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ABSTRACT

An efficient process for the synthesis of degradable hydrogels containing octa-betaine ester
polyhedral oligomeric silsesquioxane (POSS) through efficient thiol-ene and Menschutkin
click reactions was developed. The hydrogels exhibited a yield strength of 0.36 MPa and a
compressive modulus of 4.38 MPa and displayed excellent flexibility as well as torsion
resistance. Antibacterial efficacy of hydrogels (and degradation products) was evaluated using
Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive). Efficacy was
found to increase with the concentration of cetyl chloroacetate (CCA) in the hydrogel network,
reaching 93% and 99% for Escherichia coli and Staphylococcus aureus, respectively.
Degradation of hydrogels was observed in weak alkali conditions (pH = 8) and at physiological
conditions (pH = 7.4). The degradation time of the hydrogels could be finely tuned by variation
of the CCA content in the hydrogel and environmental stimulus. The tunable degradation
behavior under physiological conditions combined with high antibacterial efficacy could

render the presented materials interesting for tissue engineering applications.
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INTRODUCTION

Hydrogel materials are 3D porous polymer networks with high water content and tissue-like
softness. This has rendered them candidate materials in applications such as tissue engineering,
biosensing and drug delivery.!” Important features of hydrogels include biocompatibility,
biodegradability and antibacterial behavior. Biocompatibility is a prerequisite for therapeutic
applications. Biocompatibility has been reported for hydrogels composed of poly(ethylene
glycol) (PEG)*, polysaccharides® or other hydrophilic polymers®. Tunable degradation
behavior under physiological conditions is a desirable attribute for hydrogels used in tissue
engineering applications as the degradation process can provide space to promote cell
proliferation and infiltration of blood vessels.” Antimicrobial behavior is important because it
can reduce inflammation processes during regenerative medical procedures.®® One example
are quarternary ammonium salts (QAS) that have been used to realize hydrogels with broad
antimicrobial activity against bacteria, fungi and viruses> '°. However, a key problem with
QAS hydrogels is ‘fouling’ that occurs by deposition of the dead microorganisms on the
hydrogel surface. Fouling reduces the effectiveness of antimicrobial moieties and thus is a
frequent cause of inflammatory processes. The modification of surfaces with zwitterionic
groups (for example, based on hydrolyzed betaine esters) has shown to be effective to avoid
‘fouling’ and thus prolong the antibacterial function of surfaces.!!"!> The integration of QAS
groups into hydrogel networks through cleavable bonds is therefore considered to be a
promising strategy to develop biodegradable and antibacterial soft materials.

Various coupling methodologies based on covalent chemical cross-linking and physical cross-

linking have been used to fabricate hydrogel materials.!3-'* Traditional chemical cross-linking



processes suffer severe drawbacks including harsh reaction conditions, longer reaction time
and the potential toxicity of reactive substances, which has limited their application in
biological fields. Click chemistry has emerged as powerful tool to synthesize ‘soft hydrogels’
owing to advantages such as high reaction speed, high selectivity and mild reaction
conditions.'>"!” A variety of click reactions has been used to synthesize materials for tissue
engineering, including Diels—Alder and inverse electron demand Diels—Alder cycloaddition,
azide—alkyne cycloadditions, thiol—ene/yne conjugation reactions as well as the Menschutkin
click reaction'®2!, However, although much progress has been made in the field of coupling
chemistries, the design of injectable hydrogels with elastic modulus high enough to provide
sufficient structural support for tissue engineering applications remains a challenge.

Recent reports have demonstrated the inclusion of POSS into hydrogels to be a viable route
towards improving biocompatibility and mechanical properties??23. POSS can be thought of
as ‘molecular nanoparticle’ with a symmetric cubic cage-like nanostructure, inherent nanoscale
dimensions (about 0.5 nm in diameter) and multiple functionalities for chemical modification.
These features render POSS nanoparticles versatile building blocks for organic—inorganic
hybrid materials®*. Various kinds of POSS have been utilized to realize hybrid hydrogel
networks with enhanced properties via chemical and physical crosslinking?3-2°. For example,
PEG-POSS multiblock polyurethane hydrogels displayed higher stiffness than the according
polyurethane hydrogels, in which the POSS nanocrystals serve as physical cross-linking
points?’’.  Poly(2-hydroxyethyl = methacrylate) = (PHEMA)-based  hydrogels  with
multimethacryloxy-POSS as a crosslinker were shown to improve surface properties, swelling

behavior, and mechanical properties in the swollen state’®. POSS nanoparticles were also



introduced into poly(N-isopropyl acrylamide) (PNIPAM) gels as crosslinkers or
microporogens to develop stimuli-responsive hydrogels. Zeng et al. prepared
thermoresponsive POSS-containing PNIPAM hydrogels by using POSS with various long
flexible chains. Using scanning probe microscopy the authors demonstrated the microstructure
of hybrid hydrolgels to consist of hydrophobic nanodomains embedded within a cross-linked
poly(N-isopropylacrylamide) (PNIPAAm) matrix.?’ Recently, a new step-growth process
towards PEG hybrid hydrogel was demonstrated using in situ radical-mediated thiol-ene
photopolymerization with octamethacrylate-POSS as crosslinker.® Octa(propylglycidyl
ether)-POSS, mercapto-POSS, and octavinyl-POSS were also used in PNIPAAm gels to
improve the response rate and mechanical properties®> 3!-32, In contrast, the development of
POSS as a scaffold to enable injectable and degradable hydrogels with cleavable quaternary
ammonium salt group for antibacterial activity has been rarely reported.

By extension of a previously reported click chemistry approach to facilitate embedding of
POSS building blocks?®?, we demonstrate a novel injectable and base-degradable POSS-based
hybrid hydrogel with high antibacterial activity. In a first step, octa-ternary amino groups were
introduced into commercial octavinyl POSS through a simple and rapid thiol-ene click reaction.
Subsequent quaternarization of the functionalized POSS with chloroacetate derivatives
resulted in POSS-based hybrid hydrogels with multiple QAS through pH-sensitive cleavable
ester-linked bonds. The hybrid hydrogels exhibited a yield strength and elastic modulus of 0.36
MPa and 4.38 MPa. The antibacterial efficacy towards Escherichia coli and Staphylococcus
aureus was 93% and 95 respectively. The hydrogel network was readily degraded under weak

alkaline and at physiological conditions (pH = 7.4) to produce low toxic materials that retained



strong antibacterial activity.

EXPERIMENTAL SECTION

Materials. Octavinyl-T8-silsesquioxane (OV-POSS) was purchased from Hybrid Plastics Co.
(America). 3-(Dimethylamino)-1-propanethiol (DPT) was purchased from Shenzhen Aituo
Chemical Co., Ltd. (Shenzhen, China). 1-Hexadecanol and Benzoin dimethyl ether (DMAP)
were purchased from Aladdin (Shanghai, China). 1,6-hexanediol and monochloroacetic acid
were purchased from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China).

Tetrahydrofuran (THF) was dried over anhydrous MgSO4. The other reagents were used as

received.
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Scheme 1. Synthetic route to the CCA, HBCA and OA-POSS.



Synthesis of the Octa-amino-POSS (OA-POSS)

The OA-POSS was synthesized following to previously reported methods®®. As shown in
Scheme 1, Octavinyl POSS (OV-POSS) (0.63 g, 1 mmol) and 3-(Dimethylamino)-1-
propanethiol (DPT) (1.19g, 10 mmol) were added into the dried THF (5 ml) in a Schlenk flask.
The flask was wrapped with aluminum foil, and then the photoinitiator, DMPA (41 mg, 0.16
mmol), was added. After sealing, the mixture was purged with N> to eliminated oxygen. Then,
aluminum foil was removed and the reaction was triggered by UV-irradiation at 365 nm under
stirring at room temperature. As the reaction proceeded, OV-POSS gradually dissolved in the
solution. After 1 h, the UV-light was turned off and the flask was connected to a distillation
system. THF and excessive DPT were removed by vacuum evaporation at 30 °C, the resulting
viscous liquid was the targeted product in quantitative yield. '"H NMR (500 MHz, CDCl3): 1.0
(t, S1-CH>-CH>-S, 2H), 1.65-1.84 (m, S-CH;-CH>-CH>-N, 2H), 2.16-2.26 (m, N(CH3)>, 6H),
2.30-2.36 (t, S-CH2-CH2-CH>-N, 3H), 2.47-2.70 (m, Si-CH2-CH>-S, S-CH>-CH>-CH»-N, 4H);
13C NMR (500 MHz, CDCl3): 58.5, 45.3, 29.6, 27.3, 25.9, 12.9.

Synthesis of cetyl chloroacetate (CCA) and 1,6-hexanediol bis(chloroacetate) (HBCA)

The synthetic route to the CCA is shown in Scheme 1. A 250 ml round-bottom flask was
charged with 1-hexadecanol (24.25 g, 0.10 mol), monochloroacetic acid (14.17g, 0.15mol) and
p-toluenesulfonic acid (1.21g, 0.07mol) and toluene (100 ml). The mixture was heated to reflux
with stirring for 12 h. After the reaction, a sodium hydroxide (NaOH) aqueous solution (1 M,
60 ml) was added into the reaction mixture to remove the excessive monochloroacetic acid.
The organic phase was separated and washed with brine (50 ml). The organic phase was dried

over anhydrous sodium sulfate, and then concentrated to afford CCA (28.07 g, 88%) as a white



solid. "TH NMR (500 MHz, CDCls): 0.87-0.91 (t, CH3 3H), 1.27 ((CH>)13, 26H), 1.64-1.70 (m,
CHa, 2H), 4.07 (s, OOC-CH>-Cl, 2 H), 4.18-4.21 (t, CH>-OOC, 2H); '*C NMR (500 MHz,
CDCl): 14.3,22.1-32.4,29.8, 42.5, 67.5, 167.3.

HBCA was prepared following the similar procedure for CCA (Scheme 1). 1,6-hexanediol
(11.82 g, 0.1 mol), monochloroacetic acid (28.35 g, 0.3 mol), p-toluenesulfonic acid (2.41 g,
0.14 mol) and toluene (100 ml) were employed to give HBCA (23.58 g, 87%) as colorless
liquid (Scheme 1). 'H NMR (500 MHz, CDCl3): 1.39-1.42 (m, CH,-CH>-CH>-CH>-CH»-CH>,
4H), 1.66-1.72 (m, CH2-CH>-CH2-CH>-CH>-CH>, 4H), 4.06 (s, CH>Cl, 4H), 4.18-4.21 (t, CH>-
0O0C, 4H); *C NMR (500 MHz, CDCl3): 167.3, 67.3, 42.2, 28.3, 26.4.

Preparation of the hybrid hydrogels

In a 50 ml beaker, the prepared HBCA and CCA were dissolved in 0.8 ml isopropanol (IPA)
under stirring. OA-POSS (0.8 g, 0.5 mmol) was then added into the prepared solution. After
stirring for 10 minutes to get a homogeneous solution, the mixture was injected into a pre-
designed polytetrafluoroethylene mold (65 mmx*20 mmx1.2 mm) by a syringe and the viscous
mixture turned into a transparent organogel in less than 1 h. After mold removal, the POSS-
based hybrid organogel was repeatedly immersed in IPA for three times to remove the
unreacted reagents. Lastly, the POSS-based hybrid organogel was transferred and repeatedly
soaked in deionized water for three times to remove the IPA solvents. After the IPA was
completely replaced with water, the POSS-based hybrid hydrogel was obtained (Figure 5). The

feed ratios of the various samples were presented in Table 1.



Table 1. Summary of feed ratios used for hybrid hydrogels.

Molar ratio of

Sample OA-POSS HBCA CCA CCA/HBCA
POSS-HBCA4 08¢ 0.54¢g 0 0
POSS- HBCA3-CCA2 08g 041¢9 0.45¢g 0.7
POSS- HBCA2-CCA4 08¢ 0.27 g 0.64 g 2
POSS- HBCA1-CCA6 08¢ 0.14 g 0.96 g 6
Characterization

Chemical characterization was performed by 'H NMR and '*C NMR spectroscopy using a
Bruker AVANCE III 500 MHz. Chemical shifts were reported in parts per million (ppm)
relative to the internal standards, partially deuterated solvents or tetramethylsilane (TMS). The
structure of the dried hydrogel was characterized by Nicolet 6700 FTIR spectrophotometer
(Thermo, USA), Lambda 950 ultraviolet-visible-near infrared absorption spectrum (UV-VIS-
NIR) (Perkin-Elmer, USA) and X-ray photo-electron spectroscopy (XPS) (Axis Ultra, DLD,
Kratos UK). Contact angles of the samples were characterized by means of OCA20 contact
goniometer (Dataphysics, GER).

Compressive test

The mechanical properties of the hydrogels were tested by using a tensile-compressive tester
(Instron 5996, Instron Co.). Before testing, the hydrogel was soaked in PBS (pH = 7.0) bufter.
Each sample was allowed to swell to equilibrium. Hydrogel samples (16.8 mm diameter
cylinder, the height is about 3.0 mm) were placed on the center of the lower compression plate.
Then, the sample was compressed by the upper plate at a velocity of 1.0 mm min'!. The
maximum compression deformation was 30%, and the compressive strength and modulus were

recorded. Each sample was conducted three times.



Swelling behavior of hydrogels

The swelling behavior of the hydrogel was evaluated by measuring the weight of swollen
hydrogel (Ws) and freeze-dried hydrogel (Wo). A series of 0.2 g of the dried hydrogels were
immersed in PBS (pH = 7.0) buffer at 25 °C. At regular intervals, the swollen hydrogel was
wiped with wet filter paper to remove the residual water on the surface of hydrogels, and then
the weight was measured. The swelling ratio (SR) was calculated according to the equation:
SR = (Ws — Wo)l Wo.

Hydrogel degradation

The hydrogel disks were incubated in a vial containing 5 ml PBS buffer (pH = 8.0 or 7.4) (or
D>0) and placed in a constant temperature oscillator (37 °C, 110 rpm). At pre-determined time
points, a digital camera was taken to record the hydrolysis time of the sample. After the
complete hydrolysis, the resulted hydrolysate in D,O solution was characterized by 'H NMR.
Antibacterial test

Escherichia coli (E. coli, ATCC 25922) and Staphylococcus aureus (S. aureus) were chosen as
model bacteria to study the antibacterial property of the hydrogel samples at physiological
conditions. A single colony of each bacteria was used to inoculate 20 ml of Luria-Bertani (LB)
liquid culture (pH = 7.4) separately. After incubated overnight at 37 °C with shaking, the
cultures were diluted to the optical density of ~0.1 (E. coli) and ~0.05 (S. aureus) at 600 nm
with LB (the bacteria densities are 2.53 x 107 ¢fu/ml and 1.14 x 107 cfu/ml for E.coli and S.
aureus, respectively). The hydrogel was placed in a twelve-well plate containing 3 ml bacteria
and incubated for 37 °C for a certain time (E. coli 24 h) and (S. aureus 12 h). Finally, the

samples were washed with PBS buffer to remove the non-adherent bacteria. Bacteria adhering
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on the surface of the hydrogel were dyed by dropping diluted Live/Dead BackLight Kit
(Thermo Fisher Scientific Inc., NY) and observed with an Axio Observer (Carl Zeiss Jena.,
OBSERVER) inverted fluorescence microscope under a 40-fold objective lens.
Determination of minimum inhibitory concentration (MIC) of the hydrogel hydrolysate

The minimum inhibitory concentration (MIC), the lowest concentration of the applied material
that can inhibit the growth of an organism, was determined by using the batch cultures
containing different volumes of the hydrolysate of the hydrogels. E. coli and S. aureus were
also chosen. A single colony of each bacteria was used to inoculate 20 ml of LB (pH = 7.4)
separately. After incubated overnight at 37 °C with shaking, the cultures were diluted to the
optical density of ~0.1 (E. coli) and ~0.05 (S. aureus) at 600 nm with LB (the bacteria densities
are 2.53 x 107 cfu/ml and 1.14 x 107 cfu/mL for E.coli and S. aureus, respectively), then diluted
100 times with diluted culture solution to make the concentration of bacteria around 1-3 x 10°
cfumL.

The MIC of the aqueous solution of hydrogels was determined by two-fold dilution method. A
LB liquid culture (2 ml) was poured into the each well of the 12-well plate. Then 2 ml
hydrolysate (1 g/ml) of the hydrogel was added into the first well with a pipette gun. After
homogeneous mixing, 2 ml of the mixture was taken out from the first well and added into the
second well etc. until the 11™ well; 2 ml of the mixture was taken out of the 11" well, so the
concentration from 1 to 10 wells is diluted twice in turn. The 11" well was the control sample
with 2 mL LB liquid medium, and then 0.1 ml of diluted bacterial solution was added into each
well. After being incubated at 37 °C for 24 h, a digital camera was used to record the

experimental results. When the solution was clear, there was no large amount of bacterial
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growth. When the solution was turbid, it was bacterial growth. MIC was calculated based on

the viable colony count method. Each experiment was carried out in triplicate.

RESULTS AND DISCUSSION

OA-POSS with eight dimethylamino groups was synthesized by thiol-ene click chemistry™3.
Under UV-irradiation, 3-(dimethylamino)-1-propanethiol was found to react rapidly with OV-
POSS in quantitative yield to OA-POSS. Monochloroacetic acid reacted with fatty alcohol (1-
hexadecanol and 1,6-hexanediol) to form cetyl chloroacetate (CCA) and 1,6-hexanediol
bis(chloroacetate) (HBCA), respectively. Their purity and chemical structures were confirmed
by 'H- and *C-NMR spectroscopy (see Supporting Information, Fig. S1-S6). The chemical
structure of the gels was characterized by means of FT-IR spectroscopy.

From Figure S7, it can be seen that peaks at 2958 cm™! and 2864 cm™ were ascribed to the
symmetric and asymmetric vibrations of the -CH»- groups of the alkyl chains in the HBCA,
respectively. The peak centered at 1470 cm™!, was assigned to the bending vibration of -CHa-
moiety. Further, a band at 720 cm! (a characteristic absorption peak of long carbon chains -
(CH2),- for n > 4) was also observed. In addition, peaks at 1470 and 1186 cm™! were ascribed
to the stretching vibration of the carbonyl (C=0) group and the C-O-C stretching vibration in
the ester bond, respectively. Similar bands were observed for CCA (Fig. S7). After
Menschutkin click reactions, taking POSS-HBCA4 for an example, quarternization to OA-
POSS was confirmed by a new peak at 1129.8 cm™! (Fig. 1) that could be assigned to the Si-O-
Si stretching vibration of the POSS cage, the disappearance of the peak at 789 cm™! (indicating

the cleavage of the C-Cl bond) as well as a new band near 910 cm™ (Fig. 1) corresponding to
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the stretching vibration of the -C-N"- group. The reaction triggered the formation of the hybrid

hydrogel.
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Figure 1. FT-IR spectra of hybrid hydrogels. See text for more details.

To further confirm the structure of the hydrogels, XPS analysis was-performed. Figure 2
displays the XPS spectrum of the hydrogel revealing bands at 194.4 eV and 399 eV due to Clyp
and Nis transitions, respectively (Fig. 2). The Cly, band can be deconvoluted into two peaks
with binding energies at 194.4 and 196.3 eV, which correspond to the 2p orbital spin double
spectral line of Cl. The peak at 399 eV was attributed to the Nis (corresponding to the
quaternary ammonium salt group) thus confirming the Menschutkin reaction. The spectra
further revealed that the C-content within the hydrogel surface increased with the molar ratio
of CCA/HBCA. The C atomic content of POSS-HBCA4, POSS-HBCA3-CCA2, POSS-
HBCA2-CCA4 and POSS-HBCA1-CCA6 was 63.8%, 72.13%, 76.74% and 80.29%

respectively (see Table S1 in Supporting Information).
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Figure 2. Wide region XPS spectra of the hybrid hydrogel (POSS-HBCA3-CCA2) revealing Cis(B),
Nis (C), and Cly, (D) peaks in XPS spectra.

The swelling behavior of the hybrid hydrogels with different molar ratios of CCA/HBCA in
PBS bufter solution (pH = 7.0) is depicted in Figure 3. The swelling ratio SR (calculated as SR
= (Ws — Wo)/Wy, where Ws denotes the weight of swollen hydrogel and Wy the weight of the
freeze-dried hydrogel) rapidly increased with time of immersion, ultimately levelling off at the
equilibrium swelling ratio. The equilibrium swelling ratio of the POSS-HBCA3-CCA2, POSS-
HBCA2-CCA4 and POSS-HBCA1-CCAG6 sample was 300%, 500% and 800%, respectively.
This suggests that the increase of the molar fraction of the CCA /HBCA resulted in the increase
of the number of crosslinking points in the hydrogel network, thus facilitating more
pronounced swelling. Independent of the crosslink density, the equilibrium swelling ratio was
observed after about 48 hours. The short equilibrium swelling time was attributed to the high

concentration of quaternary ammonium groups in the hybrid hydrogel networks that increase
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the osmotic driving force for swelling.
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Figure 3. Plot of the swelling kinetics of the various hydrogels in PBS buffer solution (pH = 7.0).
The equilibrium swelling fraction increases with molar fraction of CCA/HBCA. Swelling is completed
after 48 h independent of the equilibrium swelling ratio.

The static water contact angle on the surface of the hybrid hydrogels with different molar ratio
of the CCA/HBCA were measured with an automatic optical contact angle tester. The optical
images of the water contact angle on the various hydrogel samples are presented in Figure S8.
The contact angle of the POSS-HBCA4 sample was only 88°, smaller than 90°, indicating more
hydrophilic behavior (Fig. 4). However, the contact angle of the POSS-HBCA3-CCA2, POSS-
HBCA2-CCA4 and POSS-HBCAI1-CCA6 sample increased to 100°, 108° and 113°,
respectively (Fig. 4). This indicated that the hydrophobicity of the hybrid hydrogels increased
with the molar ratio of the CCA/HBCA. We hypothesized that the increase of contact angle
was due to the enrichment of the hydrophobic alkyl and ester groups in the proximity of the
surface. This supports that the C atomic content at (and near) the hydrogel surface increases
with the ratio of CCA/HBCA (Table S1 in Supporting Information). This is relevant because,

the higher density of hydrophobic long-chain alkyl groups on the outer surface could raise the
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number of QAS groups contacting bacteria, which may benefit the killing efficiency towards

bacteria.
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Figure 4. Static contact angles of the dried hybrid hydrogels as determined by ellipsometry.
Hydrophobicity (indicated by increasing contact angle) increases with HBCA content.

The mechanical strength of hydrogels is an important parameter in applications such as
implants materials and medical dressings. Previous work has shown that the introduction of
POSS into hydrogel networks can improve the mechanical strength of the hydrogel materials*.
As shown in Figures 5C-F, the POSS-HBCA3-CCA2 hydrogel sample exhibited good flexural

and torsional stability and displayed full recovery after unloading.

(©)

Figure 5. Photographs of the hybrid hydrogels undergoing twist-torsion deformation. Panel (A) and (B)
are POSS-HBCA4 and POSS-HBCA1-CCA®6, respectively. Panel (C), (D), (E) and (F) are different
forms of POSS-HBCA3-CCAZ2, respectively.
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The mechanical properties of hybrid hydrogels were investigated by tensile compression.
Figure 6A displays the compressive stress-strain curves of hybrid hydrogels with different
molar ratio of CCA/HBCA. At compressive strains below 10% the response of the materials
was predominantly elastic (as confirmed by the linear stress-strain relation). Larger
compressive strains (10-20%) exhibited nonlinear behavior, ultimately resulting in the sharp
increase of the compressive stress when the compressive strain reached 20-30%. During the
unloading process, strain hysteresis was observed and attributed to a time-delayed elastic
response since all hydrogels eventually displayed complete shape recovery.

The results of compression testing are shown in Figure 6B. The figure reveals that the
compressive stress and the compression modulus of the hybrid hydrogel decreased
continuously with increasing molar ratio of CCA/HBCA. For example, the yield stress of
POSS-HBCA4 was 0.36 MPa whereas the yield stress of POSS-HBCA3-CCA2, POSS-
HBCA2-CCA4 and POSS-HBCA1-CCA6 sample was 0.24, 0.16 and 0.09 MPa under 30%
deformation, respectively. The compressive (elastic) modulus of the hybrid hydrogels
displayed a similar trend. The compression modulus of POSS-HBCA4, POSS-HBCA3-CCA2,
POSS-HBCA2-CCA4 and POSS-HBCA1-CCA6 was 4.38, 3.9, 1.2 and 0.4 MPa, respectively.
We interpreted this trend as a consequence of a decreasing crosslink density with HBCA
content. This allowed for the controlled variation of the mechanical strength of hybrid hydrogel
could by modulation of the molar ratio of CCA/HBCA.

The mechanical strength of the hydrogels after multiple loading-unloading cycles has been
examined to evaluate the stability and durability of the hydrogel samples. The maximum load

of the tested hydrogels decreased slightly with increasing the loading-unloading cycles but the
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change was rather small (Fig. S9). Again, considering POSS-HBCA4 as an example, the
original maximum load was ~62 N (Fig. S9A). Only a small decrease of the maximum load
was observed when the number of loading-unloading cycles increased. However, the
maximum load was almost constant at ~55 N even after 50 loading-unloading cycles, as
evidenced by only ~10% decrease. The above results confirmed the stability of the network
structure of hydrogels during the loading/unloading process. Thus, the hydrogels had good

elasticity and shape recovery ability.
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Figure 6. (A) Compression deformation stress diagram of the hybrid hydrogels (B) Yield stress and
elastic modulus of the hybrid hydrogels (yield stress is defined as stress at 30% deformation strain).

E. coli (Gram-negative) and S. aureus (Gram-positive) were used as the model bacteria to test
the antibacterial properties of the hybrid hydrogels. As shown in Figure 7 and Figure 8, the
concentration of the E. coli attached on the surface of the POSS-HBCA4 was the highest (Fig.
7A), up to 5.3x10° cfu/cm? (Fig. 8A). With increasing molar fraction of CCA in the hydrogel
network, the density of the attached E. coli on the hydrogel decreased significantly (Fig. 7C
and 7D). For example, the density of bacteria on the POSS-HBCA3-CCA2, POSS-HBCA2-
CCA4, POSS-HBCA1-CCAG6 hydrogel sample was determined as 3.2x10°, 2.4x105, 2.1x103

cfu/cm?, respectively (Fig. 8A), indicating that the long alkyl chain played a significant role in
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improving the bacterial resistance. Importantly, the killing rate of the hybrid hydrogels also
increased with the increase of CCA in the hydrogel network. The POSS-HBCA4 hydrogel
sample was found to only kill 69% E. coli, while the killing efficiency of the POSS-HBCA1-
CCAG6 hydrogel increased to 93% (Fig. 8B). When quarternary ammonium salt cation groups
were combined with the long alkyl group, the hydrophobic alkyl could facilitate the
quarternary ammonium salt penetrating the cell membrane and kill the bacteria’*3°. The
observed trend supports previous reports by Salton et al. who proposed that the mechanism for
antibacterial action involves the adsorption of QACs and the subsequent reduction of structural
integrity of the cytoplasmic membrane in bacteria’®>’. A similar mechanism might be
responsible for the observed trend. Compared with the antibacterial effect on E. coli, the
number of adhered S. aureus on the hybrid hydrogel was larger. The amount of the S. aureus
attached on the surface of the POSS-HBCA4 was up to 2.0x10% cfu/cm? (Fig. S9, 10). Similarly,
with increasing of CCA, the attached S. aureus on the hydrogel decreased greatly (Fig. S10,
11). However, the hybrid hydrogel showed better antibacterial efficacy on S. aureus (gram
positive). The POSS-HBCA2-CCA4 and POSS-HBCA1-CCA6 hydrogel sample could kill

almost ~100% of S. aureus (Fig. 8B), thus indicating excellent bacterial-killing activity.
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Figure 7. Confocal images of E. coli adhered on the various hydrogel surfaces, where A), B), C) and
D) are the POSS-HBCA4, POSS-HBCA3-CCA2, POSS-HBCA2-CCA4 and POSS-HBCA1-CCA®6,
respectively. Scale bars are 20 um.

It was reported that the cationic charge close to the ester bond renders normal ester quants
unusually stable to acid and labile to alkali.’® The strong pH dependence of the hydrolysis was
advantageous for the rapid cleavage of the product. This phenomenon was even more
pronounced for betaine esters.?*** Such esters undergo alkaline hydrolysis at a much faster rate
than esters lacking the adjacent charge. The large effect on the rate of alkaline and acid
hydrolysis of the quaternary ammonium group is due to stabilization/destabilization of the
ground state. The charge repulsion, involving the carbonyl carbon atom and the positive charge
at the nitrogen atom, is relieved by hydroxide ion attack, but augmented by protonation.3840
Compared with ester lacking the cationic charge, the rate of alkaline hydrolysis is increased
200-fold, whereas the rate of acid hydrolysis is decreased 2000-fold.*! Since the hydrogel in
this work has a similar chemical structure as the previously reported ester quants, the rapid
hydrolysis under weak alkaline conditions is in good agreement with the previously reported

results.
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Figure 8. A) the quantitative statistics for E. coli and B) the killing efficiency of the various
hydrogel towards E. coli and S. aureus; where a), b), ¢) and d) are the POSS-HBCA4, POSS-
HBCA3-CCA2, POSS-HBCA2-CCA4 and POSS-HBCA1-CCAG6, respectively.

Hydrogel containing quarternary ammonium salts have been shown to be effective against a
variety of bacteria*>. However, a common challenge is the adhesion of dead microorganisms
that can trigger immune response and inflammation. In this work, the quarternary ammonium
groups were crosslinked into the hydrogel network through cleavable betaine ester bonds,
which was expected to prevent the biofilm by degradation of the hydrogel. In this case, a tightly
bound water layer around hydrophilic chains is expected to induce large repulsive hydration
forces®*, In addition, the strong binding of the hydration layer of zwitterionic materials
promotes ultra-low-fouling 44¢. As shown in Figure S12, the hydrogel gradually hydrolyzed
when being immersed into a weak alkaline PBS buffer (pH = 8). For example, the volume of
POSS-HBCAA4 hydrogels continuously decreased and the solution became visibly turbid after
immersion in PBS buffer for 36 h, indicating the hydrolysis of the hydrogel. After 48 h
hydrolysis was found to be complete. The degradation is favored by the quarternary ammonium
group adjacent to ester bonds that exert a strong electron-withdrawing effect*!#’, thus reducing
the activation energy of the hydrolysis. From Figure 9, the hydrolysis time had a close

relationship with the molar ratio of the CCA/HBCA. The hydrolysis time of the PO Kinetics of
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the acid and alkaline hydrolysis of ethoxycarbonylmethyltriethylammonium chloride SS-HBCA4, POSS-
HBCA3-CCA2, POSS-HBCA2-CCA4 and POSS-HBCA1-CCAG6 hydrogel was 48, 36, 24 and
6 h respectively. This might be caused by the decrease of the crosslink density with increasing
of the molar ratio of the CCA which should promote the degradation of the hydrogel.

We further studied the hydrolysis of the hydrogel samples in PBS buffer at physiological
conditions (pH = 7.4). As shown in Figure S13, the tested hydrogel samples were gradually
swollen when being immersed into at physiological conditions. The hydrolysis behavior of the
hydrogels at physiological conditions was similar with that under a weak alkaline PBS buffer
(pH = 8). The hydrolysis time of the hydrogel sample was greatly decreased with increased
ratio of the CCA/HBCA at physiological conditions. The hydrolysis time of the POSS-HBCAA4,
POSS-HBCA3-CCA2, POSS-HBCA2-CCA4 and POSS-HBCA1-CCA6 hydrogel was 984,
744, 456 and 168 h (Fig. S14), respectively. However, the hydrolysis time of the hydrogels at
physiological conditions (pH = 7.4) was much longer than that under weak alkaline conditions
(pH = 8.0). For example, the hydrolysis time of the POSS-HBCA4 was only 48 h in PBS buffer
under a weak alkaline condition (pH = 8.0). In contrast, the POSS-HBCA4 needed 984 h to
fully hydrolyze in PBS buffer at physiological conditions (pH = 7.4). Therefore, the hydrogel
samples are expected to maintain excellent antibacterial characteristics at physiological

conditions.
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Figure 9. the complete hydrolysis time of the various hydrogels in PBS buffer (pH = 8.0), where (a),

(b), (c) and (d) correspond to POSS-HBCA4, POSS-HBCA3-CCA2, POSS-HBCA2-CCA4 and POSS-
HBCA1-CCAG6 hydrogel samples, respectively.

The degradation of POSS-HBCA4 was further studied by "H NMR to elucidate the mechanism
of degradation. After complete degradation, the hydrogel network was resolved to produce 1,6-
hexanediol and POSS-functionalized zwitterionic carboxybetaines. From Figure 10, the
chemical shifts of the COO-CH>- in the HBCA was 3.9 ppm. After degradation, the Hx
chemical shifts of the O-CH>- in the 1,6-hexanediol were shifted upfield to 3.4 ppm. Similarly,
the protons of the CICH>COO group showed significant upfield shift (from 3.8 ppm (Fig. S5)
to 3.1 ppm (Hg)). Conversely, the peak at 2.2 ppm ascribed to N-CH3 in the OA-POSS (Fig.
S1) shifted downfield (0.9 ppm) after hydrolysis due to the stronger electron-withdrawing
effect of the resulting ammonium ions. In addition, the protons (-CH>N-) of the OA-POSS also
showed a considerable downfield-shift (~ 1.1 ppm) after degradable process. These results
indicated that the hydrogel networks could be gradually degradable under the basic

environment due to the hydrolysis of the ester group under the basic environment.
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Figure 10. 'H NMR spectra of the hydrolysate of the POSS-HBCA4 sample in D,O.

To evaluate the antibacterial effect of the hydrolysate of the hydrogel, a minimum inhibitory
concentration (MIC) test was conducted. As shown in Table 2, the MIC of the POSS-HBCA4
hydrolysate against E. coli and S. aureus is 5000 pg ml'. In contrast, the MIC of the
hydrolysate of the hydrogel containing CCA towards E. coli and S. aureus significantly
deceased. The MIC of the hydrolysates of the POSS-HBCA3-CCA2, POSS-HBCA2-CCA4
and POSS-HBCA1-CCAG6 against E. coli was 156.25, 156.25 and 39.06 pg ml"!, respectively.
Compared with E. coli, the MIC of the hydrolysates of the hydrogels against S. aureus was
much smaller. The MIC of the hydrolysates of the POSS-HBCA3-CCA2, POSS-HBCA2-
CCA4 and POSS-HBCA1-CCA6 was as low as 9.77ug ml!. The antibacterial activity of the
hydrolysate was consistent with that of the hydrogel. Therefore, the hydrogel and the
hydrolysates both showed efficient antibacterial properties. Thus, the antibacterial properties

of these hydrogel materials are expected to be long-term effective at physiological conditions.
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Table 2. The minimum inhibitory concentration (MIC) of the hydrolysate of the hydrogels after
complete hydrolysis

Sample Conc. /7 ugmL"  POSS-HBCA4 POSS-HBCA3-CCA2 POSS-HBCA2-CCA4 POSS-HBCA1-CCAb

E.coli 5000 156.25 156.25 39.06
S.aureus 5000 9.77 9.77 9.77
CONCLUSIONS

A series of cross-linked POSS hydrogel networks containing betaine ester groups was
synthesized using thiol-ene click chemistry and subsequent reaction of amino functionalities
with chloroacetate derivatives. Upon immersion in PBS buffer, all hydrogels displayed rapid
swelling and an ultimate equilibrium swelling ratio of up to 800%. The contact angle of hybrid
hydrogels increased from 88° to 113° with increasing molar ratio of CCA/HBCA, thus
suggesting the enrichment of hydrophobic alkyl and ester groups on the hydrogel surface. The
hybrid hydrogels exhibited excellent mechanical robustness towards tensile, bend and torsional
deformation. For E. coli and S. aureus, the hybrid hydrogels displayed high antibacterial
activity. Increasing the content of cetyl chloroacetate (CCA) in the hydrogel network resulted
in higher killing rate of the hydrogels, presumably caused by the higher concentration of long
alkyl betaine ester. The hydrogel could be hydrolyzed under weak alkaline conditions and at
physiological conditions; the hydrolysis time increased with increasing concentration of CCA
in the hydrogel. The hydrolysis time of the hydrogels at physiological conditions was much
longer than that under weak alkaline conditions. The minimum inhibitory concentration (MIC)
of the hydrolysate towards E. coli and S. aureus was 39.1 and 9.77 pg ml”!, respectively. The

combination of favorable features, such as synthetic versatility, robust mechanical properties,
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antibacterial activity and tunable degradation characteristics could render these hybrid
hydrogels interesting candidates in areas such as tissue engineering or for interface

modification.
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