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Abstract

Background: Photopolymerised poly(2-Methacryloyloxyethyl phosphorylcholine) (MPC) hydrogels have gained significant
interest in biomedical applications, particularly in mechanobiology and mechanomedicine, due t tunable mechanical
properties and biocompatibility. This study aims to investigate the swelling and mechafli ehaviors of poly(MPC)

hydrogels crosslinked with different agents to assess their suitability for biomedical @ ns. Methods: Two sets of
traviolet (UV) light (365 nm,
(DMPA) as a photoinitiator. In the first

photopolymerised MPC hydrogels were synthesized by free-radical polymerizagi

3200 W/m?) for 10 minutes using 0.5 w/v% 2,2-Dimethoxy-2-phenylacetopl
experiment, 25 w/v% MPC was crosslinked with pentaerythritol tetraacrylate
second experiment, the same MPC concentration was crosslinked wQ%thylene glycol dimethacrylate (TEGDMA).

Hydrogel appearance and chemical composition were characteriN
infrared (ATR-FTIR) spectroscopy. Swelling volume and rh gi’l p

PETA) at varying concentrations. In the

attenuated total reflectance Fourier-transform
perties were assessed after two days of swelling in
distilled water at room temperature. In a third experimen
25 w/v% MPC and 15 v/v% TEGDMA, and alkyne gr8
PETA) appeared white, whereas poly(MPC-TEGEDM as transparent. ATR-FTIR spectra confirmed successful
polymerization by identifying the functional groyps i C,PETA, and TEGDMA. Both poly(MPC-PETA) and poly(MPC-
TEGDMA) hydrogels exhibited a decrease j
concentrations. The poly(PgMA-MPC- %

v ropargyl methacrylate (PgMA) was polymerized with
oration was confirmed via ATR-FTIR. Results: Poly(MPC-

volume and an increase in storage modulus with higher crosslinker

s
) hydrogel exhibited a storage modulus of 31.6 Pa, and the presence of

alkyne groups was confirmed by AT, alysis. Conclusion: This study demonstrates that poly(MPC) hydrogels exhibit

tunable swelling and mechanic ies depending on the type and concentration of crosslinkers used. The findings

provide valuable insightgfor @ptitizing hydrogel formulations for biomedical applications, particularly in mechanobiology

and mechanomedicine.

Keywords: Photopo. ion, MPC hydrogels, Swelling behavior, Mechanical properties, Biomedical applications

Significance
This study provides insights into optimizing photopolymerised MPC hydrogels for biomedical applications in

mechanobiology and mechanomedicine, enhancing material design.
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Hydrogels, a polymeric material that formed by the cross-link network of hydrgphilic polymer chains, are either transparent

or colloidal gels that can swell large amounts of water. Hydrogels are i ant biomaterials that has been employed in a
number of biomedical applications, due to the excellent biocomp% the high permeability for water, and the physical

Introduction

characteristic similarity to soft tissue. Typical applications fnclude céll encapsulation, tissue regeneration scaffolds and

biosensors. (Nguyen K.T. and West J.L., 2002)

Cell encapsulation in biodegradable hydrogels provid&; Q&ful properties for tissue engineering, such as the tissue-like

environment for cells and tissues growth, the abil&&o

photopolymerising hydrogel system of poly(ethy@

network has shown to be an efficient way td'e

chondrocyte survival and a dispersed cell on composed of ovoid and elongated cells were observed; after two weeks,

a functional extracellular matrix w. @'

engineering (Elisseeft . and McIntesh W. et al., 2000).

Tissue regeneration scaffeld. @e s scaffold has been designed to achieve tissue-like elastic environments that are similar
h

to cartilage and bone, p

in vivo and the convenience of handling. For example,
e)-dimethacrylate and poly(ethylene glycol) semi-interpenetrating

ate bovine and ovine chondrocytes. After one day of encapsulation,

hese results demonstrate the practicability of photoencapsulation for tissue

e biological environment and influencing different types of cell interactions in tissue

engineering. Elissee Anseth K. et al. (1999) have shown that over two weeks of culture cells distributed evenly

throughout the hydroge? scaffolds and extracellular matrix production increased. Moreover, the streaming potentials,
dynamic stiffness and equilibrium moduli of tissues increased as culture time increased, which demonstrates the promising
hydrogels scaffolds for cartilage regeneration and replacement. Hydrogel tissue scaffolds can also be produced from self-
assembled biopolymer networks, which has close similarities with the extracellular matrix in terms of chemical, structural
and mechanical properties (Silva R., Fabry B. and Boccaccini A.R., 2014). Additionally, the fibrous protein-based hydrogels
have shown excellent biocompatibility, degradability in human body by proteolytic enzymes. These attractive features
suggest that the fibrous protein hydrogels can be one of the most versatile biomaterials for tissue engineering.

Rapid and sensitive detection of chemical and biological analysts plays an important role in medical diagnostics. Three
dimensional hydrogel binding matrices, providing a larger binding capacity and lower steric hindrance, show a faster sensor
response to the affinity binding of target molecules than the two-dimensional surface architecture (Wang Y. and Huang C.

et al., 2010). A novel biosensor based on hydrogel optical waveguide spectroscopy (HOWS) was investigated. By using a
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surface plasmon response (SPR) optical setup, the biosensor was implemented in a carboxylated poly(N-
isoproprylacrylamide) (PNIPAM) hydrogel film that was attached on a metallic surface and modified by protein catcher
molecules through amine coupling chemistry. The swollen micrometre hydrogels acted as a binding matrix and optical
waveguide. HOWS has shown a significant improvement in refractive index measurement resolution and binding capacity,
due to the low damping and high swelling ratio. Recently, a self-assembling three-dimensional peptide hydrogel was
developed as a 3D solid support where oligonucleotides can be immobilised and be used to detected complementary
sequences, allowing 22pM of detection limit. Moreover, the biomolecule detection under biological environment was
achieved as the unique properties of peptide hydrogels minimised unwanted probe-probe interaction. Further investigation
in this technique can potentially contribute to detection of other smaller biomolecules in area such as biomedical diagnostics,
drug identification and pollutants in environmental monitoring.

Hydrogels are formed by crosslinking between polymer chains. It can be classified based on the type of cross-link junctions:
physical crosslinking or chemical crosslinking. Physically cross-link junctions are reversible ng that formed by

entanglements and attractions between polymer chains, whereas chemical junctions are al bonding that formed

permanently between one or more monomers. Crosslinkers containing acrylate groups, @ ntaerythritol tetraacrylate
t r

and tetraethylene glycol dimethacrylate, are commonly seen in hydrogel synthesi e crosslinkable moieties and

&

Methacryloyloxyethyl phosphorylcholine (MPC) is one of the most suitable (r? )

relatively sensitive to free radical polymerisation (Bartolo P. and Bidanda B.;
ers which has been widely employed in
biomedical applications. MPC contains a phosphorylcholine group in ide chain allowing it to mimic the phospholipid
polar groups in cell membranes, hence MPC block copolymers arux atible in nature and shows desirable interaction
with living tissues (Sigma-Aldrich, 2016). Recently, a fungti nyp (MPC) hydrogel, copolymerised with propargyl
methacrylate (PgMA), was developed as a potential candidage

target molecules, streptavidin and DNA, were detect?

josensing applications. It has been proven that specific

surface plasmon resonance technique (Wiarachai O et al.,

2015).

Photopolymerisation process is a common tech@& employed in hydrogel formation, where monomers are converted
into polymers under the exposure of ultravi li

can be produced in situ from aqueous wit ifmal degree of invasion (Nguyen K.T. and West J.L.). For instance, by using
catheter (Hill-West J.L. et al., 1994; Qand Hubbell J.A., 1996) and laparoscopic device (Hill-West J.L. el al., 1994),

complex shapes can be formed and adltered on tissue structures, which is particularly attractive for numerous biomedical

ight. The major advantage of photopolymerisation is that hydrogels

applications. In additiqam, t and spatial control over polymerisation is enable, allowing fast curing at room

temperature or physiolo erature and low heat production (Decker C., 2001).

Photoinitiation are ¢ based on photolysis mechanisms, including photocleavage, hydrogen attraction, and cationic
polymerisation (Fouassiér J.P., 1995). Photopolymerisation process requires the usage of photoinitiators, light-sensitive
compounds that can create free radicals under UV exposure. Considerations in selecting photoinitiators include high
absorption efficiency at specific wavelength, solubility in water, biocompatibility, stability and cytotoxicity (Scranton A.B. et
al., 1996). Photoinitiators are added to initiate the polymerisation reaction, followed by the propagation of polymer chain
and growth of longer chains. Moreover, photoinitiators also show low cytotoxicity, which allows the polymerisation of a cell
suspension and hence the encapsulation of viable cells within hydrogels (Pathak C.P. et al., 1992). Examples of cells that have
been successfully encapsulated in hydrogels are fibroblasts (Lutolf M.P. et al., 2003; Lutolf M.P. and Hubbell J.A., 2005),
smooth muscle cells (Mann B.K. et al., 2001; Mann B.K. and West J.L., 2003; Peyton S.R. et al., 2006), osteochondrocytes and
their progenitors (Elisseeff J. et al., 2005; Yang F. et al., 2005; Sharma B. et al., 2007).

Properties of hydrogels that are particularly considered for biomedical applications include biocompatibility, equilibrium

swelling ratio, and mechanical properties.
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Biocompatibility and nontoxicity are crucially vital for the application of hydrogels in biomedical field. Biocompatibility
consists bio-safety and bio-functionality, which is the ability of a material to perform the specific task for the application
with an appropriate host response that is not only systemic but also local (Nilimanka D., 2013). If the biocompatible property
of hydrogels is not achieved in tissue engineering, where tissue is constructed via cellular regeneration and scaffold
degradation, the hydrogel maybe fouled and the connected tissue maybe damaged.

A challenge of in vivo biocompatibility is the incomplete conversion of toxic chemicals added during the fabrication of
hydrogels, where host cells may be subject to toxicity concerns if initiators, organic solvents, unreacted monomers and cross-
linkers leach out to tissue and encapsulated cells during applications (Nilimanka D.). It has been reported that Irgacure 2959,
a photoinitiator, reduce the viability of cells when the applied concentration exceeds 0.1% (Yin H. et al., 2010). To optimise
the detrimental effects of hazardous chemical compounds, resulting hydrogels must be purified by extensive solvent washing
or dialysis. Alternatively, the concerns of photoinitiator may be eliminated by forming hydrogels yia radiation (Nilimanka
D.). Cytotoxicity and in vivo toxicity tests must be passed for hydrogels to be practically applicabl toxicity test, known
as the in vitro cell culture tests, is used to examined the compatibility of implanted biom . In vivo toxicity test is
assessed by the knowledge of chemical composition in hydrogel and conditions of tissu ¢ (Nilimanka D.).
Chemical structure of hydrogels can be identified by Attenuated Total Reflectance
Spectroscopy (ATR-FTIR) can be used to identified. The principle is that th '@ &nds of a substance can be excited

ourier Transformed Infrared

and absorb infrared light at specific frequencies that can characterise the types of chemical bonds. Therefore, the resulting
IR spectrum is the fingerprint of measured sample. This technique is or the identification of chemical structure of
hydrogels and the comparison with the starting chemical substancxh es R. et al., 2003: Mansur H.S. et al., 2004).

Swelling is defined as the amount of water taken-up by the oys, ich influence the dimension of hydrogels directly
and further affect the mechanical properties. For example, loweRyolume-swelling ratios is often observed stiffer hydrogels.
Swelling behaviour of hydrogels demonstrates the hydzo @
crosslinking network (Carlibria S.R. and Burdick J. ,{%& Rhysical texture of hydrogels is altered by the environmental

n

conditions such as pH, temperature, electric sign@l a

ity of the polymer network and the relative density of the

esence of enzyme or ionic species. Changes in volume is driven by
the changes in solvent pH and the concentr; rence between mobile ions in hydrogel interior and external solution.
Fluctuations in external environmental pfgansaffect the behaviour of acidic or basic functional groups in hydrogels, leading

to changes in degree of ionisation % al groups and hence variations in hydrogel volume (Nilimanka D.).

Hydrogel swelling ratio can be studied 8ither by the changes in volume or mass of gels. Determination of volume-swelling

ratio is straightforward: ghreg di 1ons of hydrogels are measured at a time and the volumes are measured, followed by

repeating measure times at a fix period of time and until the volume of hydrogels reach at a plateau (typically
ium swelling is observed within 48 hours). Mass-swelling ratio is obtained by weighting the wet
weight (Mw) of blotted hydrogel, and the dry weight (Md) of the dried hydrogel. The mass-swelling ratio (MwMd) is defined
as the ratio of the wet weight to the dry weight of hydrogel; the volumetric swelling ratio (QV) is calculated by the equation:

QV=1+ ppps (MwMd-1), where pp and ps are the densities of hydrogel polymer and solvent (Carlibria, S.R. and Burdick,
J.AL).

Mechanical properties of hydrogels are critical for various biomedical applications, including tendon repairs, wound
dressing and drug delivery. Especially for applications in cell culture and cellular mechanotransduction, which converse the
mechanical information of microenvironment to biochemical signals that influence the cellular behaviours such as spreading,
migration and stem cell differentiation. The desirable hydrogels should have strong mechanical properties that can maintain
the physical texture during the delivery of therapeutic moieties for the predetermined period of time, which is achievable by
varying the degree of crosslinking (Nilimanka, D.). Higher degree of crosslinking in hydrogel results in stronger hydrogels

with more brittle structure. The optimum hydrogels should be relatively strong and yet enough elastic.
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Hydrogel mechanical properties are often described by the complex dynamics viscosity (n*). Complex dynamics viscosity
associated with a small amplitude oscillatory shear flow with angular frequency (w) is defined as n*=G"-iG'w ,

where G"and G" are the dynamic viscosity and the dynamic rigidity (Walters K.,1975). G"and G’ are also seen as the amount
of energy dissipated and stored in the deformation process, or the relative viscous and elastic components in material
behaviour under given operating conditions (Walters K.).

Mechanical behaviour of hydrogels is characterised by rheometers, which is based on the theory of oscillatory shear between
parallel plates developed by Walters. Walters suggests that advantages of parallel plates geometry from an experimental point
of view is that one can change the gap between plates easily; and a serious of experiments can be conducted on the same
sample with the same instrument members. Furthermore, from a theoretical point of view, this geometry can accommodate

the inertial effects without difficulties, compared to other geometries. By referring to a set of cylindrical polar co-ordinates

(Fig.1).

The amplitude ratio (9) is defined as 9=0102,

where 61 and 02 are the angular amplitude of the upper plate and the lower plate. The of the upper plate behind

the lower is donated by c. The test sample is contained between two plates, wh tlﬁ ne performs small amplitude
i

(r,0,z), two circular plates of radius a are assumed to oscillate at the same angular frequency but &"th different amplitudes

forced oscillations and the upper one is constrained. Therefore, the velocity ion'® v(r)=0, v(0)=rf(z)eiw , v(z)=0,
where the real component is implied. This velocity distribution Ssatisfies the equation of continuity
1rdor(rv(r))+1rdv006+00zv(z)=0 .

The boundary conditions are f(0)=iw82eic, f(h)=iwb1 . \
At the absence of fluid inertia, f must be satisfied by the diffe tion d2fdz2=0.

Hence the solution is f=iwh[01-62eic]z+iwB2eic .
The only non-vanishing stress component (p(6z)) is @92) =n*rdfdzeiwt .

is C=—n*miw2ha4[01-02eic]eiwt .

Solving both equations show that the couple (C) on
The motion of upper plate is defined as C=[K—-I@2]6
and [ is the moment of inertia of the upper plate about the axis. By
rearranging both equations, one can sh aeiC=1-in*S where S=2h[K-Iw2]mradw .

Therefore, knowing the amplitude %and the phase lag (c) from experiments allows ones to obtain the complex
viscosity (n*).The formulae of t

where K is the restoring constant of the to

us modulus (G"') and the elastic modulus (G') are the imaginary and the real
—29cosc+1], G'=wSY[cosc—-9][92-29cosc+1] .

at, for completely crosslinked hydrogel, 2 regimes of frequency can be observed; the slope

component (Walters):
Rheological measuremen
of the curve change antly at the transition frequency. The storage modulus of complete obtained always is larger
than the release modulu
in the whole range of frequency; whereas incompletely crosslinked hydrogels show higher release modulus than storage
modulus at lower frequencies and lower release modulus at higher frequencies. The difference between the storage modulus

and release modulus at the rubber plateau indicated elastic modulus of three-dimensional crosslinked hydrogel.

Methods and Materials

2-Methacryloyloxyethyl phosphorylcholine (MPC, MW 295.27g/mol) (contains <100ppm MEHQ as inhibitor, 97%),
pentaerythritol tetraacrylate (PETA, MW 352.34g/mol) (contains 350 ppm monomethyl ether hydroquinone as inhibitor),
tetraethylene glycol dimethacrylate (TEGDMA, MW 330.37g/mol) (290% (GC)), and 2,2-Dimethoxy-2-
phenylacetophenone (DMPA, MW 256.30g.mol) (99%) were purchased from Aldrich Chemistry (USA). Propargyl
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methacrylate (PgMA, MW 124.14g.mol) (98%, stab. with 250ppm 4-methoxyphenol) was purchased from Alfa Aesor (USA).
All chemicals and regents are used as received.

Preparations

For the first stage, two types of poly(MPC) hydrogels were synthesised with different crosslinkers: PETA and TEGDMA. All
regents were dissolved in 70% ethanol. Metal spatula was used to take MPC powder; 2.5g of MPC white power was measured
by electronic balance and dissolved in 5ml of 70% ethanol, with a concentration of 50 w/v%. Similarly, 1ml of PETA white
paste and 1ml of TEGDMA colourless liquid were both measured and dissolved in 2ml of 70% ethanol, with a concentration
of 50 v/v%. 0.1g of DMPA white crystal was measured and dissolved in 2ml of 70% ethanol, with a concentration of 5 w/v%.
For the second stage of experiments, PgMA-MPC hydrogels was formed with one crosslinker TEGDMA, where all reagents
are dissolved in absolute ethanol. 0.5g of MPC was dissolved in 1ml absolute ethanol; 0.5ml of TEGDMA was dissolved in

1ml of absolute ethanol; 0.05g of DMPA was dissolved in 1ml of absolute ethanol; and 0.5ml of PgMA was dissolved in 1ml

of absolute ethanol, with a concentration of 50 v/v%.

All solutions were vortexed for 2 minutes by IKA Vortex Genius 3 until the chemicals wer 1ssolved where no large
particles were observed in solutions. Finally, the tubes containing solutions were covere oil to avoid light pollution
and were prepared for the fabrication of hydrogels.
Fabrications

3 samples were prepared for 1 combination of monomer, crosslinker and photeinitiator in order to avoid possible errors
and produce reliable experimental data. Photopolymerisation method Q{;ed for the fabrication of MPC hydrogels and

0

PgMA-MPC hydrogels. Starting with preparation of the mixtl\ nomers, crosslinkers and photoinitiators. To

investigate the influence of crosslinkers’ concentration o g%and mechanical behaviours, the only variable of
experiments was the concentration of crosslinker, which w e 3, 6, 9,12, 15 and 18 v/v%. While the concentrations
of monomer MPC and photoinitiator DMPA were it c at 25 w/v% and 0.5 w/v%. For the purpose of mechanical
characterisation conducted by rheometers, the d1a indrical hydrogel samples should be the same as the 8mm

parallel plate used in the rheometer. A ceramic Smm diameter and 4mm height was made to contain the solution

e final volume of hydrogel should be V=mr2h=mx42x4=150.72mma3.
Aiming to prepare 250 pl of mixture, the me of each polymer reagent was calculated according the designed
concentration, followed by the additi Q;%) ethanol solution.

Each solution was measured by a mMicropipette (maximum 200 ul) and added to the precursor solution, mixing by IKA vortex

of polymer mixture for free radical polymerjgati

genius 3 (Germany) fos a

(Spectrolinker XL-1000

L ately 1 minute. Photopolymerisation was initiated by 365nm and 3200 Watt/m2

inker) at room temperature for 10 minutes, which illuminated the precursor solution on
ceramic moulds. Th olymerised hydrogel was removed by metal spatula and rinsed repeatedly with distilled water
to remove unreacted solfitions, follow by immersing in distilled water at room temperature for swelling studies. For the
second stage of experiments, the hydrogel exhibited the strongest mechanical properties was selected to polymerised with
PgMA at a final concentration of 3 v/v%. After free radical polymerisation for 10 minute, hydrogel formed was rinsed and
immersed with distilled water. To remove residual reagents thoroughly, sample was immersed in distilled and placed on a
flat orbital shaker, IKA KS 260 basic (Germany), shook at the speed of 200 rmp for 24 hours at room temperature.
Characterisations

ATR-FTIR. ATR-FTIR spectra of hydrogels were used to confirm the expected functionalities. Spectra were collected with
the Thermo Scitific Nicolet iS10 (USA) against a blank KBr pellet background. Samples were removed from distilled water
and dried on tissue. Samples were placed on the single reflection diamond ATR accessory (Standard Golden Gate, Specac)
as shown in Fig.2; the bridge of equipment was clamped down using the bridge lock screw, ensuring the anvil is clear of the

specimen. The anvil was screwed down via the anvil screw, till the screw rotated freely the corrected load was achieved. The
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software OMNIC was setup to record the sample spectra. ATR-FTIR analysis was performed with 32 scans at a resolution of
4 cm-1 over a frequency range of 400-4000 cm-1. The data spacing was 0.482 cm-1. The characteristic peaks of spectrum
were compared with the literature data to identify the chemical structure of hydrogels.

Samples were immersed in distilled water at room temperature for 48 hours to achieve equilibrium swelling. Hydrogels
cylinder were placed in a 6-well plate with one sample per well, with enough room to hydrate freely. Every 24 hour samples
were removed from distilled water and gently blotted to excess liquid. Samples were measured with a digital calliper,
including diameter and height; and placed in fresh distilled water. Measurement of each sample was repeated in 3 times and
average value of dimensions were obtained in order to minimise the error in reading. This process was repeated for 48 hours.
The average volume of hydrogels (V) was calculated using equation: V=mnx(D2)2xH ,

where D and H are average diameter and height of sample. The combined standard error of average volume (AV) was
obtained by equation: AV=VxV[(AHH/)2+12x(AD/D)2] ,

where AH and AD are standard errors of H and D. Equilibrium swelling (Sv) was calculated with%on:.? v=Ves —VOV0,

where Voo and V0 are average sample volumes at equilibrium swelling and before swelling. ined standard error of
equilibrium swelling was obtained using equation: ASv=S vXV[(AV)2+(AV0)2](VeoV] V0)2,

where AVeo and AV 0 are standard errors of Veo and V0. &m

Hydrogel response to small-amplitude oscillation shear was investigated striments DISCOVERY HR-1 hybrid

rheometer in 8mm stainless-steel parallel plate geometry (Fig. 3). Samples f(?x as cylinders were placed between plates.

For frequency sweeping test, storage moduli and loss moduli were mo
to 100 Hz with 10 points per decade, with oscillation strain of 0. 142& der constant temperature of 25°C. Each hydrogel

sample was tested for two time to reduce the possible errors r#
The combined standard error of rheology (AGf) was calcu, % equation: AG§=13><\/(AGa*)2+(AGb*)2+(AGC*)2 ,

where AGa*,AGb* and AGcx are standard errors of (?a\ d Ge.

Results and discussions

as a function of frequency scanning from 0.1

ing rheological measurements.

25 w/v% MPC with 3 v/v% PETA solution % MPC with 3 v/v% TEGDMA solution remained in liquid solution
after UV curing for 10 minutes. Poly(M:i ith 15 v/v%, 18 v/v% PETA and poly(MPC) with 18 v/v% TEGDMA were
amic hould.

fractured during removal from the

two characteristic absorption peaks at 1600cm-1 and 600cm-1. The absorption peaks at 2970cm-1 overlapping with the
board band was attributed to the stretching vibration of ~-CH2 or -CH3 groups. The characteristic peak at 1726cm-1 was
assigned to the stretching vibration of ~-C=0 groups from the acrylate groups appeared in MPC and PETA. The absorption
peaks at 1478cm-1 was due to the bending vibration of ~-CH2 or -CH3 groups. The appearance of absorption peaks at
1230cm-1 and 1070cm-1 were corresponded to the stretching vibration of ~-O=P-O-asym and ~O=P-O-sym of the MPC
units; furthermore, the characteristic peaks at 968cm-1 was attributed to the -N+(CH3)3 stretching vibration in the MPC
units. The absorption peak at 1170cm-1 was assigned to the -C-O-C- stretching vibration in the PETA units (Wiarachai O.
et al,, 2016). For MPC-TEGDA hydrogels, the absorption peaks observed on the ATR-FTIR spectra were similar to that of
MPC-PETA, due to the high similarity of functional groups in two hydrogels.

For PgMA-MPC-TEGDMA hydrogels, the corresponding signals of the PgMA units in ATR-FTIR spectra showed the
absorption peak of the stretching vibration of -C=C-H groups at 3311cm-1. It was noticed that the peak at 2129cm-1
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attributed by -C=C- groups of the PEMA units was hardly observed, due to the overlapping with the characteristic peaks of
the diamond in the region of 1500cm-1 to 2650cm-1. The diamond was used as the reflectance crystal in ATR-FTIR
measurements. Moreover, although it was not clearly shown in the spectra, the characteristic absorption peak of -C=0
groups stretching vibration at 1726cm-1 was overlapped with the characteristic peak of the water units at 1636cm-1. The
characteristic peaks of the asymmetric -O=P-O- stretching at 1230cm-1 and the symmetric -O=P-O- stretching at 1086cm-
1 for the MPC units were observed. Additionally, the absorption peak at 968cm-1 was attributed to the N+(CH3)3 stretching
vibration for the MPC units. These characteristic absorption peaks confirmed the formation of copolymer PgMA-MPC-
TEGDMA (Wiarachai O. et al.).

Swelling volume of hydrogels reduced with increasing concentration of cross-linkers from 3 v/v% to 15 v/v%. For poly(MPC-
PETA) hydrogel and poly(MPC-TEGDMA) hydrogel, significant amount of water content was absorbed on the first day of
immersion, whereas only little amount of water was absorbed on the second day. Larger equilibrium swelling volume was
obtained in hydrogel with lower concentration of cross-linkers, due to the less hydrophobic cro%\g points (Fig.7 and
Fig. 8).

Equilibrium swelling of poly(MPC) hydrogel crosslinked with PETA was less than that @ PC) hydrogel crosslinked
with TEGDMA using the same concentration of crosslinker (Fig. 9). The molar, & and TEGDMA are relatively
similar, which are 352.34 g/mol and 330.37 g/mol respectively, indicati ar molar concentration of PETA and
TEGDMA in the same volume of solution. In one mole of chemicals, PETA 3 moles of hydrophobic acrylate groups
whereas TEGDMA contains 2 moles (Fig.10 and Fig.11). Therefore, ¢ g\g between the same concentration of PETA
and TEGDMA, poly(MPC-PETA) hydrogel has one mole of h\(;% crosslinking points more than poly(MPC-
TEGDMA) hydrogel, which could weaken the ability of wate tey in¥the gel network.

Swelling kinetic of poly(PgMA-MPC-TEGDMA) was com ith poly(MPC-TEGDMA) (Fig.12). Higher swellng degree
was bserved with 3 v/v% PgMA; however, therotically, t lability of poly(PgMA-MPC) should be suppresed by the
inherent hydrophobility of the alkyne moieties in Pgn\’i&t Wiarachai O).

Rheological properties, storage moduli and l@ss uli, of hydrogels improved with increasing concentrations of

crosslinkers 3 v/v% to 15 v/v%. Frequency e of elastic storage moduli (G’) and viscous loss moduli (G”) for MPC

hydrogels at constant temperature of 2 r an oscillation strain of 0.142857% was depicted in Fig.13. Due to the

unstable results of G’ and G” at low; cy, the sweeping had to be performed in the range of 0.1-100 Hz.

Two frequency regimes in the evoluti f G’ were shown (Fig. 16). In the lower frequency range, G’ was nearly frequency
ic behavior of the hydrogel. Both G’ and G” were relatively low with G” higher than
G”, indicating the elastic ent dominated over the viscous component in the region of lower frequency. G’ in the
region of higher fre as assumed to be in a linear relationship with higher sweeping frequency. The storage moduli
at 0.1Hz (plateau G’) increased with increasing concentrations of PETA.

Similar to the rheology of MPC-PETA hydrogels, transition of the gradient of G’ was observed (Fig.17). In the lower
frequency range, G’ was approximately frequency independent, whereas G’ in the region of higher frequency was linearly
proportional to frequency. Both G’ and G” were relatively low at the low frequency range with G” lower than G’, indicating
the three dimensional network formation of elastic hydrogels from crosslinking structure. The plateau G’ also increased with
concentrations of TEGDMA. However, it was noticed that G” of 15 v/v% TEGDMA was even higher than the G’ of 6 v/v%
TEGDMA in the region of 0.1-2Hz; and G’ of 15 w/v% TEGDMA was the lowest among 4 concentrations of TEGDMA in
the region of 2Hz to 100Hz.

Fig.16 and Fig.17 showed the frequency dependence of G’ and G” for poly(MPC-PETA) and poly(MPC-TEGDMA) at
various concentration of crosslinkers. When the crosslinking interaction between MPC and crosslinker is completed, both

G’ and G” level off, known as a rubber plateau. The constant G’ in the lower frequency region suggest entanglement structure
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was sufficiently formed, producing complete crosslinked and well-developed network in hydrogel (Kim J. and Song J. et al.,
2003). At higher frequency, the gradients of all curves with different concentration were parallel, suggesting irrelevant
relation between hydrogel network structure and oscillation shear stress at higher frequency. Kim et al. suggested that linear
relationship between G’ and higher oscillation frequency may due to the partial breakage of the interconnected network,
destroyed by the more frequent changes of displacement.

Trending

Poly(MPC) crosslinked with PET A showed lower values of G’ than with TEGDMA, while G” of two hydrogels were relatively
similar (Tab.2 and Tab.3). Both poly(MPC) hydrogels exhibited higher G’ than G” over the entire range of concentrations
investigated; G’ and G” increased with increasing concentrations of crosslinkers, as well as transition frequency.

The plateau G’ of hydrogel read at 0.1Hz was increased with the concentration of PETA and TEGDMA (Fig. 18), which

echoed the density of chemical crosslinking network in the hydrogel systems. The mechanical properties of 3D network

tion and molecular
Weng L. et al., 2008).

ing efficiency of gelation

structures formed was the results of the types of interaction including covalent bonding, cr
secondary forces such as hydrogen bonding, molecular entanglements, and hydrophobic int
The relative amount of acrylate groups in MPC and crosslinker determined the chemic

and the elastic modulus. The molar mass of MPC molecule and TEGDMA cle a 5.27 g/mol and 330.37 g/mol

respectively. For the 25 w/v% poly(MPC) hydrogel crosslinked with 15 v/v% MAWYT5), the molar concentration (M)
are: MM P(C=25295.27=0.0847 mol/ml, MTEGDMA=15330.37=0.0454 mol/ml.
With 1 acrylate group in MPC molecule (seen in Fig.19) and 2 acrylate s in TEGDMA molecule, the ratio of acrylate

groups in MPC (MA-M) and TEGDMA (MA-T) is MA_MMA_TX x10.0454x2=0.0933,
which is approximately 1:1, demonstrating the highest crossli in?f 16tency and the highest storage moduli among all the
ratios studied. However, it should be mentioned that T5 fra ightly during handling and poly(MPC) crosslinked with

O

Conclusion %
25 w/v% Poly(MPC) hydrogels crosslin it PETA and TEGDMA with various concentration were synthesised via

photopolymerisation method with

ith higher concentration of crosslinker exhibited higher

drogel chemical structures were confirm using ATR-FTIR technique. Results
showed that with higher concentraty
structure was formed, dueg to
15 v/v% TEGDMA _exhi

crosslinking efficien

r crosslinking density in hydrogel network. The poly(MPC) hydrogel crosslinked with

highest elastic modulus and the lowest fracture toughness, indicating the maximum
rogel system,. Copolymer poly(PgMA-MPC) was photopolymerised with 15 v/v% TEGDMA,
where formation of PgM#A units and MPC units in the hydrogel system were confirmed by the FTIR spectra. This results
that photopolymerisation process could be a potential synthesis method for poly(PgMA-MPC) hydrogel, which is more
beneficial for biomedical applications than other polymerisation methods. Future improvements of photopolymerised
poly(PgMA-MPC) hydrogel may focus on quantity analysis of PgMA units in hydrogels, and performances in related

applications.
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Label MPC PETA or TEGDMA  DMPA 70%
Ethanol
Conc. Volume  Conc. Volume  Conc. Volume  Volume
(W/v% ) (ul) (viv%o ) (ul) (W/v% ) (uh) (ul)
P1 25 125 3 15 0.5 25 85
P2 25 125 6 30 0.5 25 70
P3 25 125 9 45 0.5 25 55
P4 25 125 12 60 0.5 25 40
P5 25 125 15 75 0.5 6 25
P6 25 125 18 90 0.5 S 10
457 &
458  Tab.l  Concentrations and  volumes of  MPC, PETQr TEGDMA), and  DMPA
U4

459
460 Fig.2 Specac’s Golden Gate™ ATR Accessory (Ref: retrieved from http://www.specac.com/products/golden-gate-atr-ftir-

461 accessory/standard-golden-gate-diamond-atr-accessory/513)



http://www.specac.com/products/golden-gate-atr-ftir-accessory/standard-golden-gate-diamond-atr-accessory/513
http://www.specac.com/products/golden-gate-atr-ftir-accessory/standard-golden-gate-diamond-atr-accessory/513
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462 @

463  Fig.3 TA instruments rheometer (Ref: retrieved from http://www.tainstrume -1/)
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466 Fig.4 ART-FTIR spectra of poly(MPC) hydrogel crosslinked with PETA. MPC was 25 w/v% in all cases. w/v% of PETA

467 shown on the graph. Characteristic peaks were indicated with wavenumbers and corresponding functional groups.
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475 x
476 Fig. 7 & 8 Volume of poly(MPC) hydrogel crosslinked with PETA (top) and volume of poly(M) hydrogel crosslinked with

477  TEGDMA (bottom)as function of time. M% w/v% in all case. v/v% of PETA and TEGDMA shown on the graph.
T

478  Symbols and error bars showed mean @

d deviation of 3 samples. Solid lines were a guide to the eye.
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Fig.9 Equilibrium swelling of poly(MPC) @rosshnked with PETA and poly(MPC) hydrogel crosslinked with

TEGDMA as function of concentrat1 kers Symbols and error bars showed mean and standard deviation of 3
samples. Solid lines were linear fitti adients of equilibrium swelling for MPC-PETA and MPC-TEGDMA were -
0.243 and -0.196 respectlvely é
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Fig.10 & 11 Chemical structures of PETA molecule (left) and TEGDMA molecule (right)
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Fig.12 Volume of poly(MPC) hydrogel (25w/%% slinked with 15 v/v% TEGDMA, copolymerised with and without 3

v/v% of PgMA. Symbols and error bars show: ean and standard deviation of 3 samples. Solid lines were a guide to the
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eye.
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497 Fig.14 Rheology of 25 w/v% poly(MPC) hy
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500 Fig.15 Rheology of 25% w/v% poly(MPC) h sshnked with 6 v/v% PETA. 3 samples (6 v/v% PETA a, b and c) with
501 the same concentration of PETA were mgddand tested for 2 times under the same conditions for the reliability of

502  experiments. Symbols and errors 6 an and standard deviation of 2 measurements.
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Hydrogel PETA Plateau G’ Plateau G”  Transition Gradient
conc. (viv%) (Pa) (Pa) frequency (Hz) of G'1F-
100Hz
P1 3 - - - -
P2 6 4.88+0.0625 1.084+0.0692 0.501 0.296
P3 9 25.6+0.347  2.7840.399 1.00 0.310
P4 12 51.4+0.367 2.58+0.761  2.51 0.396

P5 15 - . - 6
P6 18 - - - 6 -

509 Q
510 Tab.2 &3 Experimental data obtained from rheological measurements of pcy( C- PETA) hydrogel (top). MPC was 25

511 w/v% in all case. Plateau G’ and G” at the frequency of 0.1Hz WY ith mean value and standard deviation of 3

512 samples. Transition frequency was read at the change of gradient of

04
Hydrogel TEGDMA Plateau G’ &eau G” Transition Gradient

conc. (v/iv%) (Pa) ‘\ a) frequency of G'1F.-

K (Hz) 100Hz

T1 3 C) - - -

T2 6 #+0906  2.08+0.0915 1.26 0.341

T3 9 Q 43.5+1.81 4.18+1.23 1.58 0.372

T4 % 73.4+5.54 6.89+1.01 1.99 0.467

T5 5 247+20.1 7.94+4.75 7.94 0.313

T6 - - - -

513
514  Tab.3 Experimental data obtained from rheological measurements from poly(MPC-TEGDMA) hydrogel.
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Fig.19 Chemical structure of MPC molecule

$

Fig.18 Plateau G’ and G” of poly(MPC)
TEGDMA as function of concentrations

samples. Solid 11nes were linear ﬁttl



	Oleg Kolosov 1*



