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Abstract   Direct ink writing (DIW) has emerged as one of the most promising approaches for biomedical application, owing to its broad material

compatibility, ease of operation, and high-resolution. However, the development of DIW inks with suitable rheological properties and excellent

biocompatibility remains a significant challenge. Herein, an acrylate-functionalized liquid poly(4-methyl-ε-caprolactone) (PMCLDA) was synthe-

sized as the precursor of 3D printing ink, accompanied with thiol-functionalized polyethylene glycol (PEGSH) as a rheological modifier. It was in-

dicated from rheology study that the incorporation of PEGSH with PMCLDA precursor afforded the mixt inks shear thinning behavior. Moreover,

it was verified by in situ Fourier transform infrared spectroscopy and photo-rheology that the mixed ink could rapidly cure through thiol-acrylate

crosslinking under UV light. Various inks formulations were successfully utilized for printing 3D scaffolds via UV-assisted DIW, with the optimized

printability  for  SH75  ink.  Moreover,  the  3D-printed  scaffolds  exhibited  excellent  elasticity  and  degradability. In  vitro cytocompatibility  assess-

ments showed that the scaffolds exhibited good cytocompatibility and supported the proliferation of L929 mouse fibroblasts for a duration of 7

days. Therefore, it is demonstrated that the 3D-printed scaffolds crosslinked via thiol-acrylate crosslinking have great potential for applications in

tissue engineering.
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INTRODUCTION

Additive manufacturing (AM), an emerging fabrication technol-
ogy based on layer-by-layer deposition of materials to construct
three-dimensional structures, has been widely applied in tissue
engineering and biomedical  fields in recent years.[1−3] With the
assistance  of  computer-aided  design,  AM  enables  precise  con-
trol  over  material  deposition,  allowing  for  personalized  cus-
tomization and functional design of complex structures.[4,5] Vari-
ous  3D  printing  techniques  have  been  developed,  including
stereolithography  (SLA),[6] digital  light  processing  (DLP),[7,8]

fused  deposition  modeling  (FDM),[9,10] and  direct  ink  writing
(DIW).[11,12] Among these, DIW has emerged as one of the most
promising  techniques  for  fabricating  tissue  scaffolds  owing  to
its broad material compatibility, ease of operation, multi-materi-
al printing capability, and high-resolution fabrication.[11] In DIW

printing, inks are typically required to exhibit shear-thinning be-
havior  to facilitate smooth extrusion through the nozzle,  while
curing  rapidly  after  deposition,  maintaining  the  printed  shape,
and supporting subsequent layers.[13,14] This places stringent re-
quirements on both the rheological properties and curing per-
formance of printing inks, particularly those based on synthetic
polymers.[15] Therefore, achieving both printability and rapid so-
lidification has become a critical challenge in the development
of DIW inks.

Various strategies have been developed for improving the
rheological  properties  of  polymer-based  DIW  inks.  You et  al.
reported a thickening method for thermosetting plastic poly-
mers,  in  which  sodium  chloride  particles  were  added  to  the
precursor  to  increase  ink  viscosity.  This  approach  provides
sufficient  mechanical  support  for  the subsequent  layers  dur-
ing the curing process  and ensures the stability  of  the print-
ed structure.[16] However,  the printed scaffolds  subsequently
required additional thermal curing and prolonged immersion
to  remove  sodium  chloride  particles,  significantly  extending
the  overall  fabrication  time.  By  contrast,  photocurable  sys-
tems  enable  rapid  curing  and  shaping  at  room
temperature.[17] For  highly  photoactive  materials,  ink  can  be
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extruded  from  the  nozzle  and  immediately  cured in  situ un-
der  UV  light  to  form  stable  structures.[13,17] Gao et  al.  devel-
oped  a  methacrylate-functionalized  polyurethane  precursor
for  UV-assisted DIW of  photocurable  elastomers.  In  addition,
SiO2 nanoparticles  were  added  to  improve  the  rheological
properties  of  the  ink.[18] During  printing,  the  ink  was  rapidly
cured via acrylate homopolymerization to maintain its shape.
However,  the  radical  polymerization  mechanism  leads  to
stress concentration and volume shrinkage, which negatively
affect the structural  uniformity and mechanical  properties of
the resulting elastomer. In contrast, compared to acrylate ho-
mopolymerization,  the  introduction  of  thiols  can  effectively
reduce the oxygen inhibition effect and improve network uni-
formity,  offering  a  promising  alternative  for  constructing
crosslinked networks.[19−21]

In  this  study,  an in  situ thiol-acrylate  photocrosslinking
bioink was developed to optimize the rheological  properties
of  UV-assisted  DIW  printing  (Scheme  1).  The  precursor  acry-
late-functionalized  liquid  poly(4-methyl-ε-caprolactone)  (PM-
CLDA)  was  used  as  the  primary  component  of  the  printing
ink.  Its  amorphous,  liquid nature ensures stable extrudability
during DIW printing while also exhibiting excellent cytocom-
patibility  and  biodegradability.[22−24] Thiol-functionalized
PEGSH was simultaneously introduced as a rheological modi-
fier  at  the  same  time.  Rheological  measurements  were  con-
ducted  to  characterize  the  viscosity  of  mixed  inks  with  vary-
ing  formulations,  while  curing  kinetics  and  reaction  kinetics
under UV irradiation were monitored via in situ photorheolo-
gy and in situ FTIR, respectively. The effects of different PEGSH
ratios on the properties of the crosslinked material were clari-
fied by analyzing the network structure of the cured inks. Ad-
ditionally, the printability of the ink was systematically evalu-
ated  to  determine  its  suitability  for  precise  3D  printing.  Fur-
thermore,  the  elasticity,  degradability,  and  cytocompatibility
of  the  printed  scaffolds  were  comprehensively  evaluated  to
verify their potential for application in tissue engineering and
bioprinting.

EXPERIMENTAL

Materials
4-Methylcyclohexanone, m-chloroperoxybenzoic acid (m-CPBA)
and  1,4-benzenedimethanol  (BDM)  were  purchased  from  Mer-
ck.  Polyethylene  glycol  PEG  (average Mn=1000),  Tin(II)  2-ethyl-
hexanoate  (Sn(Oct)2),  3-mercaptopropionic  acid,  triethylamine,
and  acryloyl  chloride  were  purchased  from  Adamas-beta.  The
photoinitiators  ethyl  (2,4,6-trimethylbenzoyl)  phenylphosphi-
nate (TPO-L) and poly(ε-caprolactone) (PCL, average Mn=8×104)
were purchased from Aladdin. 4-Methylcyclohexanone was pu-
rified by vacuum distillation at 40 °C before use, while the oth-
ers were used as received. CCK-8 test kit and cell viability stain-
ing solution was purchased from Beyotime.

Synthesis of Poly(4-methyl-ε-caprolactone) (PMCLDA)
In  our  previous  work,  the  monomer  4-methyl-ε-caprolactone
(MeCL)  was  synthesized via the  Baeyer-Villiger  oxidation  reac-
tion.[22] m-CPBA  (120.00  g,  0.59  mol)  was  added  to  a  reaction
flask,  followed  by  the  addition  of  500  mL  of  dichloromethane
(DCM),  and  the  mixture  was  stirred.  Separately,  purified  4-
methylcyclohexanone (60.00  g,  0.53  mol)  was  dissolved in  150
mL of DCM and transferred to a 200 mL a constant pressure bu-
rette.  The  ketone  solution  was  added  dropwise  to  the  oxidant
solution at a rate of 1–2 drops per second under cooling in an
ice-water bath. After complete addition, the mixture was stirred
in an ice bath for an additional hour, followed by continuous re-
action at room temperature for 24 h. Stirring was then stopped,
and the excess solids were removed by filtration. The filtrate was
successively  washed  with  a  saturated  sodium  thiosulfate  solu-
tion, saturated sodium bicarbonate solution, and brine. The or-
ganic phase was then dried overnight over anhydrous magne-
sium  sulfate.  The  solution  was  filtered  to  remove  the  drying
agent and excess DCM was evaporated under reduced pressure
to obtain the crude product. To the crude product, 1 g of calci-
um hydride (CaH2) was added, and the mixture was stirred for 3
h. The final product was obtained by vacuum distillation at 110
°C to yield transparent oil.  The purified MeCL was stored in dry
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Scheme 1    Illustration of the DIW printing process, ink formulation and thiol-acrylate photocrosslinking mechanism.
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argon  (yield:  90%).  Poly(4-methyl-ε-caprolactone)  (PMCL)  was
synthesized via ring-opening  polymerization  (ROP).  Purified
monomer  MeCL  (40.00  g,  0.31  mol)  and  initiator  BDM  (4.31  g,
0.031  mol)  were  added  to  a  dry  bottom  flask  and  stirred.  The
mixture was heated to  60 °C under  vacuum for  3  h  to  remove
trace  moisture.  Then,  Sn(Oct)2 (40  mg,  0.1  wt%  MeCL)  was
added  to  the  flask  under  an  argon  atmosphere,  and  the  reac-
tion  was  carried  out  at  130  °C.  After  24  h,  the  product  was
cooled to room temperature, diluted with DCM (5 mL), and pre-
cipitated  into  petroleum  ether.  The  precipitated  product  was
dried under vacuum to yield a light oil (yield: 90%).

Under  an  argon  atmosphere,  PMCL  (13.00  g,  9.28  mmol)
was added to a reaction flask under argon atmosphere. Sub-
sequently,  80  mL  of  dry  dichloromethane  and  triethylamine
(TEA)  (2.44  g,  24.14  mmol)  were  added  and  stirred.  Acryloyl
chloride  (AC)  (1.85  g,  20.43  mmol)  and  50  mL  dry
dichloromethane were added to a constant pressure burette
(molar  ratio  of  PMCL:AC:TEA=1.0:1.1:1.3).  The  reaction  was
carried  out  in  an  ice-water  bath,  and  acryloyl  chloride  solu-
tion  was  added  dropwise  at  a  rate  of  1–2  drops  per  second.
After the addition was complete, the reaction was continued
for 1 h and then stirred at  room temperature for  24 h.  Upon
completion  of  the  reaction,  anhydrous  potassium  carbonate
was  added  and  stirred  for  3  h,  after  which  the  mixture  was
centrifuged  to  remove  solids.  Subsequently,  2  mL  of  hy-
drochloric acid (36%) was added and the mixture was stirred
for  30  min,  followed  by  dilution  with  dichloromethane  to  a
total  volume of 300 mL. The organic phase was washed suc-
cessively  with  a  saturated  sodium  bicarbonate  solution  and
brine.  The organic  layer  was collected,  dried over  anhydrous
magnesium  sulfate  with  stirring  for  30  min,  and  allowed  to
stand.  Solid  magnesium  sulfate  was  removed  by  filtration,
and  dichloromethane  was  removed  under  reduced  pressure
using rotary evaporation. The product was precipitated using
petroleum ether  and vacuum drying.  Acrylate-functionalized
PMCLDA was obtained and stored at –20 °C in the dark.

Synthesis of Viscosity Modifier Thiol Functionalized
Poly(ethylene glycol) (PEGSH)
PEGSH  was  synthesized via a  typical  esterification  reaction.[25]

Poly(ethylene  glycol)  (PEGOH)  (10.00  g,  10  mmol)  and  3-mer-
captopropionate  (4.25  g,  40  mmol)  were  mixed  in  100  mL  of
toluene. After complete dissolution, two drops of concentrated
H2SO4 (98%)  were  added to  the  solution and stirring was  con-
tinued. The solution was further heated to reflux, and the gener-
ated water was collected using a Dean-Stark trap.  Heating was
stopped when no more water was generated (approximately 20
h).  The  solution  was  cooled  to  room  temperature,  and  excess
toluene  was  removed  by  rotary  evaporation.  The  resultant  oil
was dissolved in 200 mL of dichloromethane and washed with
50 mL of saturated NaHCO3 solution and 50 mL of brine. The or-
ganic phase was dried over anhydrous MgSO4 and concentrat-
ed to 20 mL by rotary evaporation. The solution was precipitat-
ed  with  cold  diethyl  ether  and  the  resulting  residue  was  dried
under  vacuum  to  yield  a  yellow  oil.  The  dried  product  was
purged with argon and stored at –20 °C (yield: 87%).

Preparation and Printing Process of 3D Printing Inks
Precursor PMCLDA and viscosity modifier PEGSH were added to
a brown glass vial at five thiol-to-acrylate functional group mo-
lar ratios (0:1, 0.25:1, 0.5:1, 0.75:1 and 1:1). Subsequently, 1 wt%

of  the photoinitiator  TPO-L  was  added,  and the mixtures  were
stirred  for  10  min,  followed  by  sonication  for  5  min,  repeated
three times to ensure homogeneous mixing.  DIW printing was
performed using a  Biomaker  2i  3D printer  with 3D models  de-
signed  using  the  Biomaker  software.  An  ultraviolet  nozzle  was
selected,  and  a  25G  nozzle  (inner  diameter  of  0.25  mm)  was
used  under  365  nm  UV  irradiation  for  printing.  The  irradiation
intensity  was  50  mW/cm2.  The  nozzle  and  platform  tempera-
tures were set at 10 °C. Suitable printing parameters,  including
the  nozzle  temperature  (TNozzle,  °C),  printing  speed  (mm/s),  ex-
trusion speed (mm3/s),  and layer  height  (mm),  were optimized
for each ink formulation. The mixed ink and corresponding scaf-
folds were labeled according to their thiol-to-acrylate ratios. For
instance, mixed ink and the corresponding scaffolds with a thi-
ol-to-acrylate  ratio  of  0.5:1  were  denoted  as  the  SH50  ink  and
SH50  scaffold,  respectively.  SH0  represented  the  ink  without
PEGSH and contained only PMCLDA and the photoinitiator.

In vitro Degradation of Scaffolds
For  the in  vitro degradation  experiments,  the  scaffold  samples
were 3D printed grid scaffolds with dimensions of 10 mm × 10
mm × 2 mm. Each sample was immersed in PBS buffer (pH=7.4)
containing 250 U/mL lipase and incubated in a shaking incuba-
tor  at  37 °C with a  shaking speed of  150 r/min.[26] PCL scaffold
(Mn=8×104) (provided by our research group) was subjected to
the same degradation conditions as the control.[27] The enzyme
solution  was  replaced  every  two  days.  At  predetermined  time
points,  samples  were  collected,  rinsed  with  deionized  water,
and  freeze-dried  to  obtain  degraded  scaffolds  (n=3).  The
change  in  dry  mass  was  calculated  using  the  following  equa-
tion.

Mass remains (%) = W1

W0
× 100% (1)

where W1 represents the mass of the degraded sample, and W0

represents the initial mass.

In vitro Cytocompatibility Assay
The  cytotoxicity  of  3D-printed  scaffold  extracts  was  evaluated
on days 1, 3, and 7 using a Cell Counting Kit (CCK-8) cell viability
assay.  All  scaffolds  (5  mm  ×  5  mm  ×  2  mm)  were  sterilized  by
immersion in 75% ethanol for 24 h, followed by 2 h of UV irradi-
ation (n=3). The sterilized scaffolds were then placed in 24-well
plates and immersed in α-MEM supplemented with 10% FBS. A
day before the experiment, 100 μL of freshly prepared L929 cell
suspension  (1.5×104 cells/well)  was  seeded  in  new  24-well
plates.  After  culturing  at  37  °C  for  24  h,  the  medium  was  re-
placed  with  scaffold  extracts,  whereas  the  control  group  re-
ceived α-MEM (10% FBS)  without  scaffolds.  After  an  additional
24 h of incubation at 37 °C, the medium was removed and the
wells were washed three times with PBS. The CCK-8 reagent was
added at a ratio of  1:9 (reagent:medium),  with 200 μL per well
for the experimental group, control group, and blank wells. The
plates were incubated at 37 °C in the dark for 1 h. Finally, 100 μL
from each well was transferred to a clean 24-well plate and the
absorbance at 450 nm was measured using a microplate reader
(Thermo Scientific Multiskan FC). Cell viability was quantified us-
ing the following equation:

Cell viability (%) = (ODsample − ODblank)(ODcontrol − ODblank) × 100% (2)
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where  ODsample represents  the  absorbance  of  the  scaffolds,
ODcontrol represents the absorbance of the solution without scaf-
fold, and ODblank represents the absorbance of the blank wells.

To evaluate the effect of the scaffolds on L929 cell prolifer-
ation, SH75, SH50, and PCL scaffolds (5 mm × 5 mm × 2 mm)
were placed in 24-well plates, and 250 μL of L929 cell suspen-
sion (1.5×104 cells/well) was added. PCL scaffolds (Mn=8×104)
were  used  as  a  control  group  under  identical  culture  condi-
tions. After 1, 3, and 7 days of co-culture, the culture medium
was removed, and the samples were washed three times with
PBS. Subsequently, 200 μL of reaction solution (CCK-8: medi-
um=1:9) was added to each well and incubated at 37 °C for 1
h  in  the  dark.  After  incubation,  100  μL  from  each  well  was
transferred to a new 24-well plate, and the absorbance at 450
nm was measured using a microplate reader (n=3). Live/dead
staining  was  performed  to  evaluate  the  viability  of  the  L929
cells on the scaffolds. The porous scaffolds were placed in 24-
well plates (n=3) and seeded with L929 cells (1.5×104 cells per
scaffold). On days 1, 3, and 7, scaffolds were washed with PBS,
incubated in 200 μL PBS containing calcein AM (2 μL/mL) and
propidium  iodide  (1  μL/mL)  at  37  °C  for  30  min  in  the  dark,
and rinsed with PBS. Cell  viability was observed using confo-
cal laser scanning microscopy (CLSM, Leica TCS SP8), with live
cells displaying green fluorescence and dead cells displaying
red fluorescence.

Characterization of PMCLDA, PEGSH and Mixed Inks
1H-NMR  spectra  were  recorded  on  a  Bruker  Avance  400  MHz
NMR  spectrometer  using  deuterated  chloroform  (CDCl3)  con-
taining 0.03% tetramethylsilane (TMS) as the internal reference.
Fourier  transform  infrared  (FTIR)  spectra  were  recorded  on  a
Nicolet  iS50  FTIR  spectrometer  using  the  KBr  pellet  method,
with  a  spectral  range  of  400–4000  cm–1.  The  number-average
molecular  weight  (Mn)  and  molecular  weight  dispersity  (Đ)  of
the polymers were determined by gel  permeation chromatog-
raphy  (GPC)  using  a  Waters  1515  instrument  equipped  with
Tosoh  TSK  gel  Alpha-2500  and  Alpha-3000  columns.  The  sam-
ple solutions were prepared at a concentration of 2 mg/mL. The
viscosities  of  the  mixed inks  were  measured using a  rotational
rheometer (Hakke RheoStress 600). In the oscillatory mode, vis-
cosity  variation  was  recorded,  while  in  the  rotational  continu-
ous  scanning  mode,  the  viscosity  dependence  on  shear  rate
(0.1–100 s–1) was assessed. The tests were conducted at a fixed
frequency of  1  Hz  and temperature  of  10 °C.  Each sample was
tested in triplicates.

Characterization of Reaction Kinetics
Real-time in  situ FTIR studies were performed on a Nicolet is50
FTIR  spectrometer.  The  mixed  inks  were  placed  in  two  NaCl
crystals  and vertically  placed into the sample chamber.  Irradia-
tion  intensities  were  measured  with  a  DTGS  KBr  detector,  and
series scans were recorded at a rate of 1 scan/s. Thiol functional
group  conversion  was  monitored  using  the  S―H  absorption
band  at  2570  cm–1,  and  acrylate  functional  group  conversion
was  monitored  using  the  C＝C  absorption  bands  at  1619  and
1636 cm–1. A C＝O tensile vibration band was observed at 1750
cm–1 as the internal standard band.[28] Polymerization was initi-
ated via a 365 nm light source with an irradiation light intensity
of 50 mW/cm2.  The intensity of  the light source was calibrated
using  a  340–420  nm  UV  led-X0 optical  power  meter  (Linshang
Technology, China).  Data were acquired using the OMNIC soft-

ware, and each group of samples was tested in triplicate.
In situ photorheology was performed using a HAAKE MARS

60 equipped with a parallel plate with a geometry of 20 mm.
Photorheological  measurements  were  conducted  using  a
rheometer  equipped  with  a  UV-visible  accessory.  The  shear
oscillation mode was set at strain of 1%, frequency of 1 Hz, UV
irradiation intensity of 50 mW/cm2 and temperature of 10 °C.
The test time was 5 min and each sample was tested in tripli-
cate.

Characterization of Crosslinked Networks and
Scaffolds
The  mixed  inks  were  cured  under  UV  irradiation  in  a  custom
dumbbell-shaped  mold  to  obtain  crosslinked  materials.  The
swelling ratio and gel fraction of the crosslinked networks were
determined by immersing each sample in toluene for 24 h fol-
lowed by vacuum drying at 60 °C for 24 h (n=3). The degrees of
swelling  and  gel  fraction  were  calculated  using  the  following
equations[29]:

Gel fraction (%) = md

mi
× 100% (3)

Swelling ratio (%) = ms −md

mi
× 100% (4)

where md is the dry mass, ms is the swollen mass, and mi is the
initial mass prior to swelling. The thermomechanical properties
of  the  crosslinked  networks  (30  mm  ×  5  mm  ×  0.5  mm)  were
measured using dynamic mechanical analysis (DMA Q800). The
temperature range was −80 to 150 °C, with a ramping rate of 3
°C/min using the extension mode (sinusoidal stress of 1 Hz fre-
quency) under a nitrogen atmosphere with an amplitude of 10
μm. The average molecular weight between crosslinks (Mc) and
crosslink density (Ve) were calculated using the following equa-
tions[30,31]:

Mc =
3ρRT
E′Tg+50K

(5)

Ve =
ρ
Mc

(6)

E′Tg+50K

where ρ is  the  density  of  the  materials, R is  the  gas  constant
(8.314  J/(K·mol)), T is  the  temperature  at Tg+50  K,  and 
refers to the storage modules at Tg+50 K.  The density, ρ of  the
crosslinked  materials  is  determined  using  the  water  displace-
ment method. Tensile tests were performed on a universal test-
ing machine (Shanghai Kaiyan KY-250N) in the tensile mode at a
speed of 10 mm/min. The sample dimensions were 30 mm × 5
mm × 0.5 mm, and each set of samples was tested in triplicate
(n=3).  The pore structures of the scaffolds and their morpholo-
gies  after  degradation  were  examined  using  a  scanning  elec-
tron microscope (FE-SEM S-3400). The perimeter and area of the
scaffold pores were calculated from micrographs using the Im-
age Pro Plus software. The printability (Pr) of the inks was evalu-
ated using the following equation[32] (n=3):

Pr =
L2

16A
(7)

where L and A represent the perimeter and area of the scaffold
pores, respectively.

Cyclic compression tests of the printed scaffolds (10 mm ×
10 mm × 4 mm) were performed for 10 compression cycles in
compression mode with a strain of 50% at a compression rate

4 Li, X. Y. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3582-0

 

https://doi.org/10.1007/s10118-026-3582-0
https://doi.org/10.1007/s10118-026-3582-0
https://doi.org/10.1007/s10118-026-3582-0
https://doi.org/10.1007/s10118-026-3582-0
https://doi.org/10.1007/s10118-026-3582-0
https://doi.org/10.1007/s10118-026-3582-0
https://doi.org/10.1007/s10118-026-3582-0


of  5  mm/min.  The  glass  transition  temperatures  (Tg)  of  the
scaffolds were determined by differential  scanning calorime-
try (DSC, PerkinElmer DSC 8500) from –70 °C to 80 °C at a rate
of  10  °C/min  under  a  nitrogen  atmosphere.  The  crystalliza-
tion of the scaffolds was tested using an X-ray diffractometer
(Bruker D8A XRD ECO) at 40 kV and 25 mA, with a scan rate of
5 o/min  and  a  scattering  angle  range  of  5°–60°.  The  hy-
drophilicity of the scaffolds was evaluated using a contact an-
gle goniometer (JC2000D2) (n=3).

RESULTS AND DISCUSSION

Synthesis of Precursor PMCLDA and Viscosity
Modified PEGSH
To  obtain  the  main  components  of  the  printing  ink,  PMCLDA
and PEGSH were separately synthesized (Fig. 1). As shown in Fig.
1(a),  PMCL  was  synthesized via ring-opening  polymerization
(ROP)  using  BDM  diol  as  the  initiator.  The  terminal  hydroxyl
groups of  PMCL were subsequently modified via an amidation
reaction to  obtain  PMCLDA.  The 1H-NMR spectra  of  PMCL and
PMCLDA were shown in Fig. 1(c). The degree of polymerization
of the polymer was determined by quantifying the area ratio of
peak b from  the  initiator  to  peak d from  the  MeCL  monomer,
which was consistent with the theoretical value. In addition, the
appearance of characteristic peak g (5.72 ppm,―COOCH＝CH2),
peak f (5.98  ppm, ―COOCH＝CH2),  and  peak h (6.28  ppm,

―COOCH＝CH2)  in  the  PMCLDA  spectrum,  along  with  the
complete  disappearance  of  the  methylene  peak e’ (3.69  ppm,
―CH2CH2O―), indicate that the terminal groups of PMCL were
successfully  and  completely  modified.  The  appearance  of  the
C＝C stretching vibration absorption band at 1636 cm–1 in the
FTIR spectrum further confirmed the successful synthesis of PM-
CLDA  (Fig.  S1a  in  the  electronic  supplementary  information,
ESI). The GPC curves show that both PMCL and PMCLDA exhib-
ited  monomodal  distributions,  reflecting  a  narrow  molecular
weight distribution and well-controlled polymer structure.  (Fig.
S1b in ESI).

PEGSH, as a viscosity modifier,  was synthesized by esterifi-
cation of PEGOH (Fig. 1b). The 1H-NMR spectra of PEGOH and
PEGSH are shown in Fig. 1(d). The appearance of characteris-
tic  peak e (1.69  ppm, ―CH2SH),  peak d (2.69  ppm,
―CH2CH2SH), c (2.79  ppm, ―CH2CH2SH―),  and  methylene
peak b’ at  4.27 ppm (―CH2COO―)  confirmed the successful
thiol  modification  of  PEGOH.  The  complete  modification  of
the  PEGOH  terminal  groups  was  further  confirmed  by  the
peak  area  ratio  of  peak e to  peak b’.  Additionally,  the  FTIR
spectrum  shows  an  S―H  stretching  vibration  absorption
band  at  2570  cm–1,  indicating  the  successful  synthesis  of
PEGSH.

Properties of the Mixed Inks and Crosslinked Network
To investigate the effect of PEGSH on the ink viscosity, the syn-
thesized PMCLDA and PEGSH were mixed at five different thiol-
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Fig. 1    Synthetic routes for (a) precursor PMCLDA and (b) rheology modifier PEGSH; (c) 1H-NMR spectra of PMCL and PMCLDA; (d) 1H-
NMR spectra and PEGOH and PEGSH.
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to-acrylate ratios (0:1, 0.25:1, 0.5:1, 0.75:1, 1:1), respectively. The

viscosities of the mixed inks SH0, SH25, SH50, SH75, and SH100

were characterized. Fig.  2(a)  shows the viscosities  of  the differ-

ent inks measured at 10 °C in oscillatory shear mode. The viscos-

ity of  the SH0 ink is  only 2.1 Pa·s.  As the PEGSH content in the

mixture increased, the viscosity of the ink increased significant-
ly, reaching a maximum of 889.4 Pa·s for SH100. The PEGSH is in
a crystalline state at 10 °C with a crystallinity of 55% (Fig.  S2 in
ESI),[33] which explained the relatively low viscosity of the ink in
the  absence  of  PEGSH.  When  PEGSH  was  homogeneously
mixed  with  amorphous  PMCLDA,  the  crystalline  structure  of
PEGSH  restricted  the  molecular  motion,  thereby  reducing  the
overall fluidity of the mixed ink. Furthermore, as the PEGSH con-
tent increased, the crystalline domains also increased, leading to
higher ink viscosity.

To  further  investigate  the  rheological  performance  of  inks
with  different  ratios,  the  variation  in  ink  viscosity  with  shear
rate  was  measured  in  continuous  rotational  scanning  mode.
As  shown  in Figs.  2(b)  and  2(c),  as  the  shear  rate  increased
from  0.01  s–1 to  100  s–1,  it  could  be  observed  that  the  shear
stress  exhibited  a  linear  relationship  with  the  shear  rate  for
SH0,  while  the  viscosity  remained  constant.  This  indicates
that  PMCLDA  behaved  as  a  Newtonian  fluid.  In  contrast,  for
inks  containing  PEGSH,  the  shear  stress  increased  linearly
with the shear rate. The viscosity of the mixed inks decreased
significantly under shear, exhibiting a pseudoplastic behavior.
It  was  demonstrated  that  the  addition  of  PEGSH  effectively
regulated the rheological  performance of  the PMCL,  endow-
ing the mixed inks with shear-thinning characteristics that fa-
cilitated smooth extrusion during printing.

Because  the  viscosity  of  ink  decreases  after  extrusion,  a
slow  curing  rate  may  lead  to  material  collapse  or  deforma-
tion during stacking, resulting in poor printing accuracy.[13] To
investigate  the  curing  process  of  different  inks  during  print-
ing,  the  photopolymerization and curing kinetics  of  the  four
mixed  inks  (SH25,  SH50,  SH75,  and  SH100)  were  monitored
using in  situ FTIR  and in  situ photorheology,  respectively.  By
monitoring  the  changes  in  the  band  areas  of  S―H  at  2570
cm–1 and  the  C＝C  peak  at  1636  cm–1 in  the  FTIR  spectra
(Figs.  S3  and S4 in  ESI),  the conversions  of  acrylate  and thiol
monomers were shown in Figs. 3(a) and 3(b). Upon UV irradia-
tion,  the  acrylate  and  thiol  groups  converged  immediately,
showing  no  induction  period  during  polymerization.  The
acrylate  groups  were  fully  converted  for  all  four  mixed  inks.
However,  the  thiol  groups  exhibited  different  behaviors  de-
pending  on  ink  composition.  In  the  case  of  SH25,  the  thiols
were  almost  completely  converted.  In  contrast,  for  SH50,
SH75, and SH100, some thiols remained unreacted. Moreover,
the final thiol conversion decreased as the PEGSH content of
the  inks  increased.  This  was  attributed  to  the  occurrence  of
acrylate  homopolymerization  during  thiol-acrylate  pho-
topolymerization, which led to an excess of thiols.[34] In addi-
tion, the acrylate functional groups were fully converted with-
in  5  s  in  all  four  mixed  inks.  This  rapid  reaction  facilitated
rapid  solidification  during  printing,  ensuring  the  structural
stability and printing precision of the scaffolds.

The  curing  kinetics  of  the  mixed  inks  were  further  moni-
tored using in situ rheology (Fig. S5 in ESI).  As shown in Figs.
3(c)  and  3(d),  before  UV  irradiation,  the  loss  modulus  (G”)  of
the  mixed  ink  was  higher  than  its  storage  modulus  (G’),  ex-
hibiting  a  characteristic  viscous-dominated  behavior.  When
the UV light was switched on, the storage modulus G’ increas-
es rapidly and was higher than the loss modulus G”. This indi-
cated that thiol-acrylate polymerization occurred upon irradi-

 

0 1 2 3 4 5

1

10

100

1000

SH0

SH25

SH50

SH75

SH100

V
is

co
si

ty
 (

P
a

∙s
)

Time (min)

a

0 20 40 60 80 100

0

500

1000

1500

2000

S
h

e
a

r 
st

re
ss

 (
P

a
)

Shear rate (s−1)

SH0

SH25

SH50

SH75

SH100

b

0 20 40 60 80 100

1

10

100

1000

SH0

SH25

SH50

SH75

SH100

V
is

co
si

ty
 (

P
a

∙s
)

Shear rate (s−1)

c

 
Fig. 2    Rheological studies of five different inks (SH0, SH25, SH50,
SH75 and SH100). (a) The viscosity under oscillatory shear mode; (b)
Shear stress varies with shear rate (0.01–100 s–1)  under continuous
rotational  scanning  mode,  and  (c)  viscosity  varies  with  shear  rate
under continuous rotational  scanning mode.  The temperature was
set at 10 °C.
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ation,  leading  to  the  formation  of  a  crosslinked  network.  As
the  crosslinking  progressed,  the  system  underwent  a  sol-gel
transition  and  gradually  developed  a  solid-like  behavior.  In
addition,  according  to  the  rheological  results,  the  final  stor-
age modulus G’ of the cured inks decreased gradually with in-
creasing  PEGSH  content,  with  the  SH25  ink  exhibiting  the
highest  value.  This  was  in  agreement  with  previous  findings
that a higher PEGSH content promoted click reactions in thi-
ol-acrylate  polymerization,  leading  to  a  looser  network  and,
consequently, lower G’ and higher G”.[34,35]

To  further  evaluate  the  effect  of  the  PEGSH  ratio  on  the
network structure, the gel fraction of the crosslinked network
was  determined. Table  1 summarizes  the  gel  fractions  and
swelling  ratios  of  the  four  cured  inks  with  different  PEGSH
contents. It could be observed that with increasing thiol con-
tent,  the  gel  fraction  of  the  crosslinked  networks  decreased,
while the swelling ratio correspondingly increased. This is due
to the higher thiol PEGSH content, which promotes click reac-
tions in thiol-acrylate photopolymerization. As a result, a loos-

er  network  structure  was  formed,  leading  to  a  reduced  gel
fraction and an increased swelling ratio (Fig. 4a). It is notewor-
thy  that,  except  for  SH100,  the  gel  fractions  of  SH25,  SH50,
and SH75 cured inks all  exceeded 80%, indicating a high de-
gree  of  network  integrity.  In  the  case  of  SH100,  excessive
PEGSH  content  increased  the  likelihood  of  dangling  chains,
resulting in more network defects.[36]

Dynamic mechanical analysis (DMA) was employed to char-
acterize the network structures of SH25, SH50, and SH75. Fig.
4(b)  and  Fig.  S5  (in  ESI)  show  the  variations  in  the  storage
modulus (E’), loss modulus (E’), and tanδ with temperature for
the  different  cured  inks.  As  shown  in Fig.  4(c), Tg shifted  to
lower  temperatures  with  increasing  PEGSH  content,  which
can  be  attributed  to  the  higher  proportion  of  click  reactions
in the system, leading to a more regular and looser network.
Consequently,  less  thermal  energy  was  required  for  chain
segment mobility, resulting in a decrease in Tg. Moreover, the
crosslink density (Ve) and average molecular weight between
crosslinks (Mc) of the cured inks were calculated using Eqs. (5)
and  (6).  The  results  indicated  that  as  the  PEGSH  content  in-
creased, the crosslink density Ve decreased, whereas the aver-
age molecular  weight between crosslinks Mc increased (Figs.
4b and 4d). The decrease in the crosslink density contributed
to the downward shift in Tg, which also explains the observed
variations  in  the gel  fraction and swelling ratio.  Additionally,
the  uniformity  of  the  crosslinked  network  was  characterized
by  the  full  width  at  half  maximum  (FWHM)  of  the  tanδ
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Fig. 3    Reaction and curing kinetics of  different mixed inks.  (a,  b)  Reaction kinetics monitored by in  situ FTIR:  (a)  acrylate conversion,  (b)  thiol
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Table  1    Gel  fraction  and  swelling  ratio  of  cured  inks  with  different
content of PEGSH.
 

Sample Gel fraction (%) Swelling ratio (%)

SH25 94.5±0.8 72.4±11.7
SH50 92.2±2.6 124.6±20.6
SH75 87.1±4.4 190.4±26.8

SH100 72.3±1.6 246.2±7.6
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peak.[29] As shown in Fig. 4(e), a higher PEGSH content result-
ed in a decrease in FWHM, indicating improved network uni-
formity.  Generally,  networks  formed  through  click  reactions
exhibit greater uniformity than those formed via radical poly-
merization.[37] Therefore,  the  SH75  cured  ink  exhibited  en-
hanced network uniformity owing to the higher proportion of
click reactions, in comparison to SH50 and SH25.

The mechanical properties of the cured inks were also eval-
uated. Fig.  4(f)  shows  the  stress-strain  curves  of  SH25,  SH50,
and  SH75.  As  shown  in Fig.  4(g),  the  tensile  modulus  of  the
samples decreased with increasing PEGSH content, with SH75
exhibiting the lowest modulus. This was due to the higher thi-
ol  content,  which  increased  the  distance  between  the
crosslinks and decreased the crosslinking density, leading to a
reduced  modulus.  Additionally,  the  longer  polymer  seg-
ments between the crosslinks dissipated stress by enhancing
chain  extensibility  under  tensile  loading.  Consequently,  the
SH75 network exhibited the highest segmental flexibility and
deformation. This reduced stress concentration led to a high-
er elongation at break and enhanced toughness compared to
those of SH50 and SH25. (Figs. 4h and 4i).

3D Printing with Optimized Inks
Mixed inks of SH25, SH50, and SH75 were used to print 3D scaf-

folds  using  a  UV-equipped  DIW  3D  printer. Fig.  5(a)  illustrates
the  printing  process.  The  3D  models  of  the  scaffolds  were  de-
signed  using  the  software  provided  by  the  printer,  and  the
printing process  was  performed under  real-time UV irradiation
with  optimized  parameters  (Table  S2  in  ESI).  The  3D  scaffolds
printed from the SH75, SH50, and SH25 inks are shown in Figs.
5(b)–5(d), respectively. The pores of the SH25 scaffold exhibited
a circular shape, whereas those of the SH50 and SH75 scaffolds
largely retained a square geometry. Printability (Pr) was calculat-
ed using Eq. (7). For printing inks, a Pr value close to 1 indicates
better  ink  printability.[32] As  shown  in Fig.  5,  with  increasing
PEGSH content in the formulations, the Pr values approached 1.
For  SH25,  the Pr value  of  the  scaffold  pores  was  0.83,  and  for
SH50 and SH75, the Pr values were both above 0.9. Owing to the
low viscosity of SH25, excessive extrusion of the ink occurs un-
der  shear,  resulting  in  circular  pores.  As  the  PEGSH  content  in
the ink formulation increased, the corresponding higher viscosi-
ty after extrusion effectively mitigated excessive extrusion, with
SH75  exhibiting  the  best  printing  performance.  This  suggests
that  the  addition  of  PEGSH  enhances  the  printability  of  the
mixed ink.  The temperature of the print nozzle (TNozzle)  was set
to 10 °C to ensure the crystalline state of  PEGSH.  Furthermore,
3D scaffolds  of  various shapes and pore sizes  were printed us-
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Fig.  4    Network  structure  and mechanical  properties  characterization of  SH25,  SH50,  and SH75 cured inks.  (a)  Schematic  illustration of  thiol-
acrylate network structural evolution with increasing PEGSH content; (b–e) DMA tests of cured inks: (b) comparison of tanδ peaks; (c) crosslinking
density (Ve) and (d) average molecular weight between crosslinks (Mc) calculated using Eqs. (5) and (6); (e) full width at half maximum (FWHM) of
the tanδ peak.  (f–i)  Tensile  tests  of  cured inks:  (f)  stress-strain curves;  (g)  tensile  modulus,  (h)  elongation at  break and (i)  toughness  calculated
from stress-strain curves.
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ing  SH75  (Fig.  S7  in  ESI).  In  addition,  the  formulated  ink  re-
mained stable over a period of 5 days and could still be used for
scaffold printing (Fig. S8 in ESI).

The crystallinity  of  the  printed scaffolds  was  characterized
using X-ray diffraction (XRD). Fig. S9 (in ESI) and Fig. 6(a) show
XRD patterns of the SH75 and SH50 inks, as well as the corre-
sponding printed scaffolds. The diffraction peaks at 19.5o and
23.7o in  the  mixed  inks  confirm  the  presence  of  crystalline
structures. After printing, the SH50 and SH75 scaffolds exhib-
ited  broad  peaks,  indicating  the  presence  of  amorphous
structures.  This  can  be  attributed  to  the  disruption  of  the
originally  ordered  crystalline  regions  by  thiol-acrylate
crosslinking,  which  led  to  the  disappearance  of  crystalline
diffraction peaks.

Moreover, considering that tissues in the body exist in a dy-
namic environment, the elasticity of the scaffold was evaluat-
ed  using  compression  cycle  experiments.[38] Fig.  6(b)  shows
the  stress-strain  curves  of  SH50  and  SH75  scaffolds  after  10
cycles of  50% compression.  The loading-unloading curves of
the printed scaffolds remained nearly overlapping across the
10  compression  cycles.  Additionally,  the  stress-time  curves
demonstrated  that  the  peak  stress  in  each  cycle  remained
consistent (Fig.  6c).  The scaffolds exhibited excellent elastici-
ty and fatigue resistance at room temperature.

The thermal properties of the printed scaffolds were evalu-
ated  using  TGA  and  DSC.  As  shown  in Fig.  6(d),  no  distinct
multistep  mass  loss  was  observed  during  heating  for  either

SH75  or  SH50  scaffolds.  The  results  suggested  that  the
crosslinked  network  of  the  scaffolds  was  relatively  uniform,
with no significant phase separation or sequential decompo-
sition of the different structural components. In addition, the
initial  thermal  decomposition  temperature  (Td,5%)  of  SH75
scaffold was lower than that of SH50 scaffold. This can be at-
tributed to  the  increase  in  PEGSH content,  which  lowers  the
crosslink density of the network and reduces its structural sta-
bility.  The  DTG  results  also  revealed  that  the  maximum  de-
composition  temperature  (Td,max)  of  the  SH50  scaffold  was
higher  than that  of  the  SH75 scaffold  (Fig.  6e).  Nevertheless,
the  initial  thermal  decomposition  temperatures  of  both  the
SH50  and  SH75  scaffolds  exceeded  300  °C,  indicating  excel-
lent thermal stability. This suggests that scaffolds are suitable
for use under normal conditions and in tissue engineering ap-
plications.  The Tg values  of  the  SH50  and  SH75  scaffolds  de-
termined by DSC were –24.4 and –29.5 °C,  respectively,  indi-
cating that the scaffolds remained in a rubbery state at room
temperature (Fig. S10 in ESI). Moreover, the increase in PEGSH
content led to a decrease in the Tg of the scaffolds, which was
attributed  to  the  reduced  crosslink  density.  Notably,  the Tg

values of the scaffold measured by DSC differed from those of
the  cured  ink  obtained  by  DMA,  which  can  be  attributed  to
differences in the measurement principles of the instruments
and heating rate. Additionally, the hydrophilicity of the mate-
rial surface directly influences its interactions with the biolog-
ical environment, including cell adhesion and degradation.[39]
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Therefore, the surface wettability of the SH75 and SH50 scaf-
folds was characterized using a contact angle goniometer. As
shown in Fig. S11 (in ESI), the contact angle of the SH50 scaf-
fold  is  higher  than  that  of  the  SH75  scaffold.  The  precursor
PMCLDA is inherently hydrophobic,[40] and the incorporation
of  hydrophilic  PEGSH  reduces  the  overall  hydrophobicity  of
the scaffold. Consequently, the SH75 scaffold exhibited high-
er hydrophilicity owing to its higher PEGSH content.

In vitro Degradation Behavior of Scaffolds
In  vitro degradation  of  the  SH75  and  SH50  scaffolds  was  con-
ducted in PBS containing lipase (250 U/mL) at 37 °C, with melt-
extruded  PCL  scaffolds  (Mn=8×104)  used  as  the  control  group.
As  shown  in Fig.  6(f),  the  SH50  and  SH75  scaffolds  completely
degraded within 20 days, whereas the PCL scaffold required 25
days for complete degradation. This difference was attributed to
the fact that the amorphous regions of the polymers are more
susceptible to hydrolysis than the crystalline regions, which re-
sults  in  a  slower  degradation  rate  of  PCL.[41] Moreover,  the
degradation  rate  of  SH75  was  faster  than  that  of  SH50,  which
could be attributed to the higher PEGSH content enhancing the
hydrophilicity  of  the  scaffolds.  Additionally,  the  lower  crosslink
density  of  SH75  facilitates  the  penetration  of  water  and  en-
zymes,  thereby  accelerating  the  degradation  process.  SEM  im-

ages of the scaffolds after 10 days of enzymatic degradation are
shown in Fig. 6(g). The surface of the SH75 scaffold showed the
most severe erosion, whereas the PCL scaffold showed the least
erosion.

Cytocompatibility of Scaffolds
The cytocompatibility of the SH50, SH75, and PCL scaffolds was
assessed using in vitro cytotoxicity and cell  proliferation assays.
Cell  viability was assessed using the CCK-8 assay. Fig.  7(a) illus-
trates the viability of the L929 cells on Days 1, 3, and 7. It can be
observed that the cell viability on the printed scaffold remained
stable, with no significant decline. Additionally, the cell viability
of the SH50 and SH75 scaffolds was comparable to that of  the
control  and  PCL  groups,  indicating  that  the  scaffold  exhibited
no significant cytotoxicity.

To further evaluate the effect of the scaffolds on cell prolif-
eration,  the  SH75,  SH50,  and  PCL  scaffolds  were  co-cultured
with L929 cells  for  7  days.  As  shown in Fig.  7(b),  the OD val-
ues of the L929 cells cultured on all three scaffolds increased
over time, indicating that the scaffolds promoted cell prolifer-
ation.  Moreover,  the  cell  viability  on  the  SH75  scaffold  was
higher than that on PCL and SH50, which can be attributed to
the higher hydrophilicity of the scaffold, facilitating cell adhe-
sion.  Additionally,  the  green  fluorescence  intensity  in  the
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live/dead  staining  images  increased  over  time  on  Days  1,  3,
and 7, whereas red fluorescence corresponding to dead cells
was barely observed (Fig. 7c). These results demonstrate that
the  3D-printed  scaffolds  possessed  excellent  cytocompati-
bility.

CONCLUSIONS

In summary, thiol-functionalized PEGSH was used as a rheologi-
cal  modifier  in  combination with the liquid precursor  PMCLDA
to prepare DIW inks for elastic and biodegradable 3D scaffolds.
The  incorporation  of  PEGSH  imparted  shear-thinning  behavior
to the mixed ink, thereby facilitating smooth extrusion through
the  printing  nozzle.  Furthermore,  efficient  thiol-acrylate  pho-
topolymerization enabled the rapid crosslinking of the ink after
extrusion,  preserving  the  structural  precision  of  the  scaffolds.
The crosslinked network of the cured inks can be tuned by ad-
justing the PEGSH feeding ratio.  Increasing the PEGSH content
reduces the crosslinking density  and results  in  a  more uniform
network topology. In addition, various inks were demonstrated
to  be  printable  under  appropriate  printing  parameters,  with
SH75  exhibiting  the  best  printability.  The  3D  printed  scaffolds
displayed  excellent  elasticity  and  were  biodegradable  during
the enzymatic degradation. In vitro cell assays confirmed the cy-
tocompatibility of  the scaffolds and their  ability to support cell
growth, particularly the SH75 scaffold. Therefore, printed elastic,
biodegradable,  and  cytocompatible  3D  scaffolds  have  signifi-
cant potential for tissue-engineering applications.
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The incorporation of thiol-functionalized poly(ethylene glycol) (PEGSH) into acrylate-functionalized liquid poly(4-methyl-
ε-caprolactone) (PMCLDA) precursor afforded the mixed inks shear thinning behavior. The network structure of scaffolds
was regulated by thiol-acrylate photopolymerization.
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