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Abstract

Polymer network structures in the design of bilayer hydrogels for oral drug delivery systems
contribute to the mechanical stability as well as the stimulus responsive drug release. We report a
strategy to improve the stability of polyelectrolyte layer interfaces in bilayer hydrogels by
employing concepts from tough interpenetrating hydrogel network design. Polyvinyl alcohol as
the neutral substrate and Polyacrylic acid as the pH-sensitive layer were used to prepare bilayers
capable of pH-sensitive bending behavior, and inverse double network structures were compared
to conventional thin film coated bilayers in this study. The morphology of the bilayers observed
after exposure to stimulus revealed that the polyacrylic acid layer was fragmented in conventional
thin films. The delamination of the coating also had an adverse impact on bending behavior.
Additionally, bilayers with inverse double network structure had a better pH-sensitive swelling
behavior which was lacking in regular thin films. Controllable, pH-specific drug release behavior
was a direct benefit of using the inverse double network structure, and was demonstrated by
controlled vancomycin release under different pHs chosen to simulate the physiological milieu of
exposure corresponding to hydrogel passage along the gastrointestinal tract. Additionally, the
inverse double networks showed improved mucoadhesive properties and mechanical stability
compared to the thin film bilayers. The use of inverse double network structured hydrogels has
many potential applications in improving bilayer hydrogel stability; specifically, for drug delivery
systems, designing hydrogel origamis, and to prepare soft material actuators.
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Introduction

Stimulus-responsive hydrogels have been created by forming bilayers from two polymers
with distinctly different responses to environmental cues. Specifically, polyelectrolyte

Article reuse guidelines: sagepub.com/journals-permissions
Corresponding author: Teja Guda, University of Texas at San Antonio, One UTSA Circle, San Anntonio, TX 78249, USA.
teja.guda@utsa.edu.

Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.


http://uk.sagepub.com/en-gb/eur/journals-permissions

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miar et al.

Page 2

systems have been frequently exploited as one such polymer combination.2=3 Thin films are
generally produced using conventional techniques such as photolithography,** and these
bilayer hydrogels have demonstrated an ability to generate large deflections upon
stimulation.? Depending on their molecular structure, stimulus-responsive hydrogels are able
to respond to changes in the pH,® temperature,’ light® or ionic strength® of the environment
with a change in their volume. Through appropriate design of bilayer architecture,19 these
changes in volume may be converted into longitudinal,1! folding,12 rolling,” twisting'3 and
bending movements® of the overall hydrogel construct. Such factors are important
characteristics for biomaterials used for oral drug delivery because they can be programmed
for sequential response to an acidic environment in stomach, followed by a sudden pH
change in the intestine. The design of the hydrogel actuator determines the specific type of
movement generated in response to the change in volume. A longitudinal movement is
generated when the hydrogel is allowed to expand or contract uniformly, whereas folding or
bending movement occurs when the hydrogel is locally stimulated or the actuator design is
non-isotropic.12 Various factors such as inhomogeneity in the swelling ratio* or the relative
differences in the actuation of sections of a bilayer® can result in the development of
anisotropic stresses in the construct curvature. Concerns such as delamination and weak
attachment between the bilayer components may cause poor actuation and strategies such as
interpenetrating polymer networks have been proposed to resolve such issues.? Furthermore,
while the bio-functionality of bilayers with regards to stimulus-responsive drug release has
been widely reported, there are limited degrees of quantification of their stability and
bending mechanics in response to physiological stimuli.

Double network#15 and inverse double network (IDN) hydrogels®17 have recently been
proposed for biomedical applications such as the regeneration of cartilage!8 and tendons,1°
or to function as artificial muscles?C to leverage their relatively advantageous mechanical
properties such as low sliding friction,?! high extensibility and recovery,?2 and high
toughness and ability to absorb shocks.22:23 In addition to considerably improved
mechanical properties, the use of polyelectrolyte hydrogels in IDNs opens up the potential
for applications as smart (stimulus-responsive) drug delivery systems.24 Generally, double
network hydrogels comprise two networks wherein a brittle polyelectrolyte serves as the
first network while the second network is a loosely cross-linked polymer!® within the first
network. IDN hydrogels comprised a neutral hydrogel as the primary network and a
polyelectrolyte polymer as the second network.2> The concept of using two networks has
shown many benefits for stimulus responsive designs such as origami-inspired fabrications,
26,27 actuators?8 and bilayers.10 However, interpenetration techniques such as double
network and IDN systems have not been extensively explored in simple bilayers specifically.
In addition, while IDN hydrogels may offer a novel approach in structures such as bilayers,
the use of such stimulus responsive mechanical bilayers as drug delivery systems bears
further investigation.

The current study focuses on the use of IDNs in bilayers and evaluates the impact of IDN
structure on the functionality of bilayers, with the objective of developing bilayers for an
oral drug delivery system. The specific polymers employed for this bilayer system are
polyvinyl alcohol (PVA), a neutral hydrogel and polyacrylic acid (PAA), a pH-sensitive
hydrogel. The ability to use a bilayer actuated by changes in pH to bend, and subsequently
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provide greater surface area for mucosal contact is specifically investigated in this study for
oral drug delivery system considerations. Additionally, in an effort to improve mechanical
properties and stability of bilayer hydrogels in environments with different pH, this study
also compared PAA-PVA thin films made by conventional techniques to PAA-PVA bilayers
fabricated as IDNs. Delamination,29:30 the impact of IDN hydrogels in actuation of the
bilayers, and their corresponding drug release profile are characterized. Additionally, since
bending deflections have previously been reported by measuring bending angle3! or
displacement distance from the zero order,32 the bending strain of the developed bilayers are
measured directly using a strain gauge in order to better quantify bilayer efficacy under
stimulus.

Material and methods

Materials

In this study, acrylic acid (AA) monomers and polyvinyl alcohol (PVA) (M, =72000 g.mol
-1 degree of hydrolysis >99%) were used to fabricate the bilayers. Ethylene glycol
dimethacrylate (EGDMA) was used as the crosslinking agent, ammonium persulfate (APS)
was used as the thermal initiator, and sodium disulfite (SDS) was used as the co-initiator.
Vancomycin hydrochloride was used as the model antibiotic to evaluate drug release. All
supplies were purchased from Sigma Aldrich (St. Louis, MO).

Sample preparation

PVA was dissolved in double distilled water (5% w/v) at 90°C for 8 h and the solution was
cast into a Petri dish and maintained at 80°C for 24 h until dry. AA polymerization solution
was prepared by mixing AA monomers with crosslinking agent (EGDMA), initiators (APS
and SDS) and distilled water in the molar ratio of 1:0.01:0.005:0.1. To fabricate IDN
bilayers, the AA polymerization solution was applied to the PVA film, followed by having
the film remain in a sealed Petri dish at room temperature for 3 h to ensure diffusion of the
monomer solution into the PVA film. The temperature was then elevated to 75°C for 2 h,
followed by a post-polymerization step at 45°C for 24 h to complete the reaction. Thin films
were made by applying AA monomer solution to the PVA film followed by immediate PAA
polymerization. In all groups, the weight ratio of AA to PVA was maintained at 5:95. After
the reaction, samples were washed overnight in double-distilled water and dried at room
temperature. Figure 1 shows the schematic representation of the PVA, bilayers with inverse
double network (IDN) and thin film (TF) bilayers prepared in this study.

Characterization

Scanning electron microscopy.—Morphological structure of the samples was observed
by scanning electron microscopic (SEM) analysis (CamScan MV2300, Electron Optic
Services Inc, Ottawa, ON) before and after bending experiments (detailed in Materials and
Methods: Bending Actuation). Samples were prepared by first coating with silver and
imaged at 20 kV. In addition, the cross sections were imaged after samples were fractured in
liquid N to observe the fracture surface morphology.
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FTIR spectroscopic characterization.—Molecular composition of dried samples was

characterized using the Fourier Transform Infrared (FTIR; Bruker Optics, Billerica, MA) in
attenuated total reflection (ATR) mode. The spectrum range observed was between 1500 cm
~Land 2500 cm™1,

Contact angle measurement.—PVA, IDN and TF membranes were evaluated using a
VCA Optima contact angle (AST Products Inc., Billerica, MA) using water droplets to
measure the static contact angle (©) for each preparation.

Stimulus responsive swelling behavior.—To compare the swelling behavior of the
samples in acidic, neutral and basic environments, the dried samples were immersed at 37°
in various buffer solutions (pH: 2, 7 and 9) representative of physiological milieu to
determine the resultant swelling ratio. The ionic strength of all the buffers was kept constant
at 0.5 M. Swollen samples were retrieved and weighed immediately after residual water was
dried off the sample surface using filter paper. Equilibrium swelling ratio (equation (1))33
was defined as the relative weight change of the wet hydrogel (W) as a proportion of the
dried sample (W) weight (equation (1))

wt—wd 1)

Swelling Ratio = wd

Mucoadhesion testing.—To evaluate the impact of bilayer structures on mucoadhesion,
porcine small intestine tissue was freshly harvested and washed with PBS. Intestine
specimens were used without any modifications and were affixed on polyvinyl chloride
sheets. Bilayer samples (six per group) were soaked in pH 7 buffer to reach swelling
equilibrium and were then cut into rectangular shapes (2 x 1 cm?), which were affixed on
polyvinyl chloride sheets. Samples and the porcine segments were then held together under
1 N load for an hour, followed by testing in lap shear mode3* (UStretch, CellScale,
Waterloo, ON).

Bending actuation.—In order to quantify deflection upon actuation by differential
swelling, bending experiments were conducted by attaching a strain gauge to swollen
hydrogels and measuring resultant voltage output. Samples were first immersed in a pH 2
solution to simulate the pH of the stomach, followed by attachment of the strain gauge to the
swollen samples. The samples were then immediately placed in a pH 9 solution and the
bending behavior was recorded using an oscilloscope (Agilent Scientific Technologies,
Santa Clara, CA) for voltage readings. The area of the swollen hydrogel specimens was the
same as the area of the strain gauge (1 x 0.5 cm?2), and the measurement was stopped upon
reaching equilibrium voltage output (corresponding to equilibrium strain). Strain sensor
BF350-3AA/1.5AA circuit was used to filter noise as well as to amplify the voltage signal.
The Gauge/Sensitivity Factor and Rg of the strain gauge (Figure 2) used in this study were
2.0 and 3500, respectively. As detailed in equation (2),3° where Rg is the specific resistance
of the undeformed strain gauge (Rg = 350Q) and AR is the change in resistance caused by
the strain (&), the strain is calculated using the voltage (V) measured by the strain gauge.
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This equation is derived from the general Wheatstone bridge equation used to setup the
circuit (Figure 2(a))

AR/Rg
€= Gauge Factor

O]

Drug release profile.—Vancomycin was used as a model antibiotic to evaluate the drug
release profile. Different quantities of antibiotic were used for each sample based on the
initial sample’s weight to maintain constant loading concentration. The solution containing
10 mg/mL of vancomycin was prepared and the samples were then soaked overnight at room
temperature in the antibiotic solution. The volume of the antibiotic solution used did not
exceed the swelling equilibrium at pH: 7 to ensure that the entire antibiotic solution was
absorbed by the hydrogel samples. The release profile of the loaded vancomycin was then
measured over a 10-h period using a plate reader (Synergy 2, BioTek, Winooski, VT) at 465
nm38 in different pHs (2, 7 and 9).

Statistical analysis.—For each technique, four independent replicates were characterized
and quantified. Data were statistically analyzed using one-way analysis of variance
(ANQVA) across the three hydrogel designs followed by Tukey’s test for post hocto
determine significant differences at p < 0.05 (SigmaPlot v14, SyStat Software Inc, San Jose,
CA).

Results and discussion

The ability of oral drugs to achieve desired effects is very much dependent on their release,
which in turn is dependent on the biomaterials used to deliver the drugs by leveraging the
large movements generated by these hydrogels upon stimulation.2 Depending on the
molecular structure of the specific polymers used, stimuli-responsive hydrogels are able to
respond to changes in environmental stimuli such as pH,® temperature,’ light® or ionic
strength® with a change in their volume. Further, applications such as oral drug delivery
systems benefit from having a bendable structure since such changes in shape potentially
provide greater exposed surface area with increased attachment to the mucus layer. In an
attempt to improve the mechanical properties of these polymers in their intended
environments, namely in the acidic environment of the stomach followed by a sudden
change in pH in the intestinal environment, the fabrication design of bilayers was modified
in the current study.

Representative surface and cross-sectional SEM micrographs of the dehydrated bilayers
(Figure 3) indicated no distinct features with regards to the unmodified PVA gel whereas
three distinct layers were observed in the TF and IDN designs indicating an intermediate
layer, a PVVA substrate and a PAA top layer. The average thickness of the PAA layer in the
TF design was observed to be 33 £ 7 mm while the thickness of the PAA layer in the IDN
design was observed to be 67 + 1 um. The intermediate layer in the TF design was also
observed to be thinner compared to the IDN design, suggesting improved interpenetration of
the PAA into the PVA in the IDN design. This observation is consistent with literature
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reports indicating3’38 that the immediate crosslinking of layers in TF designs achieves
thinner and more distinct PAA layers compared to IDN designs. Additionally, it was also
observed that the surfaces of the PAA top layers for TF designs were brittle and fragmented
after exposure to both acidic and basic environments (Figure 3), suggesting the presence of a
free PAA network at the surface since the pure PAA hydrogel is well known to have poor
mechanical properties,39 especially in a basic environment.4%41 In contrast, the PVA
network combined with PAA in the interfacial layer enabled the IDN design to maintain
structural and morphological stability during the changes in pH.

The FTIR-ATR spectra (Figure 4) verified complete polymerization of the PAA top layer
and indicated the presence of carboxylic groups (1720 cm™1) in both the TF and IDN
designs. The C=0 band at 1711 cm™1 is the anhydride formation in PAA as dimers*2 in both
the TF and IDN. As shown in Figure 4, there is no absorption at this band in PVA samples.
A broad band in the region between 3000 cm~1 and 3500 cm™1 was also observed, indicating
the presence of hydroxyl (OH) group as the most characteristic band for PVA. There is also

another vibration influenced by anhydride formation at 2929 cm=1 known as C-H vibration.
42,43

As shown in Figure 5, no significant difference in contact angles was observed between the
PVA (control) and IDN groups, suggesting similar surface chemistry and subsequently
similar hydrophilicity. Although no significant difference in contact angles was observed
between the PAA and TF groups, significant differences were observed when comparing
these two groups to the PVA and IDN groups. According to previous studies,*445 it was
suggested that the presence of polar hydroxyl and carboxylic groups would increase the
surface wettability, whereas the presence of crosslinking agents in the PAA may lead to the
changes in the surface morphology causing the increase in the contact angle.

Figure 6 shows the swelling behavior of the PVA, IDN and TF groups after immersion in
varying pH buffers over time. Non-homogeneous swelling rates were observed between the
different groups tested. Figure 7 shows the swelling equilibrium of the three tested groups,
with the PVA (control) group showing no significant difference in swelling ratios after
immersion in different pHs. Significant differences in the swelling ratios were observed for
the IDN and TF groups, with the gradual increase in swelling ratio observed in the IDN
group as the pH is increased. At a pH of 9, 7 and 2, the swelling ratio for the IDN group was
observed to be at 300%, 180% and 87%, respectively. With the TF group, the swelling
behavior indicated sensitivity only to the basic environment (swelling ratio at pH: 9 at
211%) since no significant changes in swelling ratios were observed when the samples were
immersed in buffers of pH 2 or 7. In addition, the time for the PVA hydrogel controls to
achieve swelling equilibrium was 190 min and was independent of the pH. In contrast, the
time for the TF and IDN groups to achieve swelling equilibrium was dependent on the pH
environment. Differences between the TF and IDN groups observed were the time to achieve
equilibrium, with the TF group achieving equilibrium ranging between 120 min (pH 2) to
270 min (pH 9), whereas the IDN group required a broader time range to achieve swelling
equilibrium: 150 min (pH 2) to 720 min (pH 9).
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PVA hydrogels have both crystalline and amorphous phases leading to outstanding
mechanical properties but limiting the water uptake capacity.*®6 When PAA is introduced at
the surface of the IDN design, the AA forms hydrogen bonds through -COOH in addition to
the physical entanglement of polymer chains, thereby generating a stable bilayer. This
structure, as observed in Figure 5, would have a higher contact angle due to a denser
network at the surface. It is also known that the basic environment would lead to the
ionization of carboxyl groups in the PAA backbone chains. COO™ charges repel each other
causing higher water uptake by the hydrogel network. As observed in this study, the swelling
results suggest that the TF group retains a free PAA network on top which has limited
involvement with the underlying PVA network and thereby result in increased water uptake
capacity. However, the delamination observed after pH changes in the TF group (Figure 3)
also suggests an overall mechanically unstable structure, which in turn impacts the effective
swelling behavior of TF membranes. In contrast, the IDN group has PAA polymerized in
between PVA network which not only led to increased water uptake capacity but also a
stable and effective pH sensitive swelling behavior.

The mucoadhesion properties play an important role in the local availability of the drug and
successive absorption into the mucosal layer.4” Previous studies show PAA, as a carboxylic
polymer, creates a significant mucoadhesion with mucus glycoprotein, while this feature can
be suppressed at basic pH.#8 Since the adhesion measurement is conducted at pH: 7, the
carboxylic groups in TF and IDN are unprotonated at this pH, which is higher than pKa =
4.28. Figure 8 shows the adhesion strength between the hydrogels and the intestinal mucosa.
The TF group demonstrated significantly lower adhesion properties while the PVA hydrogel
control showed significantly higher mucoadhesive properties among the three groups tested.
This is mostly due to the higher unprotonated carboxylic groups at the surface which is
lower in IDN samples due to the presence of PVA. Such differences could be also due to the
mobile PAA chains in between the PVA crystalline structure that would lead to greater
entanglement of chains with the mucus layer, thereby producing a mechanical adhesion
mechanism.*® The mechanical entanglement mechanism could be limited in PAA due to the
use of the crosslinking agent and restriction of the PAA chain mobility.>% Additionally, the
hydroxyl groups in PVA hydrogels and the carboxylic groups in PAA are responsible for
hydrogen bonding which enables an adsorption mechanism.>! The combination of
adsorption and mechanical mechanisms have been suggested to contribute to the higher
mucoadhesive properties observed in PVA,32 whereas lower adhesion strength was observed
for the TF and IDN groups, which is explained by the limited PAA chain mobility at the
contact surface.#” This mechanism is also supported by the strong correlation between
contact angle measurements (Figure 5) and the mucoadhesive properties, where the more
hydrophilic surface demonstrate significantly higher mucoadhesion.

Vancomycin was successfully released from PVA, IDN and TF hydrogels under three
different pHs (2, 7 and 9) at 37°C, over a duration of 10 h (Figure 9). A faster release was
observed for the PVA group initially in the first hour, followed by a slower release rate for
the remainder of the experiment. Due to the positive charge of vancomycin hydrochloride®3
and neutral nature of PVA, less drug-hydrogel charge interaction is expected to lead to
passive drug release. Additionally, it was observed that 70% of the loaded vancomycin in the
PVA group was released after 10 h.
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In the acidic environment, the TF group released up to 55% of the loaded drug. Charge-
charge interaction between PAA, vancomycin and the buffer led to an electrostatic attraction
which potentially limited the release of the drug at higher rates. However, by ionization of
the carboxylic acid groups of PAA in the TF in basic environments when the pH exceeds the
pK, of PAA, the ion exchange between the buffer and the hydrogel causes vancomycin to
overcome the electrostatic interaction between the hydrogel and drug, which led to higher
drug release. Additionally, no significant difference in the drug release was observed for the
TF group when placed between pH 7 and 9. In contrast to the TF and PVA control groups,
the IDN group was observed to have a relatively lower drug release of up to 67% in the basic
environment and a significantly slower drug release rate in the acidic environment,
suggesting a more pH-specific controlled release. As a result of the double network
structure, the data suggests that the vancomycin has less charge-charge interaction with the
hydrogel due to the presence of PAA in the IDN compared to the higher ratio of free PAA in
the TF. However, it has also been reported that the presence of PAA in the PVA hydrogel
affects drug release since PAA acts as a crosslinker at the PVA-PAA interface, which
reduces polymer mesh size and effectively reduces the release rate.>* Lower drug release
rate from IDNs in acidic environment and also more controlled drug release have been
suggested to be more beneficial for longer term drug release with controlled stimulus
responsive release behavior.

Bending behavior of the hydrogel is considered a critical characteristic of the bilayers since
no bending is observed once swelling equilibrium is achieved. Upon oral delivery, the
hydrogels containing drug pass through the gastro-intestinal tract and are exposed first to an
acidic environment in stomach, followed by a sudden change in pH in the intestine.>® The
bending of the bilayers in this study was studied over equilibration after a change from an
acidic to a basic environment to mimic anticipated physiological milieu of exposure. No
significant difference in the bending behavior was observed when the PVA control group
was exposed to the different buffers (Figure 10). This insignificant bending behavior in PVA
observed was anticipated since it was homogenous and uniform in structure, thus lacking the
differential strain arising in bilayer designs. In contrast, significant bending behavior was
observed in the TF and IDN groups, suggesting the ability of the PAA layer to induce non-
homogenous swelling and thus leading to deformation of the bilayers. The greater
interpenetration and binding of PAA layer into the PVA in the IDN group induced
significantly higher bending strain when compared to the TF group (Figure 10). SEM
micrographs in Figure 3 show the morphology of tested samples after bending measurement.
The PVA control and IDN groups indicated no broken or damaged layers whereas the TF
group shows broken layers which would directly impact the bending behavior. These
observations suggested that interpenetration of PAA into the PVA resulted in a stronger and
more effective hydrogen bonding between the two layers, thus preventing delamination of
PAA after exposure to environments of different pH. This study also suggested that
hydrogen bonding increased the effective stability at the interface of the IDN group while
there was a lack of bonding and subsequently insufficient interfacial strength to support
stimulus responsive function in the case of the TF group. Additionally, the SEM
micrographs (Figure 3) also suggested that the stresses applied to the layers cause
undesirable delamination of the bilayers during the stimulation, as observed in the TF group.

J Biomater Appl. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miar et al.

Conclusion

Page 9

In this study, IDN and TF bilayer hydrogel fabrication was compared. It was observed that
using IDN structure in bilayers improve their bending behavior by offering improved
stability of layers in addition to the stimulus responsive drug release. From this study, it was
concluded that the use of IDN design to deliver drugs from polyelectrolyte polymeric
bilayers was more favorable stemming from both structural stability in various environments
as well as greater pH sensitive control of drug release.
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Figurel.
Schematic image of (a) PVA, (b) IDN and (c) TF membranes. The PVA membrane

comprises pure PVA chains with physical crosslinks, which causes crystalline regions in the
membrane. TF has a PAA coating layer with minimized interaction with the PVA layer while
the IDN has an intermediate layer which indicates the polymerization of PAA within the
PVA layer. PVA: polyvinyl alcohol; IDN: inverse double network; TF: thin film; PAA:
polyacrylic acid.
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(b)

| (08

PVA Strain Gauge

PAA

Figure2.
(a) Strain gauge circuit diagram: schematic of circuit used to filter noise and amplify voltage

signal form the strain gauge. (b) Schematic image of membranes attached to the strain gauge
from the substrate side. (c) The image of membranes attached to the strain gauge by carbon
tape as prepared.
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Cross sections

IDN

Figure 3.
SEM images of surface and cross section of PVA, IDN and TF. Different layers of PAA

interpenetration into PVVA were observed in both IDN and TF. The average thickness of the
thin film was 33 £ 7 mm and IDN thickness was 67 £ 1 um. Samples were also imaged after
being exposed to acidic and basic environments. The images show broken pieces of the PAA
layer on the TF surface while IDN showed no delamination. Imaging was conducted at 20
kV (Scale bar is 100 mm). PVA: polyvinyl alcohol; IDN: inverse double network; TF: thin
film; PAA: polyacrylic acid.
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Figure 4.
ATR-FTIR results of PVA, IDN and TF membranes. The presence of hydroxyl and carboxyl

groups were observed at 3000 to 3500 cm™1 and 1720 cm™1, respectively. This indicates
PAA polymerization in both the IDN and TF samples. ATR-FTIR: Fourier Transform
Infrared—attenuated total reflection; PVA: polyvinyl alcohol; IDN: inverse double network;
TF: thin film; PAA: polyacrylic acid.
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Figure5.
Contact angle measurement of PVA, IDN, TF and IDN membranes to compare surface

hydrophilicity. Contact angle results for TF and PAA were significantly different (*, p<
0.05) compared to IDN and PVA. PAA and TF showed similar contact angle (47 and 50°,
respectively) while PVVA and IDN reveal similar hydrophilicity (contact angles of 29 and
27°, respectively).
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Figure®6.
Swelling behavior of (a) PVA, (b) IDN and (c) TF membranes in buffers of varying pH (2, 7

and 9) over time. PVA: polyvinyl alcohol; IDN: inverse double network; TF: thin film.
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Figure7.

Swelling equilibrium of PVA, IDN and TF in buffers of pH 2, 7 and 9 indicating maximum
possible water uptake per sample. PVA: polyvinyl alcohol; IDN: inverse double network;
TF: thin film.
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Figure 8.
Mucoadhesion testing of PVA, IDN and TF on porcine small intestinal mucosa indicating

detachment force required in PBS. Samples reached swelling equilibrium and were tested
using a single lap shear configuration after being adhered under 1 N load. PVA: polyvinyl
alcohol; IDN: inverse double network; TF: thin film.
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Figure.
Drug release profile of (a) PVA, (b) IDN and (c) TF over time. Cumulative drug release of

vancomycin was quantified every hour for each group in three buffers with varying pH (2, 7
and 9). PVA: polyvinyl alcohol; IDN: inverse double network; TF: thin film.
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(a) Bending of PVA, IDN and TF after transfer from a buffer of pH 2 to pH 9 over time. (b)
The bending equilibrium of tested membranes. Changes in strain were reported to monitor
bending behavior and measured at two-minute intervals. Bending equilibrium of IDN and

TF were significantly different from PVA bending strain (*, p < 0.05). PVA: polyvinyl

alcohol; IDN: inverse double network; TF: thin film.
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