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Abstract

Poly(ethylene glycol) diacrylate (PEGDA) hydrogels are ubiquitously used in a wide variety
of applications in tissue engineering. In this study, the thermal response of multi-layered
PEGDA hydrogels was investigated under various conditions of the temperature-controlled
environments (8, 20, 37, and 45 °C) through gravimetric and volumetric methods. These
multi-layered hydrogels were produced using a computer-controlled projection lithography
and compared to the monolithic hydrogels fabricated through bulk photo-crosslinking. It
was observed that the volume of multi-layered PEGDA hydrogels increased to about 10% at
a temperature of 8 °C, while their volume decreased by 8% and 12% when stored at 37 °C
and 45 °C, respectively. PEGDA hydrogel also showed an anisotropic characteristic where
the axial dimensional change was about 43% higher than the lateral dimension. This finding
is critical to inform the design and fabrication of PEGDA hydrogels to compensate for the

axial and lateral volume changes during the application at different temperatures.
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1. Introduction

Rapid advances in biomedical engineering are underpinned by the development of smart
functional materials that exhibit excellent biocompatibility and tunable mechanochemical
properties [1-5]. The mechanical properties of hydrogel can be precisely controlled to
mimic a desired tissue microenvironment for use as tissue scaffolds with behaviour similar
to that of an extracellular matrix [6-9]. Their physicochemical properties, such as
compactness and low interfacial tension with aqueous media, resemble living tissues due
to their high affinity to water [10-12]. These properties have allowed hydrogels to be widely
used in many biomedical applications including drug delivery and tissue engineering
[13,14].

The emergence of poly (ethylene glycol) diacrylate (PEGDA) as candidates for biomaterials
can be attributed to their approved low-immunogenic biocompatibility and ability to be
photo-crosslinked using appropriate photoinitiator [15,16]. With the recent development
in lithographic additive manufacturing [17,18], the multi-length scale structure and
morphology of PEGDA can be tailored to exhibit unique bio-functionality of complex 3D
scaffolds [19]. In addition, the biomechanical properties of PEGDA can be tuned by
controlling the molecular weight, light irradiation dosage, and concentration of
photoinitiator and photoabsorber during the crosslinking process [20,21].

To date, the fundamental understanding of the long-term thermomechanical behaviour of
PEGDA has not been established [22—24]. The aim of this study was to elucidate the effect

of external temperature on the long-term dimensional stability of photo-crosslinked PEGDA
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to address their thermal response in various environmental conditions that differ to the
fabrication conditions. We report herein that the equilibrium volume of PEGDA hydrogels
increases by ~10% when they are in the cold storage temperature of 8°C and decreases by
~8% when they are in the body temperature of 37°C. We also demonstrate that their
thermal response is fully reversible, which expand the possibility of mass production and
scale-up use of photo-crosslinked PEGDA hydrogels. Our approach and analysis offer
insights into long term stability of hydrogels that can be extrapolated further to other

biomaterials for the benefit of many biomedical engineering applications.

2. Materials and methods

2.1 Synthesis of PEGDA 3D structures

The starting material for the aqueous prepolymer solution contained 5 mg/mL Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate photoinitiator (LAP; Merck 900889, > 95%) and
200 mg/mL Poly (ethylene glycol) diacrylate (PEGDA; Merck 455008, Mn 700 g/mol). Multi-
layered PEGDA hydrogel samples were created by projecting an image of a photomask (10k
resolution from Photo Data) using a custom-made computer-controlled projection
lithography. The system uses a projection of a static image, attached at the bottom of the
vat, to construct a layer-by-layer structure until the required height is reached (Figure 2a).
Layer thickness was set at nominal thickness of 20 um and 150 um and the manufactured
hydrogel structures are denoted herein as multi-20 um and multi-150 um, respectively. For
fabrication of multi-20 um and multi-150 pm, 9 and 1.8 mg/mL Quinoline Yellow

photoabsorber (QY; Merck 309052) was also added to the prepolymer solutions,
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respectively [17]. The presence of the QY photoabsorber in the prepolymer solution made
the colour of the crosslinked sample yellow (Figure 2a,b). Each layer was exposed for 3 s to
the UV light with wavelength of 365 nm at an intensity of 20 mW/cm?, equivalent to 120
mJ/cm? dosage, as each layer was exposed twice (Figure 2d,e). The structure was fabricated
on the surface of a treated coverslip glass (24 x 24 x 1 mm. Agar Scientific AGL4367). The
coverglasses were washed in three baths inside a sonication device (10 mins in each bath):
1. DI water and soap, 2. acetone and 3. isopropanol. They were then dried using an air
blower. After that, they were transferred to an oxygen plasma chamber (Diener Atto) for 3
cycles of 2.5 mins at the power of 50 W to remove any organic contaminants. Then, they
were placed in a bath of solution mix of 2%v/v of 3-(trimethoxysilyl) propyl methacrylate
(TMSPMA; Merck 440159) in 94-96% ethanol for 10 mins, washed with ethanol 99% for 3
times, and then placed on a hot plate set at 110 °C for another 10 mins to dry them off [21].
The treatment created a methacrylate layer on the surface of the coverglass to allow

covalent binding with the fabricated hydrogels [25].
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Figure 1: Schematic of fabrication platforms of (a) computer-controlled projection
lithography for multi-layered hydrogel structures and (b) fixed-photo-crosslinking setup for

monolithic hydrogel structures.

As control samples, monolithic structures were created in a 10 x 10 x 5 mm silicone mould
using single exposure bulk crosslinking with 0.5 mL of PEGDA and LAP mix solution without
QY. A thin layer of Fluorinated Ethylene Propylene (FEP) was placed on top of the mould to
remove excess solution and to flatten the shape of the intended cuboid (Figure. 1b). The
solution was exposed to 3 s of UV light at 40 mW/cm? to equate to the same dosage as for
every layer of the multi-layered structure that was 120 mJ/cm? (Figure. 2c). The fabricated
monolithic hydrogel structures are denoted herein as mono-5 mm. The fracture like
interfaces in the monolithic samples were from the surface of silicone mould that the
samples were crosslinked in (Figure. 2f). Two additional types of monolithic samples were

fabricated with structure height of 1.5 mm and 3 mm., which are denoted herein as mono-
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1.5 mm and mono-3 mm. Those samples were used to examine the effect of the overall

hydrogel structures’ height on the thermal response of the hydrogel.
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Figure 2: Top and side view photographs of multi- (a) 20 um and (b) 150 um and (c) mono-
5 mm PEGDA hydrogels. Side view microscopy images of multi- (d) 20 um and (e) 150 um
and (f) mono- 5mm PEGDA hydrogels. Scale bars in (a), (b) and (c) are 5 mm and in (d), (e)

and (f) are 300 um.
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2.2 1H NMR measurements

All starting materials and the residual fraction from storage of selected multi-20 um and
multi-150 um and mono-5 mm PEGDA hydrogels were characterised with Proton Nuclear
Magnetic Resonance (*H NMR) spectroscopy (Bruker Ascend 400 MHz spectrometer) with
a BBFO probe, at an ambient temperature. The solvent peaks were referenced to 4.7 ppm
(HDO, D;0) using Tetramethylsilane (TMS; Merck 87920, >299.5%, Mn 88.22 g/mol) as an
internal standard. Hydrogel samples were stored in 7 mL of DI water immediately after
fabrication, for 24 hrs, allowing time for the unreacted polymer to leach out of the hydrogel
structure. The DI water solution was then dried under vacuum to get rid of all moisture. The
remaining solid residue was dissolved in 1 mL of Deuterium oxide (D.0; Merck 151882,
>99.9%, Mn 20.03 g/mol) and was characterised by H NMR. The glass transition
temperature of the PEGDA hydrogels was determined by Differential Scanning Calorimetry
(DSC; Mettler Toledo, DSC 3+ STAR System).

2.3 Gravimetric and volumetric measurements

PEGDA hydrogels thermal response was investigated through gravimetric and volumetric
methods. Samples were transferred to individual temperature-controlled water baths at 8,
20, 37 and 45 °C inside a fridge or environmental cabinet. Temperatures 8 and 45 °C were
chosen to represent cold-storage and transportation temperatures, 20 °C is the fabrication
temperature, and 37 °C was the incubation temperature mimicking the biomedical

application environment. For each temperature, 4 samples of multi-20 um and multi-150
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pm cuboid PEGDA hydrogels with dimensions 5 x 5 x 10.05 mm and 4 samples of mono- 5
mm cuboids with dimensions 10 x 10 x 5.1 mm were fabricated.

All hydrogel samples were weighed immediately after fabrication and placed in their
designated water bath. At predetermined time points, every 1.5-2 hrs for 6 hrs and every
24 hrs for 168 hrs, the hydrogel samples were removed from their water baths, gently
blotted using medical wipes (Kimberly Clark) and weighed. The samples were then dried at
the end of the 168 hrs of the study using freeze-drying. The hydrogels were removed from
their water baths and put straight inside a liquid nitrogen bath for 60 s. They were then
transferred to a freezer set at -20 °C until all samples were frozen using liquid nitrogen. All
samples were transferred into freeze dryer (Christ Alpha 1-2 LD plus) with condenser
temperature and sublimation pressure set at -60 °C and 1.1x102 mbar and kept overnight.
Their dried weight (M;) was measured the following day using an analytical balance (Ohaus
AS60C) with repeatability of £0.1 mg.

The Normalised Weight Fraction (NWF) was calculated using the equation

NWF = M,/M, (Eq. 1)

Where (M) is the weight of the hydrogel at time t, and (M,) is weight of the hydrogel
immediately after fabrication, i.e., time 0. The (M) was calculated by adding the solid
residue weight (M,.) for each hydrogel sample to the recorded weight (M;) at each time
point.

My= M, + M, (Eq. 2)
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To calculate the solid residue weight (M,.), which measures the weight loss due to unreacted
prepolymer PEGDA, LAP photoinitiator, and QY photoabsorber leaching out of the
crosslinked hydrogels, four samples from both multi-layered (e.g., multi-20 um and multi-
150 um) and monolithic (e.g., mono-5 mm, mono-3 mm and mono-1.5 mm) hydrogels were
fabricated and dried immediately. The average dried weights of the samples (M,) was
calculated and compared to the dried weight (M) of each individual hydrogel, which were

stored for 168 hrs at each nominal temperature.

M, = Mgy — My (Eq. 3)

The change in actual volume of the hydrogel samples was measured using the Normalised
Volume Fraction (NVF). It was done by measuring the volume of the hydrogel samples
immediately after fabrication (V;) and every 1.5-2 hrs for 6 hrs and overnight (V;). The
measured volumes were normalised by the initial volume of the hydrogel. The
measurements were done by recording the dimensions of the hydrated samples through
capturing images, top: Width and length, side: height, using stereo microscope (Zeiss Stemi
305) while they were fully immersed in their water baths [26]. For normalised volume
fraction the following formula was used

NVF =V, /V, (Eq. 4)

The normalised volume fraction percentage change (ANVF) represents the volume change
after 24 hrs storage of PEGDA hydrogels at temperatures of 8, 20, 37 and 45 °C. The ANVF

was calculated using the formula below

10
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ANVF = (NVF, — 1) * 100% (EG. 5)

where (NVF;) is the normalised volume fraction after 24 hrs.

The reversible thermal response of the multi-layered PEGDA hydrogel to temperature
variation was investigated by monitoring the NWF of 4 freshly fabricated multi-layered
samples by moving them around 3 water baths with temperatures set at (8, 20, and 45 °C),
every 24 hrs for 168 hrs.

2.4 Scanning Electron microscopy (SEM)

The interlayers of the multi-layered PEGDA hydrogel were imaged using SEM (VEGA3,
TESCAN) at an acceleration voltage of 10 kV and 3 nA beam current. The hydrogel samples
were prepared using freeze-drying method to remove water. The samples were coated with

20 nm gold using sputter coater.

3. Results

The 'H NMR spectrum of PEGDA prepolymer solution showed two peaks at 3.8 ppm, which
are attributed to the PEGDA oligomers, and 3 set of peaks centred at 6.25 ppm, which are
attributed to the CH,=CH- double bonds (Figure. 3). The peaks associated to aromatic
protons from the LAP photoinitiator and QY photoabsorber are observed between 6.90 and
8.20 ppm (Figure. 3). Two peaks at 2.00 and 2.25 ppm are attributed to one CHs and two
CHs, respectively, of the LAP photoinitiator. The peak at 4.8 ppm is attributed to the solvent

Deuterium hydrogen monoxide (HOD).

11
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Figure 3: 'H NMR spectra of the PEGDA hydrogels starting materials in D,O. LAP
photoinitiator (top) exhibits peaks of CHs groups at 2 and 2.25 ppm and aromatic protons
between 6.9 and 8.20 ppm. PEGDA monomer (middle) exhibits peaks of the CH,=CH- double
bonds centred at 6.25 ppm. QY photoabsorber (bottom) exhibits peaks of aromatic protons

between 6.9 and 8.2 ppm. The peak at 0 ppm is attributed to TMS reference.

The 'H NMR spectrum of the D,0 solution, in which mono-5 mm hydrogel had been stored
for 24 hrs, exhibits negligible peaks at 6.25 ppm that can be attributed to the CH,=CH-
double bonds of PEGDA. As only traces of a soluble PEGDA oligomeric fraction can be
observed as two peaks centred at 3.8 ppm, this suggests that the fabrication of mono-5 mm
hydrogel yields an almost 100% crosslinking of the PEGDA prepolymer into PEGDA polymer

(Figure 4). Conversely, the 'H NMR spectra of the D,0 solutions after 24 hrs of storage from

12
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the multi-20 um and multi-150 um hydrogels were observed to exhibit peaks attributed to

CH,=CH- double bonds at 6.25 ppm. This suggests that a small fraction of PEGDA prepolymer

was trapped in multi-layered hydrogels during the photo-crosslinking process. Repeat

measurements on multi-20 um hydrogels confirmed a similar degree of crosslinking of

PEGDA polymer and reproducibility of the crosslinking data. The thermal analysis of the dry

multi-20 um, multi-150 um, and mono-5 mm PEGDA hydrogel revealed the glass transition

temperatures of the all the PEGDA polymers were between -41 °C and -43 °C using DSC (SI,

Figure S1a). On the other hand, the glass transition temperature of the prepolymer PEGDA

solution was -15.4 °C (SI, Figure S1b). These findings confirm that crosslinking process has

taken place during the photo-crosslinking process.
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Figure 4: 'H NMR spectra of the solid residue after 24 hrs storage in D20 from the PEGDA

hydrogels: mono-5 mm (top), multi-20 um (middle), and multi-150 pum (bottom) in D,0. The

13
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peak at O ppm is attributed to TMS reference. Major peaks of CH,=CH double bonds of
PEGDA are at 6.25 ppm, CHs groups from LAP at 2 and 2.25 ppm, and aromatics protons of

QY and LAP between 6.9 and 8.2 ppm.

Note that the amount of solid residue leaching out of the hydrogels into the storing media
was observed to be dependent on the storage temperature. The mass of the solid residue
within 168 hrs of storage in DI water was observed to be up to 7 mg on average, which is
up to 4.4% of the original weight after fabrication. This was calculated through use of
normalised dried weight (NDW) (S|, Eq.S5) for multi-20 um and multi-150 pm and mono-5
mm hydrogels which were stored at the nominal temperatures of 8, 20, 37 and 45 °C (S|,
Figure S3). Higher storage temperatures resulted in the release of higher mass, where the
temperatures of 8 °C and 45 °C yield mass release of about 3.5% and 8%, respectively (SI,
Figure S3).

The weight of multi- 150 um hydrogels reduced rapidly within the first 4.5 hrs, as indicated
by a decrease in NWF (Eq. 1) to 0.96 and 0.90 when the temperature was raised to 37 °C
and 45 °C, respectively, from the fabrication temperature of about 20°C. In contrast, NWF
of multi- 20 um hydrogels was surprisingly increased at 45 °C and 37 °Cto 1.01 and 1.04 in
the first 4-6 hrs, but then it dropped slightly to 0.95 and 1 after 24 hrs, respectively (Figure
5a). For both multi-20 um and multi-150 um, the NWF at a lower temperature of 8 °C
increased to 1.14 and 1.24 in the first 4.5 hrs and remained relatively constant there after
(Figure 5a). All multi-20 um, multi-150 um and mono-5 mm PEGDA hydrogels reached

constant mass at around 6 hrs of being stored in the temperature-controlled water baths

14
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at 8, 20, 37 and 45 °C. For mono-5 mm hydrogels, similar pattern with lower NWF values
were recorded (Figure 5a). However, monolithic hydrogels appeared to be more thermal
sensitive towards elevated temperatures of 37 °C and 45 °C. Note that NWF is a measure of
weight fraction in the sample due to water uptake and release at different time points,
which is at unity at 0 hr for all multi-layered and monolithic hydrogel samples.

A similar behaviour was observed when the thermal response was quantified volumetrically
(Figure 5b). The NVF in multi-20 um hydrogels stored at 8 °C was slightly higher than that
of the multi-150 um hydrogels. In the first 2 hrs, the NVF in multi-20 um increased to 1.11,
while that of multi-150 um increased to 1.07. Although mono-5 mm PEGDA hydrogels had
a similar overall behaviour to the multi-20 um and multi-150 um ones, the magnitude of
volume fraction for samples stored at 37 and 45 °C exceeded that of multi-20 um and multi-
150 um hydrogels. In the first 4 hrs, the volume of mono-5 mm samples increased at 37 and
45 °C to reach NVF of 0.86 and 0.84, respectively, while that of multi-20 um and multi-150
pm samples was found at 0.93 and 0.91, respectively (Figure 5b). The dimensional change
due to the temperature variation at nominal storage temperatures of 45, 37, 20 and 8 °C
for multi-150 um hydrogels can be visually observed (Figure 6a). Note that these hydrogels
were fabricated at a temperature of 20°C and this visual observation was carried out 168

hrs after fabrication.

15
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Figure 5: (a) NWF of multi-20 um and multi-150 um and mono-5 mm PEGDA hydrogels for
up to 168 hrs after fabrication, which is denoted herein as the 0 hrs. (b) NVF of multi-20 um

and multi-150 um and mono-5 mm PEGDA hydrogels samples within 24 hrs of the initial

fabricated state. Error bars represent standard deviation from the mean, with n=4 and n=

3 for independent multi-layered and monolithic samples, respectively. Some error bars are
not visible as they are smaller than the data point symbols. All lines are guide to the eye

only.
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Figure 6: (a) Microscopy image of the multi-150 um hydrogels (composed of total of 67
layers) as fabricated and 168 hrs after fabrication where samples were stored at nominal
temperatures of 45, 37, 20 and 8 °C. Image scale bar is 5 mm. (b) Comparison of the change
in NVF (ANVF) for both multi- 20 um and multi-150 pm and mono-5 mm, mono-3 mm and
mono-1.5 mm hydrogel samples 24 hrs after fabrication. Error bars represent standard
deviation from the mean n= 4 and n= 3 for multi-layered and monolithic independent

samples, respectively. Some error bars are not visible as they are smaller than the data point
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symbols. All lines are guide to the eye only. (c) Lateral and axial strain (| €|) (SI, Eq.S 2-4) in

both multi- 20 um and multi-150 pm and mono-5 mm, mono-3 mm and mono-1.5 mm
hydrogel samples 24 hrs after fabrication. The whiskers represent the 1.5 times interquartile
range. The median for each data set is identified by a horizontal line and the outliers are

shown as diamond symbols.

ANVF (Eq. 5) is observed to be monotonically decreasing as temperature increases with a
similar rate for all samples within the first 24 hrs after fabrication (Figure 6b). The thinner
hydrogel samples exhibit a more positive ANVF than the thicker ones. For instance, for
multi-layered hydrogels, the multi-20 um hydrogels had a higher ANVF than that of multi-
150 um at all temperature. The ANVF for multi-20 um at temperatures of 8 °C and 45 °C was
observed to be +15% and -5%, respectively, compared to +10% and -12%, respectively, for
the multi-150 um hydrogels (Figure 6b). A similar behaviour was observed with monolithic
samples, where the ANVF of the mono-1.5 mm was higher than that of the mono-5 mm at
temperatures of 8 °C and 45 °C (Figure 6b).

The change in volume itself was found to be asymmetric for all samples, where the strain in
the axial direction, i.e. height, was considerably higher at approximately 58% on average
compared to the lateral change, i.e. width and length (Figure 6c). The magnitude of lateral
(lew| and |e.|) and axial strains (|ey|) was calculated by equations (SI, Eq.S 2-4). This was
done by calculating the dimensions change for width, length, and height for each sample
within the first 24 hrs. Note that the axial direction of the samples is defined as the direction

at which the UV light was applied onto the samples and the lateral direction is the plane of
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the sample normal to the direction of the UV light. It was observed that the thinner hydrogel
samples, both multi-layered and monolithic, exhibited slightly lower |gy/| and |g.| but
higher || than the thicker ones (Figure 6c). For multi-layered samples, |&y| of multi-20 um
was observed to be up to 5% higher than that of multi-150 um hydrogels. Similarly for

monolithic samples, |eg| of mono-1.5 mm is up to 53.8% higher than that of mono-5 mm

hydrogels.
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Figure 7: Thermal response of individual multi-150 um hydrogels to temperature variation
for 168 hrs. (a) NWF of a multi-150 um hydrogel moved between different water baths at 8,
20 and 45 °C as set times. (b) Average NWF of 4 independent multi-150 um hydrogels stored
and moved in between different water baths. Arrows in (b) represent pattern of
temperature change in different water baths. Error bars represent standard deviation from
the mean n=4 for (b). Some error bars are not visible as they are smaller than the data point

symbols. All lines are guide to the eye only.
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The thermal response of PEGDA hydrogels was observed to be fully reversible within the
temperature range of 8-45°C (Figure 7a). For a multi-150 um hydrogel, the NWF reached
1.02 while being stored at 20 °C for 24 hrs after fabrication. The NWF of the same sample
increased to 1.10 when the temperature was decreased to 8 °C. The NWF dropped to 0.85
when the temperature was increased to 45 °C within 24 hrs of storage, which then increased
back to 1.02 when subsequently stored at 20 °C for the following 24 hrs of storage. This
strongly suggests that the inversed correlation behaviour between NWF of PEGDA
hydrogels and storage temperature, in which NWF monotonically decreases with the

increase of temperature, can be fully reversed (Figure 7b).

4. Discussion

This work demonstrated the feasibility of manufacturing multi-layered PEGDA hydrogels
using projection lithography technique and QY as photoabsorber with a nominal thickness
of 20 and 150 um. QY was utilised to limit the UV light penetration into the prepolymer
solution [18], thus a control over the thickness of the crosslinked layer could be enabled by
controlling its concentration. With concentration of 1.8 and 9 mg/mL QY, at UV light dosage
of 120 mJ/cm2, the crosslinking depth was calculated using optical microscope to 299 + 5
pum and 46 = 2 um (SI, Figure S5 and S6). The nominal layer thickness was set to be
approximately half that of the crosslinking depth at 20 um and 150 um for multi-20 um and
multi-150 um. Therefore, each layer was inevitably exposed twice to the UV light as the
structure was built top down. It was suggested that the double exposure may enhance

bonding between neighbouring layers [18]. NMR spectra showed that the average degree
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of crosslinking across the structure in multi-20 um and multi-150 um and mono-5 mm
PEGDA hydrogels were different. The mono-5 mm, which did not contain QY photoabsorber
in its prepolymer solution, had the highest degree of crosslinking, while multi-20 um with
the highest QY concentration had the lowest crosslinking. This suggests that a higher QY
photoabsorber concentration in the prepolymer solution leads to a lower degree of
crosslinking in the resulting polymer. Caution must be taken to avoid overexposure, which
may be detrimental to the mechanical properties required for cardiomyocyte studies due
to increased crosslinking density which may lead to stiffer hydrogels [18,27-29]. As the
mechanical properties of PEGDA are dependent on the degree of crosslinking, this creates
an opportunity to tailor the properties of the photo-crosslinked structures by tuning the
fabrication parameters, e.g. UV light dosage, QY photoabsorber concentration and number
of layers. These parameters, and thus the properties, can then be optimised to meet the
requirement of specific applications [30]. For instance, soft hydrogels for use in cardiac
tissue development can be fabricated by high QY photoabsorber concentration and number
of layers and low UV dosage [31].

Based on the significance of the slope of the regression lines for all nominal temperatures
of 8, 20, 37 and 45 °C, it was found that multi-layered PEGDA hydrogels stored at 37 °C and
45 °C reached equilibrium after 24 and 72 hrs, respectively. In contrast, PEGDA hydrogels
stored at 8 °C reached equilibrium after 1.5 hrs and those stored at 20 °C reached
equilibrium in less than an hour after fabrication. The monolithic PEGDA hydrogels had

different behaviours, where the equilibrium was reached between 4-6 hrs for all
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temperatures (Figure 5.a). This suggests that the onset of mass equilibrium for both multi-
layered and monolithic PEGDA hydrogels can be reached after 24 hrs at temperatures of 8,
20, and 37 °C, which is comparable to previous study on 3D printed PEGDA composite
hydrogels [27]. In contrast, it took 72 hrs to reach equilibrium for temperature of 45°C.
PEGDA hydrogels are at equilibrium when the rate of water expulsion slows down, as the
osmotic pressure inside and outside the polymeric network reaches similar levels [26]. The
variation in the EWC of multi-20 um and multi-150 um and mono-5 mm hydrogels can be
attributed to the variations in concentration of the PEGDA monomer in the prepolymer
solution prior to the photo-crosslinking process (S|, Figure S2). Changes in the concentration
of PEGDA monomer in the prepolymer solution has been observed to directly influence the
swelling kinetics of the crosslinked hydrogel [32].

While the NVF measurements were showing similar thermal response behaviour to NWF, it
was suggested that this is not fully proportional to the gravimetric behaviour [26]. We
observed that after 24 hrs, both multi-20 um and multi-150 pm and mono-5 mm PEGDA
hydrogels did not reach volumetric equilibrium. The network polymer chain itself may take
much longer period of time to rearrange itself and dimensionally stabilise. It has been
reported that some hydrogels, e.g. poly(N-isopropylacrylamide) PNIPAAm, require more
than a month to reach volumetric equilibrium [33]. Since the volumetric observations were
only taken every 2 hrs for 6 hrs and at 24 hr after fabrication, there were not enough data
for a thorough and statistically reliable equilibrium hypothesis testing based on slope of the

regression line. Therefore, it is inconclusive to suggest if PEGDA hydrogels have reached

22



Polymer Degradation and Stability 195 (2022) 109805

volumetric equilibrium within 24 hrs. For applications where dimensional stability of the
crosslinked hydrogel is essential, e.g. for in vivo and in vitro tissue studies, the fabricated
hydrogels may need to be prestored at constant 37 °C for more than 24 hrs before
proceeding with experimentation.

The difference in ANVF between the multi-layered and monolithic hydrogels may be
attributed to variations in the degree of crosslinking in the fabricated PEGDA hydrogels. The
higher degree of crosslinking leads to a higher volumetric percentage change in the
monolithic hydrogels compared with multi-layered hydrogels. The fact that the volume
changes but mass remains the same suggests that the density of the hydrogel is not
constant before reaching volumetric equilibrium. This is vital for the calculation of
theoretical mesh size or porosity, as it is typically assumed that the polymer density is

constant.

It is important to note that the strain in the axial direction (| €x|) was considerably higher

than that of the lateral (|€w/|) and (]| €.|) for both multi-layered and monolithic PEGDA

hydrogels (Figure 6c). The anisotropic characteristic can be attributed to the formation of
highly crosslinked planer sublayers at the interface of each layer. We hypothesise that these
planar sublayers are thermally and structurally more stable than the remaining part of each
layer. This leads to the formation of an isostrain condition in lateral direction and an
isostress condition in the axial direction. When the fabricated hydrogels undergo thermally
induced volumetric strain, the highly crosslinked planar sublayers are able to limit the strain

in the isostrain condition better than in the isostress condition. Therefore, the strain in the
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lateral direction is expected to be much less than that in the axial direction. This is in
agreement with our observation where the swelling and shrinkage are higher in the axial
direction rather than in the lateral direction (Figure 6c). Further observation on the figure
(Figure 6c¢), suggest that the multi-20 um hydrogels have higher axial dimensional change
compared with the multi-150 um. This further supports our hypothesis that a larger portion
of the highly crosslinked planar sublayers within the hydrogel structure leads to a more
stable structure along the direction of the sublayers, i.e. lateral direction, while maintaining
compliance in the direction normal to the sublayers, i.e. axial direction. SEM images of the
multi-layered hydrogel confirm the presence of highly crosslinked planar sublayer at the

first surface of each layer (Figure 8).

(a) (b)

Planar sublayer Single layer

=== =

Sl

Direction of light

Figure 8: SEM image of a freeze dried multi-150 um PEGDA hydrogel showing the highly
crosslinked planar sublayers at the first surface of each layer. Scale bar for (a) and (b) are

200 um and 100 pum, respectively.
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A similar behaviour is also observed on the monolithic samples. The strain of three

monolithic hydrogels, i.e. mono-5 mm, mono-3 mm and mono-1.5 mm, show that shorter
structures correspond to higher | €x| (Figure 6c). This suggest that the degree of crosslinking

varies across the heights of monolithic samples in a similar fashion to the multi-layered
samples. Such a variation can be attributed to the crosslinking depth of the UV irradiation
at a wavelength of 365 nm and a dosage of 120 mJ/cm?into the PEGDA hydrogels.

Note that the thermal response of all three monolithic hydrogels exhibits similar expansion
and shrinkage behaviours to each other, as indicated by the similarity of their ECW, NWF,
and NVF (SlI, Figure S4). This finding contradicts earlier findings where the UV photo-
crosslinked PEGDA hydrogels with no photoabsorber were classed as isotropic gels [34]. For
a collimated or slightly diverging UV irradiation source, the highly crosslinked sublayer is
planar and normal to the direction of the impinging UV light. Therefore, PEGDA hydrogels
manufactured by projection lithography are expected to be anisotropic due to the presence
of these sublayers. This anisotropy may be reduced by maximising the portion of the highly
crosslinked sublayers within the hydrogels by post fabrication multiaxial UV exposure.
Further investigation is needed to fully elucidate the underlying mechanism governing this
anisotropy behaviour.

Our gravimetric and volumetric analysis suggests that the thermal response of PEGDA
hydrogels can be attributed to changes in hydrogen bonds strength at different
temperatures. PEDGA comprises of hydrophilic (O-CH2-CH2) repeating unit backbone called

oxyethylene compound [35] and acrylates side chains containing hydroneutral vinyl groups
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[36]. The oxyethylene chain interacts favourably with the low temperature water structures
and less favourably with the high temperature forms of water [37], as its average
conformation changes from being more polar at low temperatures to being less polar at
high temperatures [38]. At fabrication temperature of about 20°C, the backbone
oxyethylene chain absorbs water molecules until it reaches equilibrium. With increased
temperatures the oxyethylene chain undergoes drastic change from hydrophilic to
hydrophobic because the negative entropy of water molecules around the nonpolar regions
of PEGDA dominates [39]. Even though the hydrogel multi-layered PEGDA hydrogels are
fully immersed in water, the hydrogen bonds are weakened and water molecules are
desorbed and expelled from the polymer chain due to the dominant hydrophobic
interactions between backbone groups at an elevated temperature [40,41]. The desorption
of the water molecules results in shrinkage in the PEGDA polymer network (Figure 9). In
addition, the outside region of the membrane would be affected first and thus the
hydrophobicinteractions among the vinyl groups in the outer regions become stronger. This
leads to the rapid shrinkage of the outermost surface, forming a dense skin layer that
prevents the free water from diffusing out and thus prolonging the response rate
[40,42,43]. The opposite behaviour was also observed, where the increased polarity in
lower temperatures results in stronger hydrogen bonds between the water molecules and
the polymer network, hence more absorption of water molecules into the polymer network

and higher swelling [44-46].
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As multi-layered PEGDA hydrogels respond reversibly to temperature changes and undergo
reversible phase transition [44], they can be potentially used in a range of temperatures
without suffering from thermal degradation by repeated temperature changes. A thermal
responsive PEGDA hydrogel exhibits a reversible expansion/shrinkage transition where the
polymer can revert back to its original state of equilibrium, within a certain temperature
range, above or below the critical gel transition temperature (CGTT) [41]. It has been
reported that PEGDA with molecular weight of 400 had a CGTT between 34-36 °C [45]. Even
though it was not investigated herein, we can speculate that the CGTT of our polymer would
have similar values to that of PEGDA 400. This suggests that the mass lost/gained through
the thermal expansion/shrinkage process may be recuperated within the 24 hrs period if
the storage temperature goes above or below 34-36 °C.

All the aforementioned findings suggest that PEGDA is a macroporous hydrogel that absorbs
water molecules into its pores. The water absorption behaviour is strongly dependent on
temperatures, as it is influenced by the contributions of free water, non-bound water,
(NBW), weakly bound water (WBW), and strongly bound water (SBW) (Figure 9) [47]. The
main portion of water is attributable to free water and NBW located within macropores. As
the temperature increases above the fabrication temperature (To), polymeric chains start
to aggregate, phase separation takes place and the shrunk micropores expel the free water,
NBW and WBW from the PEGDA polymer network [33,48]. The SBW which forms the
primary hydration shell around the PEGDA polymer chains that is located within the micro

and nanopores in the macropore walls is not effected by range of temperature in the study,
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as they are strongly bound to the network chain and are normally trapped within the
nanopores [26,47,49]. The size, distribution and alignment of the pores in the hydrogel is of
relevance for in vitro studies, as they affect attachment of the living tissues, muscles, and

their performance [50].
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Figure 9: Schematic of anisotropic thermoresponsive behaviour of PEGDA hydrogels, where
above and below fabrication temperature, an unequal (AL% = AW% (lateral) < AH% (axial))
volume change is observed. Below fabrication temperature, due to higher NBW absorption
and stretching of macropores, there is a volume expansion. Above fabrication
temperatures, the NBW and WBW are expelled from the network, macropores aggregate

and hydrogel shrinks.

5. Conclusions
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This study was directed to investigate the thermal response of multi-layered and monolithic
photo crosslinked PEGDA hydrogels. The equilibrium weight and volume of photo
crosslinked PEGDA hydrogels at storage temperatures of 8-45°C was observed to change
between +14% and -19%. At 37 °C, which represents the incubation temperature, a negative
5-15% weight and volume change was observed. The Normalised Volume Fraction (NWF)
of the multi-20 um and multi-150 pum hydrogels increased to +14% at lower 8 °C
temperature, whereas the NWF decreased to -11.1% at 45 °C. As a result of the water
uptake and release, the volume of the PEGDA hydrogels also changed. The NVF results
showed that the multi-20 um and multi-150 um layered hydrogels experienced expansion
of approximately +10% at 8 °C, while they shrunk at 45 °C to -11.5%. This expansion and
shrinkage were observed to be due to change in the oxyethylene chain of the polymer
network when temperature changes. The backbone of the PEGDA polymer network
undergoes drastic change from hydrophilic to hydrophobic at elevated temperatures. This
weakens the hydrogen bonds and water molecules are expelled from the polymer chains
due to the dominant hydrophobic interactions between backbone groups. The desorption
of the water molecules results in shrinkage in the PEGDA polymer network. At lower
temperatures, an opposite behaviour was seen, where stronger hydrogen bonds between
the water molecules and the polymer network due to increased polarity, results in more
absorption of water molecules into the polymer network and higher polymer expansion.

These findings suggests that differences in the degree of polymerisation and application

temperatures have to be considered in the design and fabrication process. In addition, the
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observed anisotropic behaviour of photo crosslinked PEGDA hydrogel between the axial
and lateral directions must be taken into account into the design of the UV irradiation
direction during the polymerisation process. A projection lithography of PEGDA hydrogels
using a single UV irradiation source leads to a large anisotropic characteristic, where the
thermal responses in axial dimension was about 58% higher than those in lateral dimension.
The multi-layered PEGDA hydrogels were observed to have reversibility behaviour at
temperatures of 8-45°C. However, further investigation with high number of cycles or
frequency needs to be undertaken to fully understand the effect of the temperature cycles
on the degradation of the hydrogels. The findings presented herein should be considered
as a basis for further studies into the effect of fabrication protocol and environmental
conditions on the long term physicochemical and thermomechanical behaviour of the
PEGDA hydrogels, which are crucial to many future biomedical and bioengineering

applications.
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