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HIGHLIGHTS

® We report a photocured resin with
enhanced mechanical property and
excellent biocompatibility.

® The resin can be photocured via UV
through thiol-ene “click” chemistry.

® We show the facile fabrication of high-
resolution patterns (~5 pm) using
photolithography.

® The technology is simple, versatile and
has potential in bioengineering field.
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GRAPHICAL ABSTRACT

In order to achieve a photocured resin with enhanced mechanical property and excellent biocompatibility, we
have investigated a PCL-derived photocured material via UV through thiol-ene “click” chemistry and this facile
route for fabrication of high-resolution patterns (~5 pm) has a good impact in bioengineering and biomedical
fields.

* enhanced mechanical property % excellent biocompatibility
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ABSTRACT

This paper reports a novel routine for the fabrication of a polycaprolactone-derived (PCL-derived) photocured
material cross-linked by pentaerythritol tetra (PETMP) with enhanced mechanical property and excellent bio-
compatibility. The photocured material is cross-linked via UV irradiation through thiol-ene “click” chemistry.
The main novelty of this technique is the facile fabrication of high-resolution patterns (~5 um) using photo-
lithography, and without adding photo-initiators. The photocured material is studied regarding to its thermal
property, mechanical property and cytocompatibility. DSC and DMA suggest that the flexibility and toughness of
PCL-derived photocured material have improved. Accordingly, the PCL-derived photocured material achieves
enhanced mechanical property (with the increase of PCL segment content from O to 38.0%, the photocured
samples monotonically increased their breaking strength from 0.62 to 3.10 MPa and Young’s modulus from 1.39
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to 9.22 MPa). Due to the incorporation of the PCL-derived copolymer, the material shows excellent affinity to
cells, which is demonstrated by the cell proliferation and release of LDH. The hemolysis ratio of PCL-derived
photocured materials is all < 5%, while the PEGDA photocured material is ~17%. It can also be observed that
PCL-derived photocured material will improve the biocompatibility and reduce biotoxicity compared with
PEGDA. This facile route for synthesis of biocompatible photocured resin with micrometer-resolute patterns has
a good impact in bioengineering and biomedical fields.

1. Introduction

UV-curable rapid prototyping technology is a fast developing
“green” technology. It has the advantages of high reaction efficiency,
quick reaction speed, energy conservation and less organic volatile
(VOCQ), thus photocurable polymers have a unique advantage in bio-
medical applications [1-6]. Resins used while fabricating scaffolds for
tissue engineering require possessing good biocompatibility and high
resolution structure [7-9]. Recently, micropatterned resins, as cell
culture substrates or microactuators are gaining attentions in bioengi-
neering [5,10]. UV irradiation is the facile fabrication of micro-
patterned resins by photolithography. For example [11-13], thiol-ene
“click” reaction by UV irradiation could prepare micrometer-resolute
hydrogel patterns with tailored architecture and multi-responsive
properties.

However, most of the photocured resin involves large amounts of
small molecules, such as photo-initiator, solvents and so on, which af-
fect biological toxicity because of incomplete polymerization and
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organic residue [14-16]. Currently, there are abundant photocurable
monomers [17-22] that have been developed and commonly been
applied in bioengineering and biomedical fields. The photocurable
monomers like poly(ethylene glycol) diacrylate (PEGDA), hyaluronic
acid (HA) and their derivatives, dextran, and PEGDA [17,23,24] have
relatively higher commercial value because of their low price and high
product maturity. These are widely used as crossing agents to prepare
hydrogels or photocurable resins. They have potential applications in
the fields of neural prosthetic devices, biosensors and drug delivery
[25-28]. Although the use of PEGDA has been relatively matured, there
are still some unsolved problems. One of the problems is that PEGDA
has poor toughness and ductility although it possesses strong mechan-
ical properties. Another problem is that its biological toxicity is rela-
tively high, that limits its further commercialization in the bioengi-
neering [29,30].

Caprolactone (CL), another widely used monomer for injectable
drug-delivery system, cell culture, etc., has a good biocompatibility and
elasticity [31-34]. For example, Ai Ping Zhu’s team have prepared a
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Scheme 1. Scheme illustrating the UV-crosslinking resin. (A) A synthesis procedure of the PCEC and ene-PCEC copolymers via ring-opening polymerization and
substitution reaction respectively. (B) The curing process of photocured material via UV light in a simple diagrammatic form. (C) The fabrication process for the
micropatterned samples, PDMS stamp, is in opaque grey and photocured sample is in solid red. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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foldable micropatterned hydrogel film made from PCL-b-PEG-b-PCL-DA
by UV embossing, and the hydrogel was found to have good bio-
compatibility compared with PEGDA hydrogel [35]. Therefore, the
combination of caprolactone and PEGDA can not only improve the
biotoxicity and degradation performance of PEGDA, but also have po-
tential to produce high precision products by 3D printing technology
[5]. For example, researchers were able to produce a high resolution
(< 10 um) tissue engineering scaffold by developing the structure of
polycaprolactone-derived (PCL-derived) aliphatic copolymers initiated
by two-photon polymerization (2PP). However, the device is very ex-
pensive and the rate of molding is slow. Therefore, it is urgent to de-
velop a photocured material by UV rapid prototyping technology with
high resolution, low cytotoxicity, and suitable mechanical properties
[8,32].

Herein, our group provides a novel routine for the preparation of
the photocured material with excellent biocompatibility and enhanced
mechanical property. We discovered that with the incorporation of the
photocurable PCL-derived copolymer into PEGDA resin, the biotoxicity
and mechanical property of PEGDA could be improved. Scheme 1A
shows a general procedure to prepare the photocurable PCL-derived
copolymer. The precursor was cross-linked by thiol-ene “click” reaction
(Scheme 1B). The mercaptan group was used as the crosslinking agent
to enhance the mechanical properties of the material and reduce the
residue of small molecular initiator [11,12,36]. The feed reactants were
all liquid in this methodology, which enabled the reaction with no
solvent. Besides, thiol-ene polymerization can be carried out under the
mild condition, because the reaction is insensitive to environmental
conditions and has high reaction efficiency. This method has the ad-
vantages of simplicity, versatility and has no risks of contamination.
The performance of PCL-derived photocured material by UV-initiated
thiol-ene “click” reaction was greatly improved: (1) The mechanical
strength and toughness of the photocured materials was enhanced
significantly; (2) “Click” chemistry gave it the advantage of high pre-
cision patterning; (3) The biocompatibility of the photocured materials
was greatly improved.

2. Experimental
2.1. Materials

Poly(ethylene glycol) (PEG, Mn = 200), calcium hydride (CaHs),
caprolactone (CL), acryloyl chloride, poly(ethylene glycol) diacrylate

(PEGDA), pentaerythritol tetra(3-mercaptopropionate) (PETMP), 2,2-

Table 1
The composition of photocured samples in this work.
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dimethoxy-2-phenylacetophenone (DMPA) and stannous octoate (Sn
(Oct),) were purchased from Aladdin Company (China). Toluene was
purchased from Hangzhou Shuanglin Chemical Reagent Co., and
ethanol was purchased from Zhejiang Hannuo Chemical Technology
Co., Ltd.

2.2. Fabrication of PCL-derived photocured material

2.2.1. Synthesis of PCL/PEG/PCL(PCEC)

A biodegradable triblock polyetherester copolymer (PCL/PEG/PCL,
PCEC) was synthesized by ring-opening polymerization. All reagents
and solvents were pretreated with CaH, to remove water before the
reaction. During the reaction, the reaction was protected by No.
Caprolactone synthesization was initiated by the polymerization of
PEG. Briefly, (0.400 g, 2Mmol) PEG and (1.620 g, 4 Mmol) stannous
octoate (PEG/stannous octoate = 1/2M ratio) were dispersed in to-
luene and then reacted at room temperature for 15 min. Then (7.990 g,
0.07 mol) caprolactone was subsequently dissolved in the mixture at
90 °C for 24 h.

2.2.2. Synthesis of photocurable PCEC (ene-PCEC)

An ene-functionalized polymer was synthesized in two steps. Firstly,
(2.5 Mmol) PCEC and (0.759 g, 7.5 Mmol) triethylamine were dissolved
in (40 mL) dichloromethane. Secondly, an excess of acryloyl chloride
(0.679 g, 7.5 Mmol) was slowly added to the mixture, and then the
reaction is allowed to proceed for 24 h at room temperature. The final
solution was dialyzed in NaHCO3, HCI and NaCl solution (to remove the
by-product). In the end, ene-PCEC was precipitated in ether.

2.2.3. Photopatterning process

The photopatterning process was prepared as following. A solution
containing ene-PCEC, PEGDA, PETMP (the molar ratio of the functional
vinyl and thiol groups was 1:1), and DMPA was dropped onto a tem-
plate for 5min while irradiating with a UV lamp (5 w, 365nm).
PEGDA/ene-PCEC’s ratio of 25:1, 20:1, 15:1, 10:1 were used to prepare
different photocured samples (as shown in Table 1).

The PDMS soft mold used in our study is obtained by a silicon mold.
We can easily prepare it by casting PDMS on the surface of the silicon
mold, then curing and removing PDMS from the silicon mold. Finally,
the patterns can be repeated with the same accuracy as that on the
silicon mold [11,37].

Photocured Samples PEGDA/ene-PCEC/PETMP (molar ratio) ~ Mypcec) ene-PCEC/Resin® CL Segments/Resin’
Theories® Calculated” Molar Ratio (%) Weight Ratio (wt.%) Molar Ratio (%) Weight Ratio (wt.%)
Control  Pure PEGDA  20/0/10 - - 0 0 0 0
Series1 Series1-1 25/1/13 2480 1600 2.6 12.4 30.8 10.9
Series1-2 20/1/10.5 3.2 149 38.4 13.0
Series1-3 15/1/8 4.2 18.8 50.4 16.5
Series1-4 10/1/5.5 6.1 25.4 73.2 22.2
Series2  Series2-1 25/1/13 3050 2400 2.6 17.5 49.4 15.3
Series2-2 20/1/10.5 3.2 20.8 60.8 18.2
Series2-3 15/1/8 4.2 25.8 79.8 22.6
Series2-4 10/1/5.5 6.1 33.9 115.9 29.7
Series3  Series3-1 25/1/13 3620 3600 2.6 24.1 78.0 21.1
Series3-2 20/1/10.5 3.2 28.3 96.0 24.8
Series3-3 15/1/8 4.2 34.3 123.0 30.0
Series3-4 10/1/5.5 6.1 43.4 183.0 38.0

> Was calculated by 'H NMR.
Was calculated by the proportion of ene-PCEC in total resin.

Was calculated by the molar ratio of monomers attend the copolymerization.

4 Was calculated by the proportion of PCL segments in total resin, based on Mcr/(Mene.pcec + Mprgpa + Mprrvp)-
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Fig. 1. (A) The 'H NMR spectra of PCEC copolymers, the M, of PCEC copolymer was 1600, 2400 and 3600, respectively. (B) The '"H NMR spectra of PCEC and ene-

PCEC copolymers.

Table 2
The molecular weights of a series of PCEC copolymers.

PCEC Copolymers M, DP* (McL/Mpgq)
'H NMR GPC

Series1 1600 - 12/1

Series2 2400 - 19/1

Series3 3600 4500 30/1

@ The DP (degree of polymerization) was calculated by 'H NMR.
2.3. Instruments and measurements

'H Nuclear Magnetic Resonance (*H NMR) was performed using an
AVANCE 500 MHz instrument (Bruker company) and deuterochloro-
form solvent. Differential scanning calorimetry (DSC) test was per-
formed with a DSC1 STAR® System. The experiment was carried out
between —60 °C and 80 °C with a heating rate of 10 °C/min. Dynamic
thermomechanical analysis (DMA, American TA Q800) was carried out
between —100°C and 60 °C with a heating rate of 3°C/min, a fre-
quency of 1Hz and an amplitude 15 pm. Tensile test was performed
using a universal US Instron machine. Water absorption property was
expressed by comparing different rates of increase in mass of the ma-
terial after enough absorption.

2.4. Cell culture

The HUVECs, VSMCs, and 1929 cell line were obtained from the
Institute of Biochemistry and Cell Biology, Chinese Academy of Science.
The cells were cultured in DMEM supplemented with 1.5 g/L sodium
bicarbonate, 10% fetal bovine serum, 100 U/mL penicillin, and 100 pug/
mL streptomycin at 37 °C in a humidified atmosphere of 5% CO,. Cells
were fed every 3 days, and sub-cultured at 70-80% confluency.

Table 3
Thermal properties of photocured samples measured by DSC.
Photocured Samples Tg (°C) T (°C) X (%)*
Control Pure PEGDA —28.12 - -
Series1 Series1-1 —28.41 51.14 43.3
Series1-2 —28.82 51.95 47.6
Series1-3 —28.52 52.62 45.5
Series1-4 —28.35 51.79 47.6
Series2 Series2-1 —29.07 53.45 52.1
Series2-2 —28.57 54.47 46.4
Series2-3 —30.88 53.93 48.9
Series2-4 —31.07 55.10 46.9
Series3 Series3-1 —31.67 52.00 49.4
Series3-2 —30.44 51.95 43.5
Series3-3 —30.63 52.62 43.0
Series3-4 —30.74 51.79 44.0

@ The crystallinity (X.) was calculated by Eq. (2).
2.5. Cell proliferation assay

An MTS cell proliferation assay was performed according to the
manufacturer’s protocol (ab197010, Abcam). Briefly, L929 cells were
seeded into 96-well plates and subjected to serum deprivation for 24 h.
Then the extraction of PEDGA or PCL was used to stimulate the L929
cells for another 24 h. Finally, cells were incubated with MTS solution
for 4h. The absorbance was measured using spectrophotometer [38].

2.6. Lactate dehydrogenase (LDH) — cytotoxicity assay

Cell death or cytotoxicity is classically evaluated by the quantifi-
cation of plasma membrane damage. Unlike other cytoplasmic enzymes
that are unstable or exist in low amount in most of the cells, LDH is a
stable cytoplasmic enzyme present in all cells and rapidly released into
the cell culture supernatant upon damage of the plasma membrane. In
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Fig. 3. The DMA results of the photocured samples. (A-C) The storage modulus (E’), loss modulus (E”), and loss factor (tan &) of the photocured samples respectively,
M @pcecy = 1600. (D-F) The storage modulus (E”), loss modulus (E”), and loss factor (tan §) of the photocured samples respectively, Mypcecy = 2400. (G-I) The
storage modulus (E’), loss modulus (E”), and loss factor (tan &) of the photocured samples respectively, Mypcrcy = 3600.

Table 4
The mechanical properties of photocured samples (E’, peak temperature of E” and peak temperature of tan § were measured by DMA; Breaking strength, Young’s
modulus and elongation at break were measured by tensile test).

Photocured Samples E’ (MPa) Peak Temperature of E” Peak Temperature of tan §  Breaking Strength Young’s Modulus Elongation at Break
(0 QO] (MPa) (MPa) (%)
at —40°C at 37°C

Control Pure PEGDA  2825.3 2.3 -21.8 -15.2 0.62 1.39 46.64
Series] ~ Seriesl-1 3669.5 12.2 -25.2 -18.2 0.81 1.85 58.23
Series1-2 2461.0 23.1 -22.4 -17.2 1.09 2.07 66.56
Series1-3 3132.3 50.2 -24.9 -19.8 1.16 4.00 56.65
Series1-4 4025.2 69.9 -26.7 -19.9 1.45 4.50 43.32
Series2  Series2-1 4420.6 45.5 -25.9 -19.9 0.84 2.39 56.08
Series2-2 3170.5 32.3 -25.4 -19.5 0.95 3.65 48.21
Series2-3 3658.3 83.5 -27.0 -20.2 1.34 6.43 50.48
Series2-4 3259.0 73.9 -247 -19.6 2.13 9.72 45.75
Series3  Series3-1 4416.7 45.7 -26.7 -20.6 1.67 4.58 54.97
Series3-2 3202.4 46.5 -27.4 -20.8 2.11 6.90 58.31
Series3-3 3650.3 82.4 -27.4 -21.0 2.49 7.66 48.32
Series3-4 2446.6 48.5 -27.5 -21.3 3.10 9.22 51.66
our study, LDH release was measured with a cytotoxicity kit assay to each well and incubated for 30 min at room temperature [40]. Ab-
(ab65391, Abcam) on the basis of the cleavage of a tetrazolium salt by sorbance was measured at 490 nm, and LDH release was expressed as a

LDH [39]. L929 cells were seeded into 96-well plates and exposed to the percentage of total LDH activity, measured by lysing cells with Triton X-
extractions of PEDGA or PCL for 24, 48, and 72h. 100 pL of culture 100.

medium was collected, centrifuged to remove cellular debris, and

transferred to a 96-well plate. 100 pL of the reaction mixture was added
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Fig. 5. Scanning electron microscope images of the surface and cross sections of the micropatterned materials. The composition of photocured samples was prepared
from the sample Series3-4. Images (A-D) were ridge/groove micropatterns. The height of a ridge was 10 um, and the widths were 50 pm, 20 pm, 10 um and 5 um,
respectively. Images (E-H) were cylindrical array micropatterns. The height of cylinder was 10 um, and the diameters were 50 pm, 20 pm, 10 ym and 5 pm, re-
spectively. The last row images (e-h) were the cross sections corresponding to the different micropatterns.
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Fig. 6. Water absorption of photocured materials. (A-C) Mypcrcy was 1600, 2400 and 3600, respectively. Red indicates that the resin was immersed in deionized
water for 7 days; blue indicates that the resin was immersed in deionized water for 14 days. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

2.7. Hemolysis test PBS (negative control group) (https://www.iso.org/standard/63448.
html). Six paralleled samples were laid in each group. All tubes were

According to ISO 10993-4: 2017, 100 mg of PCL or PEDGA test put into the 37 °C thermostatic water bath case for 30 min. 0.8 mL ar-
piece was soaked in 1 mL phosphate-buffered saline (PBS) (test group) terial blood of a healthy adult New Zealand albino rabbit was im-
for 48 h, 1 mL distilled water (positive control group) or 1 mL normal mediately mixed with 1mL normal PBS which contained 0.01g/L
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Fig. 7. Cell adhesion and viability of L929 fibroblasts on the surface of pure PEDGA and PCL-derived material. (A-B) Numbers of non-adhered cells on the surface of

materials. (C-D) Cell viability measured by MTS reduction of L929 cell line.

Table 5
The cell viability of photocured samples.

Photocured Samples Cell Viability (%)*

0.5Day 1.0Day 2.0Day 3.0 Day
Positive Control  0.64% Phenol Culture 100.0 62.2 51.7 37.7
Control Pure PEGDA 107.7 68.9 51.7 46.8
Series 1 Series 1-1 100.0 71.1 69 57.1
Series 1-2 103.8 82.2 77.6 85.7
Series 1-3 111.5 88.9 84.5 88.3
Series 1-4 111.5 93.3 96.6 92.2
Series 2 Series 2-1 100.0 73.3 77.6 62.3
Series 2-2 100.0 80.0 879 89.6
Series 2-3 107.7 102.2 103.4 100.0
Series 2-4 107.7 102.2 105.2 101.3

? Was measured by MTS cell proliferation assay and was calculated by using
the following Eq. (3) [44].

potassium oxalate decoagulant, in this way, the fresh anticoagulant
diluted cony blood was prepared. Then 0.2 mL of diluted blood was
added to each tube. All the test tubes were put into the 37°C

thermostatic water bath for 60 min and centrifuged at 2500 rpm for
10 min. The A value was evaluated by a spectrophotometer at 545 nm
wavelength. The mean value of the six samples was calculated as a
group A value. According to ISO 10993-4: 2002, the hemolytic ratio
was calculated according to the following: hemolysis radio
(0/0) = [(ODexp - ODcon—neg)/(ODcon—pos - ODcon—neg)]*looo/(L The mea-
sured optical density (OD) values of the experimental, negative control
and positive control groups were coded as ODeyp, ODcon-negy ODcon-pos»
respectively.

2.8. Scanning electron microscope (SEM)

SEM was used to detect the morphology of HUVECs, VSMCs, and
L1929 cells. In brief, the specimens were fixed with 2.5% glutaraldehyde
for > 4 h. After washing three times with PBS, the specimens were post-
fixed with 1% OsO, for 1-2 h. Next, the specimens were dehydrated by
an ethanol gradient, followed by acetone for overnight infiltration.
Furthermore, the specimens were embedded in Spurr resin and sec-
tioned in the Leica EM UC7 Manufacturer (Leica, Wetzlar, Germany)
[41]. The sections were stained with uranyl acetate and alkaline lead
citrate, and the images were procured randomly by Hitachi Model H-
7650 SEM.
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Fig. 8. LDH release and hemolysis test results of the photocured materials. (A-B) LDH releases of the photocured materials, L929 cells were stimulated with the
extractions of PEDGA and PCL for 24 and 48 h. (C) Hemolysis ratio of the photocured materials with the extractions of PEDGA and PCL for 48 h.

118



Y. Zhu, et al.

3( )Opm

PEGDA

SMC

Chemical Engineering Journal 366 (2019) 112-122

Series 1-4

300ftm

Series 2-4

300um y

Series 3-4

Fig. 9. The morphology of the photocured materials to ECs (A-B), SMCs (C-D), and FBs (E-F) measured by SEM.

2.9. Statistical analysis

All data are presented as the Mean * SD. Two-tailed Student’s t-
tests were performed to compare means of two groups. ANOVA fol-
lowed by Bonferroni’s multiple comparisons was used to compare
means from three or more groups. A p-value of less than 0.05 was
considered to be statistically significant.

3. Results and discussion
3.1. Synthesis and characteristic of precursor

As shown in Scheme 1A, a controlled ring-opening polymerization
initiated by the hydroxyl group of the PEG molecule under the existence
of Sn(Oct), could be obtained by controlling the content of PCL and the
time of polymerization [33]. To confirm the formation of PCEC and
ene-PCEC copolymers, 'H NMR was performed and the results were
shown in Fig. 1. In Fig. 1A, peaks at the chemical shifts of 3.72 ppm and
4.06 ppm were assigned to methylene protons of —CH,CH>O— in PEG
units and —COOCH,— in PCL units, respectively [33,42]. In Fig. 1B,
compared with PCEC copolymer, ene-PCEC copolymer showed a peak
at ~6 ppm, which was attributed to vinyl protons of CH,—CH— at the
end-acrylate groups, indicating successful preparation of ene-PCEC
copolymer. The molecular weight of PCEC copolymers was calculated
from 'H NMR according to Eq. (1) and the results were listed in Table 2.
GPC test was also used to further characterize the molecular weight of
PCEC copolymer in Table 2.

s
M, pcec) = (;‘; X My ppg) X Mn(CL)) /

44 + My, (pEc)

@

where S,, S, were integral intensities of methylene protons of
—OCH,CH,— in PEG unit at 3.72ppm and methylene protons of
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—COOCH,— in PCL units at 4.06 ppm, respectively. Mypcec), MneEc)
and My, represented the molecular weight of PCEC, PEG and CL.

3.2. Synthesis and characteristics of photocured materials

As shown in Scheme 1B, the obtained ene-PCEC copolymer was
dissolved well in the PEGDA and was cross-linked through a photo-
polymerization under UV irradiation [36]. This method was facile and
efficient, which could improve the conversion rate of products as well
as the thermal and mechanical properties of PEGDA photocured ma-
terial. The thermal property of the photocured materials was measured
by DSC. As shown in Fig. 2, both PCL-derived photocured samples and
pure PEGDA photocured samples showed a glass transition temperature
(T) induced by PEG, but the T, of PCL-derived photocured samples was
slightly lower than that of PEGDA photocured samples. Interestingly, it
is seen in Table 3 that as the molecular weight of ene-PCEC increases
(from Series 1 to Series 3), the T, of photocured materials decreases.
With the increase of molecular weight, the regularity of crosslinking
network was destroyed and the flexibility of photocured materials was
improved. Besides, there was a melting peak (T,,) corresponding to PCL
in the PCL-derived photocured samples while pure PEGDA photocured
sample did not show any T,,. As summarized in Table 3, the degree of
crystallinity (X.) of PCL-derived photocured samples is around 50%,
which is lower than that of the pure precursors (as shown in Fig. S1 and
Table S1). The reason for the lower degree of crystallinity of PCL-de-
rived photocured samples might be that the crosslinking network pre-
vented crystallization of partial PCL segments, which decreased the
crystallization and improved the flexibility of PCL chains. This can be

further proved from its mechanical property.
X, = AH,/AH,, . X 100% (2)

where AH,, was measured by DSC, AH,, . was theoretical melting
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enthalpy of 100% crystallization, and AH,, . (PCL) = 139.5J/g [43].

For biomedical materials, the mechanical property was one of the
most important factors that influence their application fields and per-
formance. Here, the dynamic mechanical property was measured by
DMA. Fig. 3A-I showed the storage modulus (E"), loss modulus (E”) and
loss factor (tan &), respectively. In Fig. 3, PCL-derived photocured
samples showed better E’ than that of the pure PEGDA photocured
sample. In Table 4 the details of the photocured materials were further
analyzed. At —40 °C (below Ty), the E” of the PCL-derived photocured
samples was higher than that of pure PEGDA photocured samples. This
feature was even more obvious at 37 °C (near the body temperature),
which indicated that the strength of the PCL-derived photocured sam-
ples at body temperature was much better than that of the pure PEGDA
photocured sample. Meanwhile, PCL-derived photocured samples
showed better E” and loss factor (tan §). The tan § of pure PEGDA
photocured sample was higher than the PCL-derived photocured sam-
ples, which meant that the mechanical property of pure PEGDA pho-
tocured sample was poor at low temperature. That was also confirmed
by the peak temperature of E” and tan § in Table 4. When the PCL
segments were incorporated into the network, both the peak tempera-
ture of E” (from —21.8°C to —27.5°C) and tan § (from —15.2°C to
—21.3°C) decreased which suggested that the flexibility and toughness
of the PCL-derived photocured samples were improved. Moreover, with
the increase in the molecular weight of ene-PCEC, the peak temperature
of E” and tan & decreased. The results from the DMA test were con-
sistent with the data of DSC (Table 3) and the DMA results were more
sensitive to the thermal property of photocured materials. Among three
factors (E’, E” and tan §) examined, the incorporation of PCL segments
into the cross-linked network was an effective way to enhance the
flexibility and toughness of the PEGDA resin.

We further conducted a tensile test to examine the mechanical
property of photocured samples. In Fig. 4A-C, the tensile strength of the
PCL-derived photocured samples was obviously higher than that of the
pure PEGDA photocured sample. The strength of the sample increased
regularly as the content of PCL segments increased. And with the in-
crease in the molecular weight of ene-PCEC, the tensile strength was
further enhanced. This conclusion was also proved by the breaking
strength and Young modulus in Table 4. In the case of Series3, with the
increase of ene-PCEC content from 0 to 6.1 mol%, the breaking strength
of the photocured samples monotonically increased from 0.62 to
3.10 MPa, and Young’s modulus from 1.39 to 9.22 MPa. For elongation
at break, the PCL-derived photocured samples increased slightly com-
pared with the pure PEGDA photocured samples. Similar trends were
observed in the case of Series1 and Series2. Obviously, incorporation of
PCL segments into the cross-linked network can significantly improve
the mechanical strength and toughness of PEGDA resin.

3.3. Photopatterning property

To explore the application of photocured material in bioengineering
and biomedicine fields, the soft lithography techniques to perform
microphotopatterning were used. Soft lithography techniques were
based on in situ polymerization of precursor monomer solutions against
microstructure stamps, which were then removed by demolding [5,11].
UV irradiation made the fabrication of patterns more facile. Fig. 5
showed that the patterns with various shapes and size could easily be
fabricated. In our work, a precursor and a cross-linker were poured onto
the PDMS mold and after 2min of UV irradiation, the photocured
sample was demolded from the PDMS mold to obtain a micropatterned
sample (Scheme 1C). There were two examples of photopatterning (the
patterning corresponding to a negative PDMS mold) taken by SEM.
Hereon, sample Serial3-4 was chosen for exploring the precision of UV-
initiated photopatterning in comparison with PEGDA. As Fig. 5A-H
showed, different patterns of 5-50 um precision were accurately re-
produced. Unlike the pure PEGDA photocured samples (as shown in
Fig. S2), PCL-derived photocured samples retained the characteristic of
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high precision. Fig. 6 showed the water absorption property of photo-
cured samples. The water absorption of the PCL-derived photocured
samples slightly increased and the crosslinking degree of photocured
samples reached more than 90%. That was because the large molecular
chain reduced the density of cross-linked network. The high-resolution
patterning and low water absorption of our photocured samples pro-
vided a good basis for the application in bioengineering and biomedi-
cine fields.

3.4. Biocompatibility

The biocompatibility of the polycaprolactone-derived photocured
resin was investigated by testing the cell attachment and cell viability
on different photopolymers. Interestingly, various degrees of cell ad-
hesion and viability of L929 fibroblasts were observed on the surface of
pure PEDGA and PCL material. Although the PEDGA group perfor-
mance prevented cell attachment, the number of un-adhered L929 cells
gradually declined in all PCL groups during the first 24 h, which in-
dicated that PCL were apt to cell-seeding (Fig. 7A-B). MTS [3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] assay was used as a colorimetric method for de-
termining the number of viable cells in proliferation. It was observed
that the PCL protected the viability and proliferation ability compared
with the pure PEDGA group (Fig. 7C-D). Absorbance in OD490 nm
showed twice as many viable cells in PCL groups than in PEDGA group
(~85% vs. ~40%) after 72 h (Table 5). Additionally, we reported that
increasing the PCL content was beneficial for biocompatibility: Com-
paring the cell survival rates of series 1 and series 2, it was found that
the cell survival rate has a positive link with increasing the molecular
weight of ene-PCEC. Therefore, we concluded that higher PCL content
would promote cell attachment and proliferation. As a result, we chose
series 1-4, 2-4, and 3-4 in the following experiments. Additionally,
1929 cells were stimulated with the extractions of PEDGA and PCL for
24 (Fig. 8A), 48 (Fig. 8B), and 72h (Fig. S3), and media LDH con-
centration was tested. Data showed that the PCL extraction significantly
reduced LDH release than PEGDA group extraction, which indicated
PCL polymerization reduced the cytotoxicity of PEGDA (Fig. 8A-B).
Hemolysis test also revealed that PCL protected the membrane integrity
of erythrocytes with the increase of PCEC molecular weight (Fig. 8C).

Furthermore, normal cell morphology and a confluent cell sheet
covering the surface was found with the help of scanning electron mi-
croscope (SEM) in the case of PCL, which confirmed the innocuousness
of PCL to ECs, SMCs, and FBs (Fig. 9). However, the seeded cells on pure
PEGDA were of paromorphia and disordered, indicating that PEGDA
had a strong inhibitory effect on cell attachment. This result coincided
with our previous studies on cell-repellency of PEGDA. These data
proved that PCL could effectively improve the cell attachment of
PEGDA. Additionally, the cell attachment was substantially influenced
by the ratio of the PCL and PEGDA. Variation in cellular behavior was
observed. 1929 cells adhered and grew better on the scaffolds with the
higher percentage of PCL content (Fig. 9).

Cell Vialibity (%) = (ODeyp — ODjy)/ODypy (3)

where OD.,, and ODyj, was the OD values of the blank and experi-
mental groups.

4. Conclusions

In a summary, a facile method for the preparation of photocured
material with excellent biocompatibility and enhanced mechanical
property was demonstrated. It consisted cross-linked and micro-
patterned photocurable polymers through thiol-ene “click” chemistry
via UV irradiation, without adding initiators. In this work, the control
of the photocured material’s mechanical property and cell behavior
depended on the content of PCL segment and the molecular weight of
ene-PCEC copolymer. The main mechanical characterization of the
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PCL-derived photocured material was measured with the help of tensile
test. We demonstrated that with the increase of PCL segment content
from 0 to 38.0%, the photocured samples monotonically increased their
breaking strength from 0.62 to 3.10 MPa and Young’s modulus from
1.39 to 9.22 MPa. The biocompatibility property measured by MTS
assays and LDH release indicated that the cell viability of PCL-derived
photocured materials has been significantly improved. The hemolysis
ratio of all PCL-derived photocured materials is < 5%, while that of the
PEGDA photocured material is ~17%. The morphology of photocured
materials to ECs, SMCs, and FBs, measured by SEM showed excellent
biocompatibility of PCL —derived photocured materials. In addition, the
main novelty of this technique is the facile fabrication of high-resolu-
tion patterns (~5 pm) by photolithography. This novel routine for the
fabrication of photocured material has potentials in finding wide ap-
plications in bioengineering and biomedical fields. The material can be
used as scaffolds for the tissue engineering as well as substrates for cell
culture.
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