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Zwitterionic hydrogels have promising potential as a result of their anti-fouling and biocompatible
properties, but they have recently also gained further attention due to their controllable stimuli
responses. We successfully synthesized two zwitterionic polymers, poly(2-methacryloyloxyethyl
phosphorylcholine) (poly-MPC) and poly(2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyllammonium
hydroxide) (poly-DMAPS), which have complementary ionic sequences in their respective zwitterionic
side groups and likely form an interpenetrating double network to improve their mechanical strength.
The synthesized poly-MPC was blended in a poly-DMAPS matrix (MD gel) and showed high viscosity,
while poly-DMAPS was blended in a poly-MPC hydrogel (DM gel) and revealed UCST behavior as the
temperature increased. In addition, cross-section images of the MD hydrogel exhibited its compact and

uniform structure, while the DM gel was found to exhibit a porous micro-structure with clear
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Accepted 9th July 2019 boundaries. The results explained the low viscosity of the DM gel, which was also confirmed via 3D
Raman mapping. To sum up, the preliminary data demonstrated that binary zwitterionic hydrogels have

DOI: 10.1039/c9ra03834e thermosensitive mechanical properties, promoting further bio-applications in the future, such as in
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Introduction

Synthesized hydrophilic polymers can offer wide-ranging
designs for gelation via physical or chemical cross-linking,
resulting in the construction of three-dimensional polymer
network structures and good water swelling properties." Of
these, in particular, zwitterionic polymers forming hydrogels
show anti-fouling properties and have indirect pro-healing
effects for use in implantable medical devices, tissue scaffolds
and, especially, wound care.>* However, hydrogels composed of
chemically crosslinked polyzwitterions have issues with respect
to their mechanical limitations.” In the literatures, several
methods have been used to improve the mechanical strength of
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hydrogels, such as the formation of non-covalent bond (ionic
interactions® and hydrogen bonds’) hydrogels with highly
stretchable networks,® and double-network (DN) hydrogels.”**
The way in which DN hydrogels improve mechanical strength is
through the two polymer matrices, as one can provide a rigid
but brittle network and the other can present a soft and ductile
matrix, preventing crack propagation and resisting hydrogel
breaks. > The most typical DN gel pairs consist of poly(2-
acrylamido-2-methylpropanesulfonic acid) gel and poly-
acrylamide gel, with upgraded strength 100-1000 times higher
than the individual gels."**"** The difference here is that we do
not prepare an ultra-high toughness DN hydrogel in this study
but design an excellent anti-biofouling hydrogel with controlled
mechanical strength using a dual-polyzwitterionic double
network. Two polyzwitterions are individually prepared via the
polymerization of either 2-methacryloyloxyethyl phosphor-
ylcholine (MPC) or [2-(methacryloyloxy) ethyl]dimethyl-(3-sul-
fopropyl)lammonium  hydroxide = (DMAPS). There are
complementary ionic sequences on the zwitterionic side groups
of MPC and DMAPS, likely providing potential interpenetration
interaction sites via coulombic interactions.'®****> Poly-MPC is
composed of a cell-membrane structure with phosphorylcho-
line as a side chain and it has hemocompatible properties and
cell-adhesion resistance,'*'® while poly-DMAPS is a well-known
zwitterionic polymer having upper critical solution temperature
(UCST) behavior.*?** When the temperature is lower than the
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UCST, poly-DMAPS chains aggregate, enhancing chain entan-
glements and exhibiting higher viscosity.*** Once above the
UCST, the polymers preferably change to the sol state, relieving
the polymer tension and reducing the viscosity of the hydro-
gel.” Herein, we expect that this dual-polyzwitterionic matrix
could not only bolster the mechanical strength of a bulk-type
hydrogel but it could also lead to control of the thermores-
ponsive mechanical properties for controlled sustained release.
In future applications, such as wound healing care, thermo-
sensitive hydrogels have promising potential to encapsulate
painkiller medicines in wound patches and thus accelerate drug
release via a warming compress, promptly achieving pain relief.

Results and discussion

The components of the synthetic zwitterionic polymers and the
formation of truly independent-DN gels (no covalent bonds
between the two polymeric networks) are depicted in Fig. 1. The
synthesis processes can be divided into two parts: one involves
homo-polymer synthesis and the other involves the prepared
homo-polymers being mixed in secondary crosslinked matrices
to form truly independent DN gels.' The combination of poly-
MPC and poly-DMAPS to improve the intermolecular interac-
tions forms the basis of the thermosensitive mechanical
strength of the hydrogels in this study.

Firstly, zwitterionic homopolymers (either poly-MPC or poly-
DMAPS) were synthesized via UV irradiated free radical poly-
merization and characterized via 'H-NMR. The proton peaks
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corresponding to the side chains of poly-MPC are located at
6 3.8 ppm (-CH,N"-), 4.1 ppm (-POCH,CH,0-), and 4.3 ppm
(-NCH,CH,OP-). On the other hand, the peaks from the poly-
DMAPS chains appear at 2.2 ppm (-NCH,CH,CH,SO;) and
3.0 ppm (-CH,CH,S03) in the "H-NMR spectrum (ESI, Fig. S21).
In addition, the double peaks from vinyl groups (at 5.8 and 6.3
ppm) disappear, indicating that the radical polymerization
reaction has been completed. Following the structural charac-
terization, it is practical to tune the critical temperature around
the physiological temperature range; for this, the molecular
weight and concentration of the polymers are two pivotal
parameters to control the thermal response. The long poly-
DMAPS chains preferably form hydrophobic associations,
leading to precipitation in aqueous solvent. On the other hand,
the low molecular weight of the polymer makes it difficult to
form such associations between the polymer chains.'® Herein,
we adjusted the ratio of photo-initiator to monomer to different
values (0.5 mol% and 1 mol%) to prepare poly-DMAPS with two
molecular weights (M,, 21k Da and 46k Da), which were char-
acterized by GPC as shown in Fig. S3.1

In order to develop a hydrogel with UCST functionality, the
USCT properties of the poly-DMAPS should be well understood.
Turbidity measurements are a simple and common method to
evaluate UCST behavior. The UCST transition temperature is
defined as the temperature at the cloud point, which is taken as
the 50% transmittance of visible light in UV-visible absorption
spectra.”> When the solution temperature is below the transi-
tion temperature, the polymers aggregate and present a cloudy
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Fig. 1 A schematic illustration of polymerization and double network hydrogel formation. (a) The preparation of the initial polymers. (b) Poly-
merization through mixing the initial polymers (either poly-MPC or poly-DMAPS) with the respective secondary monomers and a crosslinker to
form double network hydrogels. Note: MD gel represents the initial polymer poly-MPC mixed in chemically crosslinked poly-DMAPS hydrogel. In
contrast, DM gel represents the initial polymer poly-DMAPS mixed in chemically crosslinked poly-MPC hydrogel.
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appearance in solution. On the contrary, the aggregated poly-
mer chains untangle and the solution turns transparent once
the temperature becomes higher than the UCST. During
turbidity measurements (Fig. 2), the low molecular weight poly-
DMAPS shows a relatively low cloud point at three concentra-
tions, compared to the high molecular weight polymer. The
short polymer segments may cause aggregation between poly-
mer chains, but only a small amount of heat is required for
dissolution.” In addition, the different polymer concentrations
presented different turbidity profiles. When the concentration
of low molecular weight poly-DMAPS increased from 1 wt% to
10 wt%, the cloud point shifted from 35 °C to 51 °C, while the
high molecular weight polymer presented a high UCST above
50 °C at all concentrations. As the result, the low molecular
weight (M,, 21k Da) homopolymer poly-DMAPS was chosen for
the following studies because its UCST range (1 wt% to 10 wt%)
covered the physiological temperature range. Although the
cloud point of lower molecular weight (M,, = 20k Da) poly-
DMAPS was also measured via turbidity testing, the poly-
DMAPS chains are too short to aggregate, even at room
temperature.

Following the preparation of the initial zwitterionic homopoly-
mers (either poly-MPC or poly-DMAPS), one prepared polymer was
mixed with the other monomer and a crosslinker before polymer-
ization to form bulk hydrogels in home-made cells (18 mm x
18 mm x 5 mm, Fig. S1t). In this study, there are two DN gel
prototypes, as shown in Fig. 1. One is the synthesized homopol-
ymer poly-MPC mixed in a crosslinked poly-DMAPS hydrogel,
which is called MD gel. The other is poly-DMAPS immersed in
a crosslinked poly-MPC hydrogel (DM gel), as shown in Fig. S4.f We
expect that both gels will have different characteristics due to the
thermally responsive poly-DMAPS existing in different matrices,
either incorporated as linear polymers unbound in a crosslinked
matrix or bound in a chemically crosslinked network; therefore it
will likely present varying UCST behavior in the hydrogels.

For the characterization of bulk-type samples, Raman spec-
troscopy is a useful and direct method and it takes advantage of
low sensitivity to hydrated samples.** It can provide a quick
characterization of bulk gels to obtain the composition ratio
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and homogeneity without breaking samples. In Fig. 3, the
interactions between incident photons and different functional
groups of poly-MPC and poly-DMAPS have been qualified and
quantified. The peaks at 795 cm™ " correspond to the phosphate
group of poly-MPC (labelled as peak “p”)* and the peaks at
1034 cm ™" are attributed to the sulfonate group of poly-DMAPS
(labelled as peak “s”).?® In addition, the composition of the bulk
hydrogels was firstly determined from the intensity ratios of the
selected peaks. The spectra can present the intensity ratios of
the selected functional groups at different monomer concen-
trations (C[MPC] : C[DMAPS]). However, an increasing concentra-
tion of the DMAPS monomer being present during
polymerization did not result in a proportional composition in
the hydrogel. Herein, a reasonable explanation is that it is like
that MPC has been diluted by DMAPS monomers. Moving from
1D Raman spectra to 2D Raman mapping, we chose the “p” and
“s” peaks to investigate the distribution of the two polymers in
a cross-section of MD gel. From this we can see that MD gel
presents a clearly homogeneous distribution of both polymers,
as shown in Fig. 4a.

Furthermore, bulk hydrogels (MD gel, DM gel, random gel)
were characterized via 3D-mapping Raman scanning to inves-
tigate the structural homogeneity.”” Based on the selected peak
of the sulfonate group of poly-DMAPS, tomographic Raman
mapping was performed from the intensity distribution in a 3D
micro-zone (10 x 10 x 10 um*). A high Raman intensity indi-
cated potential scenarios, such as self-chain interactions, which
are likely caused by UCST-related aggregation. More interest-
ingly, X-Z cross-section images of the DM gel showed noticeable
differences in intensity signals, as shown in Fig. 4c, demon-
strating more inhomogeneity in this dual-polymeric matrix
compared to MD gel. The phase separation of the DM gel is
likely caused because thermosensitive poly-DMAPS preferably
demonstrates intramolecular and intermolecular attractions
between the DMAPS side chains at temperatures below the
UCST.

In addition, the X-Z cross-section mapping images of
a random gel as a control presented the slight aggregation of
either poly-MPC- or poly-DMAPS-dominated phases, distributed
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Fig. 2 Turbidity cooling curves of poly(DMAPS) in aqueous solution: (a) lower molecular weight (M,, 21k Da) and (b) higher molecular weight (M,,
46k Da) synthesized homopolymer poly-DMAPS. A cloudy solution of poly-DMAPS is found at temperatures below the UCST (c, left), while the
solution becomes transparent at temperatures above the UCST (c, right).
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Fig. 3 Raman spectra analysis of hydrogels formed via the random polymerization of various monomer concentration ratios (Cimpc) : Cipmaps) =
1:1to1:4). The peaks marked “p” represent the phosphate groups of poly-MPC chains and the peaks marked “s" represent the sulfonate groups

of poly-DMAPS chain.

in a random pattern through the gel (Fig. 4d). Since the random
gel was prepared via the one-step polymerization of DMAPS and
MPC monomers with a chemical crosslinker, the zwitterionic
side chains of both monomers undergo interactions with each
other before polymerization. As the result, there is no inherent
UCST behavior between the polymer chains, because once
polymer chains are bound by the chemically crosslinked matrix,
the UCST polymers do not have enough freedom to undergo
sufficient intra-molecular interactions and the MPC side chains
can even interfere with the micro-structural aggregation of poly-
DMAPS segments during polymerization.

To study the double network rheology and thermosensitive
response of the zwitterionic hydrogels, the viscosities of the DM
gel, MD gel and random gel were measured; they are ranked in
the following sequence: MD gel > random gel > DM gel > poly-
DMAPS-only gel > poly-MPC-only gel, at slow shear rates (10~*
to 10 % s "), as shown in Fig. 5a. All two-component hydrogels
(MD gel, DM gel, random gel) were found to exhibit higher
viscosities than the single-component hydrogels made from
either poly-DMAPS or poly-MPC, proving the concept that the
double network boosts the hydrogel mechanical properties. This
concept was similarly confirmed through mixing the linear pol-
yzwitterions in the same polyzwitterionic chemical networks.*

In our binary polyzwitterion hydrogel systems, the properties
of the highest strength gel, the MD gel, were attributed to both
the physical and chemical crosslinked networks, which co-
facilitated the formation of a uniform double network struc-
ture.**> Poly-DMAPS in the MD gel has, however, been bound by

24244 | RSC Adv., 2019, 9, 24241-24247

covalent crosslinking, resulting in the absence of UCST behavior
in the MD gel (Fig. 5b). In contrast, the DM gel presented ther-
mosensitive viscosity at a constant shear rate. More interestingly,
compared to the UCST behavior of linear poly-DMAPS-only
solution (no chemical-crosslinking) shown in Fig. 2, the bulk
DM gel presented a steady reduction in rheological strength when
the temperature increased from 25 °C to 60 °C. This continuous
gradual decrease in viscosity might be attributed to the chemi-
cally crosslinked poly-MPC matrix. Although the aggregated poly-
DMAPS can be untangled once the temperature is above the
UCST, poly-DMAPS is still confined in the hydrogel matrix. As
shown in Fig. 5c¢, photos of the DM gel reveal a noticeable
difference in transparency at low and high temperatures, but even
at 55 °C there are still some thin but opaque reticulation patterns,
probably caused by chemically-bound poly-DMAPS.

However, the mechanical strength of the DM gel is weaker
than the random gel, which is likely related to the inhomoge-
neity of its UCST component during the gelation process
(Fig. 4c). We hypothesized that poly-DMAPS, as the free poly-
mer, was immersed in the second polymeric matrix yet formed
UCST aggregations at room temperature, reducing the interac-
tions with MPC side chains during the UV-initiated polymeri-
zation. Given the weaker mechanical strength of the DM gel
compared to the other DN gels, the thermo-reduced viscosity
DM gel has high potential for future drug release applications,
such as in heat-stimulated pain relief patches.*

Regarding mechanical failure, crack propagation is one of
the important factors undermining the usability of hydrogels.*

This journal is © The Royal Society of Chemistry 2019
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DMAPS in the MD gel, in which the scale bar is the intensity ratio of DMAPS to MPC side chains. 3D mapping images of (b) the MD gel, (c) the DM
gel, and (d) a random gel. The selected area for Raman scanning is 10 x 10 pm? with each layer at 10 pm intervals. The characteristic scale bar
represents the intensity of the sulfonate group derived from poly-DMAPS.

To deeply understand the microstructures of the hydrogel, we
investigated surface sections and cross-sections of the dual-
zwitterionic DN hydrogels via SEM imaging. As shown in
Fig. 6, the MD gel was constructed of a dense and uniform
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interior network. On the contrary, a cross-section of the random
gel showed clear porosity and elliptical pores, but these were
still distributed homogeneously throughout the bulk gel, while
the DM gel image revealed clear boundaries and uneven
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Fig. 5 Mechanical measurements of various zwitterionic hydrogels via a rheometer at an MPC : DMAPS molar ratio of 1 : 3. The hydrogels were
studied (a) at different shear rates at a constant temperature of 25 °C or (b) at different temperatures at the same shear rate (0.01 s™) to
investigate thermal sensitivity. (c) Photographs of the DM gel at room temperature or at 55 °C.
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porosity across the cross-section. This also provides additional
evidence to explain why the rheological viscosity of the hydro-
gels is in the order: MD gel > random gel > DM gel.

Conclusions

Zwitterionic hydrogels with promising properties, such as anti-
fouling functionality, can be currently used in implanted
devices or wound patches. However, their weak mechanical

24246 | RSC Adv., 2019, 9, 24241-24247

properties are still an unsolved issue for these bio-applications.
Herein, hydrogels have been successfully prepared with an
interpenetrating double network via the mixing of two zwitter-
ionic polymers, poly-MPC and poly-DMAPS, to improve
mechanical strength. The MD gel presented DN network-
boosted mechanical strength and a homogeneous microstruc-
ture but lacked a thermosensitive response. On the other hand,
unbound UCST poly-DMAPS in the DM hydrogel demonstrated
a reduction in viscosity as the temperature increased. Although

This journal is © The Royal Society of Chemistry 2019
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poly-DMAPS immersed in the DM gel lost its clear and instan-
taneous thermo-response, the DN network still improves the
mechanical strength of the DM gel and promotes further
applications, such as thermosensitive steady drug release via
a warm compress for wound healing care or pain patches.
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