture, which favors the inward or outward movement of drug-loaded molecules in the hy-
drogels. Despite the solid-like behavior that prevailed in all formulations, the increase in
the PVME-MA/PNIPA Am ratio caused the softening of hydrogels, improving their ability
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to make effective contact with the tissue substrates. Swelling levels increased with the
PVME-MA content, due to the hydrophilic nature of copolymer. Moreover, the equilib-
rium swelling of s-IPN depends on temperature (25 and 37 °C) and pH (7.4 and 4.5), owing
to the LCST behavior of the PNIPAAm and ionizable carboxyl groups of the PVME-MA,
respectively. The temperature-dependent swelling kinetics of s-IPN 2 and s-IPN 3 formu-
lations allowed the loading of these materials with therapeutic amounts of MTZ at 25 °C,
due to their high swelling capacities at this temperature. The hydrogels showed a sus-
tained drug delivery at 37 °C in a simulated vaginal environment because of their low
swelling capacities in these release conditions. The controlled delivery of the antibiotic is
a desired feature for some local treatments of persistent bacterial infections. A high PVME-
MA content along with the MTZ loading into hydrogels promoted the molecular interac-
tion of material with porcine tissues, thereby enhancing its bioadhesiveness. The bioad-
hesive properties of hydrogels can prolong the residence time of the drug in the vagina,
thereby improving its therapeutic efficacy against bacterial vaginosis. The attractive prop-
erties of PVME-MA/PNIPAAm platforms render them suitable for a range of pharmaceu-
tical and biomedical applications, in particular for the treatment of vaginal infections.

Author Contributions: Conceptualization, A.V.T.-F., ].C.E.,, and T.d.C.-C.; methodology, A.V.T.-F,,
CJ.P.-M,, SB.-I,, and M.L.S.-G.; validation, A.M.G.A; investigation, A.V.T.-F. and C.J.P.-M.; writ-
ing—original draft preparation, A.V.T.-F., CJ.P.-M., and T.d.C.-C.; writing—review and editing,
CJ.P.-M,, SB.-I, AM.G.A,, and T.d.C.-C,; supervision, T.d.C.-C.; funding acquisition, T.d.C.-C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Consejo Nacional de Ciencia y Tecnologia (CONACYT),
Mexico, grant number A1-S-26204, Ciencia Basica 2017-2018.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Ana Valeria Torres acknowledges CONACYyT for her scholarship during this
study. The authors thank Alan German Acedo Mendoza from the Nanomaterials Laboratory of the
UNISON for the rheological measurements, and Irela Santos Sauceda for the thermal analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Le, TM.D.; Nguyen, V.V.L,; Trinh, T.A.; Pham, N.S,; Lee, D.S.; Huynh, D.P. Sulfonamide functionalized amino acid-based pH-
and temperature-sensitive biodegradable injectable hydrogels: Synthesis, physicochemical characterization and in vivo
degradation kinetics. J. Appl. Polym. Sci. 2021, 138, 50488.

Xue, P.; Wang, L.; Xu, J; Liu, J.; Pan, X.; Zhao, Y.; Xu, H. Temperature-sensitive hydrogel for rectal perfusion improved the
therapeutic effect of Kangfuxin liquid on DSS-induced ulcerative colitis mice: The inflammation alleviation and the colonic
mucosal barriers repair. Int. J. Pharm. 2020, 589, 119846.

Nagase, K.; Yamato, M.; Kanazawa, H.; Okano, T. Poly(N-isopropylacrylamide)-based thermoresponsive surfaces provide new
types of biomedical applications. Biomaterials 2018, 153, 27-48.

Motokawa, R.; Morishita, K.; Koizumi, S.; Nakahira, T.; Annaka, M. Thermosensitive diblock copolymer of poly(N-
isopropylacrylamide) and poly(ethylene glycol) in water: Polymer preparation and solution behavior. Macromolecules 2005, 38,
5748-5760.

Hay, D.N.T.; Rickert, P.G.; Seifert, S.; Firestone, M.A. Thermoresponsive Nanostructures by Self-Assembly of a Poly(N-
isopropylacrylamide)-Lipid Conjugate. . Am. Chem. Soc. 2004, 126, 2290-2291.

Alvarez-Lorenzo, C.; Concheiro, A.; Dubovik, A.S.; Grinberg, N.V.; Burova, T.V.; Grinberg, V.Y. Temperature-sensitive
chitosan-poly(N-isopropylacrylamide) interpenetrated networks with enhanced loading capacity and controlled release
properties. J. Control. Release 2005, 102, 629-641.

Stile, R.A.; Healy, K.E. Poly(N-isopropylacrylamide)-based semi-interpenetrating polymer networks for tissue engineering
applications. 1. Effects of linear poly(acrylic acid) chains on phase behavior. Biomacromolecules 2002, 3, 591-600.

Caykara, T.; Kiper, S.; Demirel, G. Network parameters and volume phase transition behavior of poly(N-isopropylacrylamide)
hydrogels. J. Appl. Polym. Sci. 2006, 101, 1756-1762.



Pharmaceutics 2021, 13, 1284 15 of 16

10.
11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bruschi, M.L.; Jones, D.S.; Panzeri, H.; Gremido, M.P.D.; de Freitas, O.; Lara, E.H.G. Semisolid Systems Containing Propolis for
the Treatment of Periodontal Disease: In Vitro Release Kinetics, Syringeability, Rheological, Textural, and Mucoadhesive
Properties. J. Pharm. Sci. 2007, 96, 2074-2089.

Bassi, P.; Kaur, G. Innovations in bioadhesive vaginal drug delivery system. Expert Opin. Ther. Pat. 2012, 22, 1019-1032.

Sosnik, A.; Imperiale, ].C.; Vazquez-Gonzalez, B.; Raskin, M.M.; Mufioz-Munoz, F.; Burillo, G.; Cedillo, G.; Bucio, E.
Mucoadhesive thermo-responsive chitosan-g-poly(N-isopropylacrylamide) polymeric micelles via a one-pot gamma-radiation-
assisted pathway. Colloids Surf. B Biointerfaces 2015, 136, 900-907.

Wiltsey, C.; Christiani, T.; Williams, J.; Scaramazza, J.; Van Sciver, C.V.; Toomer, K.; Sheehan, J.; Branda, A.; Nitzl, A.; England,
E.; et al. Thermogelling bioadhesive scaffolds for intervertebral disk tissue engineering: Preliminary in vitro comparison of
aldehyde-based versus alginate microparticle-mediated adhesion. Acta Biomater. 2015, 16, 71-80.

Klemetsrud, T.; Kjoniksen, A.L.; Hiorth, M.; Jacobsen, J.; Smistad, G. Polymer coated liposomes for use in the oral cavity—a study
of the in vitro toxicity, effect on cell permeability and interaction with mucin. J. Liposome Res. 2018, 28, 62-73.

Jeong, S.P.; Joon, LY.; Li, H.; Dong, C.M.; Han, K. Buccal mucosal ulcer healing effect of rhEGF/eudispert hv hydrogel. Arch.
Pharm. Res. 2003, 26, 659-665.

Menard, J.P. Antibacterial treatment of bacterial vaginosis: Current and emerging therapies. Int. ]. Womens Health 2011, 3, 295-
305.

Hussain, A.; Ahsan, F. The vagina as a route for systemic drug delivery. J. Control. Release 2005, 103, 301-313.

Rajan, S.S.; Cavera, V.L.; Zhang, X.; Singh, Y.; Chikindas, M.L.; Sinko, P.J. Polyethylene glycol-based hydrogels for controlled
release of the antimicrobial subtilosin for prophylaxis of bacterial vaginosis. Antimicrob. Agents Chemother. 2014, 58, 2747-2753.
Malli, S.; Bories, C.; Pradines, B.; Loiseau, P.M.; Ponchel, G.; Bouchemal, K. In situ forming pluronic® F127/chitosan hydrogel
limits metronidazole transmucosal absorption. Eur. J. Pharm. Biopharm. 2017, 112, 143-147.

Giordani, B.; Abruzzo, A.; Musazzi, U.M.; Cilurzo, F.; Nicoletta, F.P.; Dalena, F.; Parolin, C.; Vitali, B.; Cerchiara, T.; Luppi, B.;
et al. Freeze-Dried Matrices Based on Polyanion Polymers for Chlorhexidine Local Release in the Buccal and Vaginal Cavities.
J. Pharm. Sci. 2019, 108, 2447-2457.

Chhabra, H.; Gupta, P.; Verma, P.J.; Jadhav, S.; Bellare, ].R. Gelatin-PMVE/MA composite scaffold promotes expansion of
embryonic stem cells. Mater. Sci. Eng. C 2014, 37, 184-194.

Kim, C.S; Ozer, F.; Mante, F.K. Fracture mechanics of dental adhesives supplemented with Polymethyl-vinyl-ether-co-maleic
anhydride. J. Adhes. Sci. Technol. 2017, 31, 1116-1124.

Demir, Y.K.; Metin, A.U.; Satiroglu, B.; Solmaz, M.E.; Kayser, V.; Méder, K. Poly (methyl vinyl ether-co-maleic acid)—Pectin
based hydrogel-forming systems: Gel, film, and microneedles. Eur. J. Pharm. Biopharm. 2017, 117, 182-194.

Owen, D.H,; Katz, D.F. A vaginal fluid simulant. Contraception 1999, 59, 91-95.

Mazi, H.; Gulpinar, A. Cu(Il), Zn(Il) and Mn(Il) complexes of poly(methyl vinyl ether-alt-maleic anhydride). Synthesis,
characterization and thermodynamic parameters. J. Chem. Sci. 2014, 126, 239-245.

Futscher, M.H.; Philipp, M.; Miiller-Buschbaum, P.; Schulte, A. The Role of Backbone Hydration of Poly(N-isopropyl
acrylamide) Across the Volume Phase Transition Compared to its Monomer. Sci. Rep. 2017, 7, 1-10.

Ryu, LS,; Liu, X,; Jin, Y.; Sun, J.; Lee, Y.J. Stoichiometric analysis of competing intermolecular hydrogen bonds using infrared
spectroscopy. RSC Adv. 2018, 8, 23481-23488.

Hu, X.; Wang, Y.; Zhang, L.; Xu, M. Morphological and mechanical properties of tannic acid/PAAm semi-IPN hydrogels for cell
adhesion. Polym. Test. 2017, 61, 314-323.

Meena, L.K; Raval, P.; Kedaria, D.; Vasita, R. Study of locust bean gum reinforced cyst-chitosan and oxidized dextran based
semi-IPN cryogel dressing for hemostatic application. Bioact. Mater. 2018, 3, 370-384.

Apopei Loghin, D.F.; Biliuta, G.; Coseri, S.; Dragan, E.S. Preparation and characterization of oxidized starch/poly(N,N-
dimethylaminoethyl methacrylate) semi-IPN cryogels and in vitro controlled release evaluation of indomethacin. Int. J. Biol.
Macromol. 2017, 96, 589-599.

Wang, D.; Xia, Y.; Zhang, D.; Sun, X.; Chen, X; Oliver, S.; Shi, S.; Lei, L. Hydrogen-Bonding Reinforced Injectable Hydrogels:
Application As a Thermo-Triggered Drug Controlled-Release System. ACS Appl. Polym. Mater. 2020, 2, 1587-1596.

Chung, K.H.; Wu, C.S.; Malawer, E.G. Glass transition temperatures of poly(methyl vinyl ether-co-maleic anhydride)
(PMVEMA) and poly(methyl vinyl ether-co-maleic acid) (PMVEMAC) and the kinetics of dehydration of PMVEMAC by
thermal analysis. |. Appl. Polym. Sci. 1990, 41, 793-803.

Schild, H.G. Thermal decomposition of PNIPAAM: TGA-FTIR analysis. ]. Polym. Sci. Part A Polym. Chem. 1996, 34, 2259-2262.
Morris, E.R.; Nishinari, K.; Rinaudo, M. Gelation of gellan— A review. Food Hydrocoll. 2012, 28, 373-411.

Zhao, H. Li, Y. A novel pH/temperature-responsive hydrogel based on tremella polysaccharide and poly(N-
isopropylacrylamide). Colloids Surf. A Physicochem. Eng. Asp. 2020, 586, 124270.

Nishinari, K. Rheological and DSC study of sol-gel transition in aqueous dispersions of industrially important polymers and
colloids. Colloid Polym. Sci. 1997, 275, 1093-1107.

Raj Singh, T.R.; McCarron, P.A.; Woolfson, A.D.; Donnelly, RF. Investigation of swelling and network parameters of
poly(ethylene glycol)-crosslinked poly(methyl vinyl ether-co-maleic acid) hydrogels. Eur. Polym. ]. 2009, 45, 1239-1249.

Zong, Y.; Wei, Y.,; Morgan, S.E. Adsorption/desorption processes of ph-responsive copolymers on model dental surfaces via
QCM and AFM analysis. In Proceedings of the ACS Symposium Series; American Chemical Society: Washington, DC, USA, 2013;
Volume 1148, pp. 301-318.



Pharmaceutics 2021, 13, 1284 16 of 16

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lin, J.; Pozharski, E.; Wilson, M.A. Short carboxylic acid-carboxylate hydrogen bonds can have fully localized protons.
Biochemistry 2017, 56, 391-402.

Palmeira-de-Oliveira, R.; Palmeira-de-Oliveira, A.; Martinez-de-Oliveira, ]. New strategies for local treatment of vaginal
infections. Adv. Drug Deliv. Rev. 2015, 92, 105-122.

Sachan, V.K,; Devi, A,; Katiyar, R.S.; Nagarale, R.K.; Bhattacharya, P.K. Proton transport properties of sulphanilic acid tethered
poly(methyl vinyl ether-alt-maleic anhydride)-PVA blend membranes. Eur. Polym. |. 2014, 56, 45-58.

Arbos, P.; Campanero, M.A.; Arangoa, M.A.; Renedo, M.].; Irache, ].M. Influence of the surface characteristics of PVM/MA
nanoparticles on their bioadhesive properties. |. Control. Release 2003, 89, 19-30.

Wroéblewska, M.; Szymarniska, E.; Szekalska, M.; Winnicka, K. Different Types of Gel Carriers as Metronidazole Delivery Systems
to the Oral Mucosa. Polymers 2020, 12, 680.

Perioli, L.; Ambrogi, V.; Venezia, L.; Pagano, C.; Ricci, M.; Rossi, C. Chitosan and a modified chitosan as agents to improve
performances of mucoadhesive vaginal gels. Colloids Surf. B Biointerfaces 2008, 66, 141-145.

Zhu, Z.; Zhuo, R. Crosslinked Quaternary Ammonium Cornstarch Matrix for Slow Release of Carboxylic Groups-containing
Herbicides. Starch Stirke 2000, 52, 58—63.

Elmowafy, EMM.; Awad, G.AS.; Mansour, S.; El-Shamy, A.E.H.A. Release mechanisms behind polysaccharides-based
famotidine controlled release matrix tablets. AAPS PharmSciTech 2008, 9, 1230-1239.

Perinelli, D.; Campana, R.; Skouras, A.; Bonacucina, G.; Cespi, M.; Mastrotto, F.; Baffone, W.; Casettari, L. Chitosan Loaded into
a Hydrogel Delivery System as a Strategy to Treat Vaginal Co-Infection. Pharmaceutics 2018, 10, 23.



