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Thermoresponsive polymers have been extensively reported for their use in tissue engineering and drug delivery
applications. They have a wide range of thermoresponsive and rheological properties controlled by their
structural characteristics, such as composition and architecture. Here, the considerable potential of a PEG based,
non-ionic triblock thermoresponsive copolymer, namely OEGMA300;3-b-BuMA,,-b-DEGMA;, as a bioink for
3D printing with cell encapsulation is identified. The rheological tests showed that the gel transition temperature
is 8 °C with 35% w/w concentration in PBS. The printability and cytotoxicity of the thermoresponsive gel were
characterised and compared with those of commercial thermoresponsive polymer Pluronic®F127 in detail.
Specifically, the 35% w/w triblock copolymer presented great printability with a printing speed of 450 mm min~*
at 37 °C, and was less cytotoxic than F127 at both 20% and 30% w/w concentrations. A one-layer structure of

Received 16th November 2024,
Accepted 10th February 2025

human mesenchymal stem cell (hMSC) embedded triblock copolymer was successfully printed onto a glass
slide at 37 °C. This provides an option to create a scaffold for stem cell culture and programming for further
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1. Introduction

A thermoreponsive polymer is a smart material that responds to
temperature fluctuation by changing its compatibility with a
solvent and this class of smart materials has been widely studied
because of their wide range of bio-applications, such as drug
delivery, gene delivery, and tissue engineering.' Generally, ther-
moresponsive polymers in aqueous media can turn from hydro-
philic to hydrophobic, or from hydrophobic to hydrophilic upon
heating to specific temperatures; these are known as lower critical
solution temperature (LCST) or upper critical solution tempera-
ture (UCST) polymers, respectively. If the polymer design is
chosen appropriately, and under suitable external conditions, a
thermoresponsive polymer solution will form a gel upon tempera-
ture changes as the liquid polymer solution undergoes gelation.
For most clinical applications, LCST-type gels are preferred, as
they are optimised to be in the solution state at lower temperature
before injection, and then form a gel at body temperature (37 °C).
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tissue engineering applications via direct printing of a cell-laden thermoresponsive polymer.

This behaviour has driven the development of polymer
systems that can be used to effectively harness thermorespon-
sive properties. In the field of drug delivery, a polymer solution
can be easily mixed with a drug at a lower temperature outside
the body. Once injected into the body, it transforms into a gel,
encapsulating the drug.* Depending on the polymer structure,
the gel would degrade or dissolve in the body to release the
drug in a controlled manner, achieving local release to mini-
mise the side effect of systemic release.® For in vivo tissue
engineering application, thermoreversible hydrogels work simi-
larly to drug delivery agents by encapsulating cells rather than
drug compounds. After injection, with body temperature higher
than LCST, a gel forms and traps the cells, supporting cell
proliferation and tissue formation while the gel degrades. With
this, a new tissue could be generated to heal the defect site or
replace the dysfunctional one.” Thermoresponsive gels (TRGs) can
also be used as scaffold materials, supporting in vitro tissue
engineering applications such as 3-dimension (3D) cell culturing
or forming new tissue in vitro for transplantation. Particularly,
TRGs are commonly used for sacrificial printing, such as hyaluro-
nic acid - poly(N-isopropylacrylamide) (HA-pNIPAAM),*” or Pluro-
nic® F127 (F127), a commercialised thermoresponsive triblock
copolymer. Upon heating, F127 changes from the liquid to gel
state at physiological temperatures, which also highly depends on
its concentration and solution ionic strength. As many studies
reported potential inflammation or tissue irritation with F127
under certain conditions, cells are typically not encapsulated in
the F127 itself for printing due to its potential cytotoxicity.® For
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sacrificial printing, F127 can be printed with another more
biocompatible material for encapsulating cells, such as gelatin
methacrylate (GelMA) or alginate.”"°

Directly printing a cell-encapsulated scaffold with a TRG can
help simplify the process significantly and collect final cell products
easily via temperature control, which requires hydrogels demon-
strating great printability and cytocompatibility. However, this
remains a challenge due to a lack of appropriate materials."* Only
two TRGs that have reached clinical trials, Pluronic® F127 and
Regel®™, are not suitable, as the former presents cytotoxicity and the
latter one requires UV exposure to stabilise the pattern, which could
induce cell death." The potential of a biodegradable thermorespon-
sive waterborne polyurethane (PU) gel as a bioink has been inves-
tigated, reporting the stacking layer and structure maintenance was
limited, resulting in difficulties for complex structure printing."*'*
Encapsulating cells within a bioink to be printed onto 3D structures
allows 3D cell culture or forming new tissue with intercellular
communication and bonding. Furthermore, the final products
can be easily collected by removing the bioink via decreasing the
temperature to lower than the gel point.

Recently, human mesenchymal stem cells (hMSCs) have been
the commonly used cell type in 3D printing for tissue engineering
applications, due to their extraordinary self-renewal and multi-
potent differentiation properties.'> At first, a 3D printed scaffold
for stem cell culture could highly increase the efficiency of auto-
logous cell expansion with no cell loss,'® which is critical when a
large number of cells are required for the tissue engineering
application, whereas a low number of cells are collected from
patients. Secondly, it can support hMSCs to form networks and
structures in 3D with appropriate extracellular matrix properties
such as stiffness, mimicking in vivo conditions, which significantly
affects cell differentiation and holds great promise for artificial
organ creation and regenerative medicine applications."”

Here, we introduce a polyethylene glycol (PEG)-based triblock
thermoresponsive polymer OEGMA300,3-b-BuMA,,-b-DEGMA;,
(OBD)'®" with promising thermoresponsive properties and
improved non-cytotoxicity compared to F127 to be potentially
used as a bioink for 3D printing. OEGMA300, BuMA, and
DEGMA represent oligo(ethylene glycol) methyl ether methacry-
late with 300 ¢ mol~ " molar mass, n-butyl methacrylate, and
di(ethylene glycol) methyl ether methacrylate, respectively. The
printability and cytotoxicity of this triblock terpolymer were
characterised using hMSCs in this study, investigating the ability
of this thermoresponsive polymer as a printable ink and as a
bioink carrying human stem cells. This polymer is advantageous
compared to the commercially available counterparts that it is
easier to be functionalised and/or tailored because it is fabri-
cated using a living polymerisation method that enables the
precise control of the comonomer position and ratio.

2. Methods and materials
2.1 Materials

Pluronic® F127 and phosphate-buffered saline (PBS) were
purchased from Sigma-Aldrich, Australia.
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Triblock thermoresponsive polymer OEGMA300,3-b-BuMA,,-
b-DEGMA;, was in-house synthesised via sequential group trans-
fer polymerisation (GTP), as previously described.'®"? Briefly, 10
mg of the GTP catalyst, tetrabutylammonium bibenzoate, was
added in a round bottom flask, followed by sealing with a rubber
septum and purging with argon. 59 mL of freshly purified
solvent, tetrahydrofuran (THF) and 0.6 mL of the GTP initiator,
methyl trimethylsilyl dimethylketene acetal, (0.5 g, 3 mmol),
were syringed into the flask. Each block was synthesized via
sequential addition of the corresponding monomer, which was
left to react for 10-15 minutes. The monomers used are:
OEGMA300 (50 vol% solution in THF, 17 mL, 8.9 g, 30 mmol),
BuMA (8.7 mL, 7.8 g, 55 mmol), and DEGMA (5.4 mL, 5.5 g,
29 mmol). After the exothermic reaction ceased, two aliquots of
0.1 mL were withdrawn for gel permeation chromatography
(GPC) and proton nuclear magnetic resonance (‘H NMR)
spectroscopy analysis. OBD was purified via precipitation in cold
n-hexane, followed by vacuum-drying for 10 days at room tem-
perature. The experimental number-average molar mass, molar
mass distribution, and composition were determined to be
9400 g mol ', 1.17 and OEGMA300,;-b-BuMA,,-b-DEGMA,,
(OBD) at 42-33-25% w/w, respectively. The GPC and 'H NMR
spectroscopy results of OBD and its linear precursors are shown
in Fig. S1 (ESIt). These confirm the successful sequential poly-
merisation, leading to an increase in molar mass values, and
appearance of additional peaks corresponding to the newly
added repeated units.

2.2 Polymer solution preparation

Pluronic® F127 solutions were prepared in PBS at 20% and
30% w/w concentrations. OBD solutions were prepared in PBS
at 10, 15, 25, and 35% w/w. Solutions were agitated using a
magnetic spinner at 300 rpm at room temperature for 24 h until
fully dissolved. All polymer solutions were stored at 4 °C
until use.

2.3 Thermoresponsive properties - visual tests

The thermoresponsive properties of 35% w/w OBD solutions
in PBS were determined by observing the phase changes of the
solutions from 23 to 80 °C, at a step of 1 °C, using a basic stirrer
hotplate (IKA RCT) and a continuously stirred water bath. The
temperature was measured using a thermometer, and the
observation was recorded 2 min after the controller reached
the set temperature to ensure that the solution has reached the
desired temperature.

2.4 Rheological characterisation

The rheological properties of the 35% w/w OBD were tested
with temperature sweep, shear rate ramp and shear recovery.
A Physica MCR502 rheometer (Anton Paar, Graz, Austria) with
15 mm conical plate geometry (1° angle) was used for the
measurement. Rheometer calibration at room temperature
was conducted before testing samples to improve the accuracy
of the results. Three independent measurements were repeated
for each rheological test.

This journal is © The Royal Society of Chemistry 2025
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Temperature sweep measurements were performed at 0.1%
strain and 1 rad s~ frequency, at a temperature range from 4 to
37 °C with a temperature increase rate of 2 °C min~'. Changes
of shear storage modulus (G’) and shear loss modulus (G”) were
measured during this temperature sweep. The gel point was
defined as the temperature at which G’ overcomes G” at the
first time.”*?*> With the shear rate ramp test, viscosity of
samples was tested at shear rate ramp from 0.01 to 1000 s *
at 37 °C (printing temperature). The yield stress was deter-
mined at which a viscosity peak is observed. In the shear
recovery test, repetitive low strain of 0.1% for 40 s, followed
by a high strain of 100% for 40 s was applied to samples at 37 °C
and the change of G’ over time was monitored.

2.5 Printability

The printability test followed the bio-ink characterisation pro-
tocol published by Connell et al.>* using an INKREDIBLE+ 3D
printer (CELLINK, Sweden). Samples were added to a 3 mL
syringe, assembled with a 250 um nozzle. Then the syringe was
loaded to the pneumatic cartridge of the 3D printer and
connected with an air pressure regulator. After heating the
printing head to 37 °C and wrapping it with tin foil to stabilise
the temperature of the sample, the bio-ink was ready to be
extruded/printed. The printing G-code is listed in S5-S7 (ESI¥).

2.5.1 Extrusion rate test. The extrusion rate test, or the line
printing test, is carried out to determine the ideal writing speed by
printing a few lines with selected pressure and specific concen-
tration of OBD in different writing speeds. Matching the nozzle
writing speed with the polymer extrusion rate is critical for steady
and continuous printing, while increasing the moving speed of
the nozzle can improve the efficiency of printing. The moving
speeds were set to 300, 450, 600, 750, 900, and 1050 mm min *.
Once the bioink extruded steadily, a pattern was printed onto the
glass slide. The pattern was imaged with a microscope. Fiji Image]
was used to measure the width of the printed pattern.* Extrusion
rate Q was calculated with eqn (1):

2L
Y] )

The printed pattern is treated as a half cylinder. Where r is
the radius of the cylinder and equal to half of the width of the
printed line. L is the length of the printed line within time ¢,
which is equal to the writing speed of the nozzle head.

2.5.2 Layer stacking test. Using optimised printing pres-
sure and writing speed from the extrusion rate test, the layer
height for 2-layer printing was set to 0.2 mm, while for multi-
layer printing, the layer height was optimised accordingly. The
printed pattern was kept warm (37 °C) to ensure the gel state of
the polymer and help maintain the pattern structure. Once the
printing was complete, an EVOS M5000 Imaging System was
used to capture an image showing at least four pores. Print-
ability (Pr) with the stacking test was determined using eqn (2):

12

where L is the internal perimeter of the pore and 4 is the
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internal area of the pore. Pr = 1 represents a defined square
shape, showing great printability. Pr > 1 indicates an irregular
shape mainly due to over-gelation. Pr < 1 indicates a liquefied,
under-gelated bio-ink.

2.6 Stem cell culture and viability

2.6.1 Stem cell culture. Primary bone marrow derived
human mesenchymal stem cells (hMSCs, Lonza, Switzerland)
were cultured under standard cell culture conditions (37 °C,
humidified atmosphere, 5% CO,). hMSCs were expanded in
hMSC growth medium (Lonza, Switzerland) and grown to 80—
90% confluency in standard cell culture flasks (Corning, USA).

2.6.2 Leaching viability. The cytotoxicity of the polymer
gels was initially assessed using 15% and 35% w/w OBD in PBS.
60 pL of the polymer solution was gelled as a discrete droplet in a
tissue culture well plate (Corning, USA). hMSCs were seeded at a
density of 3000 cells per ecm” into the well plate, in hMSC growth
medium (Lonza, Switzerland). 24 h after cell seeding, the hMSCs
were incubated with NucBlue™ Live ReadyProbes™ (Hoechst 33342)
(Invitrogen™, USA) and NucGreen™ Dead 488 ReadyProbes™
(SYTOX™ Green) (Invitrogen™, USA) for 30 min at 37 °C. Cells were
imaged using an EVOS M5000 Imaging System, and the ratio of live
to dead hMSCs was calculated. Cells seeded on tissue culture plate
(TCP) without OBD droplets served as the control group.

2.6.3 Direct contact viability. The viability of hMSCs grown
directly on top of the 15% and 35% w/w OBD was assessed, with
F127 20% and 30% w/w as comparison. 10 pL of the polymer
was pipetted into each well of a 96 well plate (Corning, USA),
and stored at 4 °C for 10 min to evenly coat the bottom of the
wells with the polymer prior to gelling. Prior to cell seeding,
the plate was incubated at 37 °C to form the gel. hMSCs
were incubated with 10 uM CellTracker™ Orange CMRA Dye
(Invitrogen™, USA) for 30 min before seeding onto the polymer
at a density of 3000 cells per cm®. At 24, 48, and 72 h post
seeding, hMSCs were counter-stained with NucGreen to indi-
cate dead cells. After incubation for 30 min at 37 °C, cells were
imaged using an EVOS M5000 Imaging System, and the ratio of
live to dead hMSCs was calculated.

2.6.4 Reseeding viability. The viability of hMSCs post polymer
seeding was also assessed. hMSCs were seeded on polymers,
using the method described above, without any staining. 48 h
after seeding, 50 pL cool media was added for 5 min to liquify
and dilute the polymer. After removal of the media, TrypLE
(Gibco™, America) was added to dissociate cells in the well
plate. Then the cells were transferred to a new 6 well plate
(Corning, America) with media topped up to 2 mL. The viability
test was conducted 48 h after reseeding using NucBlue and
NucGreen.

2.6.5 Gel capsulation viability. The hMSCs pellet contain-
ing 25000 cells stained with CellTracker was collected after
centrifugation. 20 puL of the cool polymer was mixed with the
cell pellet. Two droplets of 10 pL solution were deposited into a
well plate, and incubated at 37 °C for 5 min to solidify the
polymer/cell droplets. The droplets were then immersed in
complete cell media and incubated for 4 days, after which
NucGreen stain was added to stain any dead cells.

J. Mater. Chem. B, 2025,13, 3593-3601 | 3595
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2.7 Printing with cells

2.7.1 Droplet printing with cells. A pipette was used
to print a few droplets of the cell-laden polymer onto a 12
well plate to mimic the 3D printing process, shown in Fig. 1.
The cells were initially incubated with CellTracker Orange
CMRA, as per instructions, to fluorescently label the hMSCs.
A pellet of 25000 cells was then collected after centrifugation
and mixed with 20 pL of the cool polymer.10 pL of the cell/
polymer solution was pipetted into the 12 well plate, then
incubated at 37 °C for 5 min to solidify the polymer/cell
droplets. The droplets were then immersed in complete cell
media. Before imaging with a confocal microscope, NucGreen
stain was added to stain the dead cells. Confocal imaging (20x)
with Z stack allows a 3D view of how the cells are distributed
inside the polymer after printing.

2.7.2 3D bioprinting. A cell pellet with 250000 hMSCs
(pre-stained with CellTracker Orange CMRA) was mixed with
1 mL cool OBD, which was still under liquid conditions. The
cell-laden bioink was then transferred to the syringe and
incubated at 37 °C. For printing, the syringe was assembled
to the 3D printer with the method described in Section 2.5. A
one-layer pattern was printed into a 6 well plate using the
optimised constant writing speed of 450 mm min~". 2 mL of
warm basal medium was then added to the well plate and then
returned to the incubator at 37 °C. The EVOS M5000 Imaging
System was used to image the cells inside the bioink 1 h post
printing.

Combining the materials’ rheological properties with print-
ing parameters, the estimated shear stress that cells experi-
enced during printing could be calculated with eqn (3) and (4):

. 40
Shy t Yy =— 3
ear strain y = —3 (3)
mQ
Sh t =— 4
ear stress 1 = oy (4)

where R is the radius of the printing nozzle, 125 pm. Extrusion
rate Q was calculated from eqn (1). Viscosity # of the sample
was obtained from the shear rate test discussed in rheology
characterisation in Section 2.4, based on the shear strain y
calculated using eqn (3).

2.8 Statistical analysis

Data presented here are expressed as column plots with
mean =+ standard deviation (SD). A Welch’s ¢ test for cell
viability was conducted by GraphPad Prism 9.

| Mix with 20 uL ] " 10 uL Droplets

Centrifugation | polymer solution on well plate
_—

A\ 4 \&/

25k Cells stained with Cell pellet
Cell Tracker Orange

Fig. 1 Schematic diagram of the droplet printing test process.
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3. Results and discussion
3.1 Material properties

3.1.1 Thermoresponsive properties. The optimal printing
parameters were determined from the preliminary printability
experiment (Table S1, ESIt), where 35% w/w OBD at 75 kPa
printing pressure demonstrated suitable filament production,
extruding the steady filament at a reasonable speed. Hence
these parameters were selected for all further tests.

The thermal properties of 35% w/w OBD were first determined
by the visual test. At this concentration, polymer solutions were in
the liquid state at 4 °C. At room temperature (23 °C), polymer
solution already transitioned to a clear gel condition. When the
temperature increased to 39 °C, the gel became cloudy, indicating
increased hydrophobic interactions. Gel syneresis, the process
where the solvent is expelled from the polymer network due to
internal stresses, began at 45 °C and progressed to a precipitation
state by 50 °C. This indicates that viscosity of polymer solution
increased as the temperature increased from 4 °C to room
temperature, forming a gel. The exact gel point of 35% w/w
OBD was not determined by the visual test as it already reached
the gel state at room temperature and was thus determined by
rheology temperature sweep tests.

3.1.2 Rheology. The rheological properties of a 35% w/w
OBD solution were characterised using the temperature sweep
test, shear rate ramp test, and shear recovery test. In Fig. 2, the
shear storage modulus (G') is represented by red circles, while the
shear loss modulus (G”) is indicated by blue squares. During
the temperature sweep test, both G’ and G” began to increase after
6 °C (Fig. 2A). The temperature at which G’ surpassed G” was
identified as the gel point, occurring around 8 °C, which is
significantly below room temperature. Maintaining the sample
at a cool temperature helps preserve its liquid-like state, making it
easier to handle before use. The shear rate ramp test conducted
at 37 °C (the temperature used for cell printing) demonstrated
the shear-thinning behaviour of the 35% w/w OBD, with a peak
observed at a shear rate of 0.1 s, defined as the shear rate
achieving yield stress (Fig. 2B). Beyond this point, the viscosity
decreased as the shear rate increased, and the sample began to
deform plastically. In the shear recovery test at 37 °C (Fig. 2C),
following a high strain of 100% for 40 s, G’ dropped significantly,
indicating that the gel was thoroughly disrupted. The disruption
of the thermogel by application of high shear strains is expected,
as the polymer network is held by physical interactions. When the
strain was reduced to 0.1%, G’ returned to its initial values in
around 20 s, an indication of the reversibility of our material, an

»
3D imaging
with Confocal r
Top up media Microscopy o=
ey _ L]

/

e

Incubate 5min
for gelation

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02572e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 11 2568. Downloaded on 1/11/2568 8:01:55.

(cc)

View Article Online

Journal of Materials Chemistry B Paper
A 2004 5 . B oo C Strain
3 " S / © 2.0770.1%100% 0.1% 100% 0.1% 100% 0.1%
® [y . G" 107 eeees"e, o B e e
= 1500 / 0 % . 1
o 3, " . 0
30 8.0 : © 15+
38 E"™ y £,
3 1000 = . D
02 2 “ g
o= B a0 .
Sa 500 8107 e, & 0.5
] > 103 & 5
04 v e 0o
oo " Com o1 1 . o 1w 5 10, 4k
Temperature (°C) - : Shear Rate (&) S0 100 . 15

Fig. 2 Rheology result of 35% w/w OBD (A) temperature sweep, (B) shear rate ramp, and (C) shear recovery. Red circles and blue squares represent shear
storage modulus (elastic modulus, G’) and shear loss modulus (viscous modulus, G”), respectively. Storage modulus sharply decreases at high strain and

recovers quickly (around 20 s) after removing strain.

advantage of physically crosslinked networks. After three repeti-
tions of the high strain, the sample retained 85% of its original
shear properties, showing minimal hysteresis.

3.2 Printability

3.2.1 Line test - suitable printing speed. The printability of
commercialised product F127 itself or a mixture with other
compounds such as GelMA, was widely reported in ranges of
journals.*'®*®> Our preliminary line printing experiment of
F127 with 25% w/w concentration also proved the good
quality printing (S3, ESIt). Therefore, the printability test here
mainly focused on the 35% w/w OBD.

During the line test, the 35% w/w OBD was printed out on
the glass slide with speed increased from 300 mm min " to
1050 mm min " (Fig. 3A, Table 1). When the printing speed was
slower than 600 mm min ™, OBD performed a steady extrusion.
The average width of the printed pattern at 300 mm min "
(435 pm) was higher than that at 450 mm min ' (401 pm),
showing that slower printing speed leads to a thicker pattern at
the same extrusion rate. The average width of the pattern was
slightly larger than nozzle size (250 pm), which is attributed to
the polymer liquefaction after exposing to a high shear rate
during printing. The ideal writing speed was 450 mm min *,
being used for further printing experiments, as it was the
fastest printing speed with steady extrusion. Extrusion rate Q

at a 450 mm min ' printing speed of 35% w/w OBD under
75 kPa was 0.471 uL s~ ', calculated using eqn (1).

3.2.2 Layer stacking test. The printed lines of 35% w/w
OBD stacked on top of one another (2-layer, shown in S4, ESIT),
indicating a pass on layer stacking test. The average printability
calculated with eqn (2) is 0.874, slightly less than 1. This could
be attributed to the material liquification during high shear
rate printing.

The printing process and pattern of 4-layer stack printing
are shown in Fig. 3B and C. The stacking of multiple layers can
be observed clearly. It is worth mentioning that with additional
layer printing, the bioink might have difficulty adhering to the
bottom pattern at the turnaround point. This issue can be
improved by adjusting the Z height or reducing the writing
speed. Since the 35% w/w OBD was successfully printed with
multiple layers, it opens up the possibility of printing more
complex structures for cell culture scaffolds. However, optimising
the Z height for each layer is necessary, and the gel structure is
required to fully recover after printing each layer before proceed-
ing to the next layer.

3.3 Cell viability

3.3.1 Leaching viability test. The cell viability test focused
on 35% w/w OBD due to its great printability, while OBD with
15% w/w concentration was also tested as it demonstrated

Fig. 3 Printability test of 35% w/w OBD. (A) Microscopy image of the line test pattern. From left to right (labelled as 1 to 6), the writing speed increased

from 300 mm min~? to 1050 mm min~L. Scale bar, 2 mm. (B) Images of the

4-layer stacking test, the printing process from the 1st layer (i) to the 4th layer

(iv). Scale bar 5 mm. (C) 4-layer pattern characterised by microscopy. Scale bar 2 mm.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Line test results with writing speed from 300 to 1050 mm min~t
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Line 1 2 3 4 5 6
Speed (mm minfl) 300 450 600 750 900 1050
Width (um) 435 + 16 401 + 8 343 £+ 30 328 £ 60 328 £+ 30 267 + 63

promising thermoresponsive properties, maintaining a stable
gel state in the temperature range from 31 °C to 39 °C.'®'°
Concentrations of 20% and 30% w/w of the commercial pro-
duct F127 were selected for comparison, ensuring its reversible
thermal transition (minimal 15% w/w),?® while maintaining a
manageable viscosity.

Cell viability for hMSCs seeded around droplets of OBD
(15% or 35% w/w) is shown in Fig. 4A. The relative viability of
cells in both concentration setting was above 99%, indicating
that the OBD material did not leach any cytotoxic substances.

3.3.2 Direct contact viability test. The normalised cell
viability seeded directly on the polymer is shown in Fig. 4B.
After 24 h of cell seeding on the polymer gel, at least 98% cell
viability was maintained. 48 h post seeding, cell viability
reduced slightly, still maintaining above 87% in most groups,
while F127-20% showed a relatively low viability of 85%. Cell
viability reduced further with a longer culture time with F127 at
both concentrations presenting a relatively high cytotoxic
effect, reducing to 35% at 20% w/w, which shows a significant
difference compared to the control group. Meanwhile, cell
viability in the OBD sample maintained at around 80%, show-
ing no significant difference with the control group. There was
also no significant difference between two different concen-
tration settings in both types of polymers. In previous work,
hepatic carcinoma HepG2 (human liver) cell viability in
20% w/w F127 was only 54% after 1 day of seeding, reducing
further to 12% after 3 days of seeding;® 80% of MG-63
osteoblast-like cells cultured in 20% w/w F127 survived after 2
days with viability reducing to 60% in 4 days in culture.”” As
previously shown, ARPE-19 cells treated with either OBD or

TCP mm F127-20%

F127 solutions across a range of concentrations (50-250 pg mL ")
presented significantly higher viability with OBD compared to F127.'®

After culturing on the different polymers for 2 days, hMSCs
were collected and reseeded, and their viability was further
assessed (Fig. 4C). There was no significant difference between
groups, with cell viability remaining above 84%. Culturing cells
with OBD did not affect cell viability in further application,
demonstrating that the OBD could be used as a 3D cell culture
scaffold to allow high density cell culture.

In summary, OBD was non-cytotoxic to the hMSCs and
demonstrated a higher cell viability than the commercialised
product F127.

3.4 OBD printing with cells

3.4.1 Droplet printing. Droplet printing serves as an initial
experiment to test 3D cell-laden polymer printing on a smaller
scale. A few droplets of OBD mixed with cells were extruded
using a pipette tip into a well plate to simulate the printing
process with a minimal amount of the sample. Given its
excellent printability, 35% w/w OBD was chosen for the droplet
printing before proceeding with large-scale sample preparation
for 3D cell printing.

Two hours after printing, the cells were distributed through-
out the polymer droplet at different heights, as evidenced by the
nuclei (blue) features in the 3D image (Fig. 5A). After 24 hours,
most cells were clustered on the same plane (Fig. 5B). This
distribution likely occurred because the polymer gel lacked bind-
ing sites for the cells, leading them to attach to the well plate
substrate. Incorporating a block of arginine-glycine-aspartate

F127-30%
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Fig. 4 Cell viability test of 15% and 35% w/w OBD, 20% and 30% w/w F127. (A

) Leaching viability of cells seeded around 15% and 35% w/w OBD droplets

after incubation for 48 h, with cell seeding on the tissue culture plate (TCP) only as the control group. (B) Direct contact viability of cells on the polymer
with CellTracker. (C) Reseeding viability of cells seeded on the polymer for 2 days then reseeded on the well plate. Each data point represents the average
of triplicate samples and normalised data (to TCP control) were presented as mean + SD. * indicates that there is statistical significance as measured by

Welch's t test (p < 0.05).
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Fig. 5 Confocal images of cell embedded in 35% w/w OBD 2 h (A) and 24 h (B) after droplet printing. Nuclei was stained with NucBlue showing blue
colour and the whole cell was stained with Cell tracker showing orange colour. Scale bar, 2 mm. (C) Cell viability of droplet printing. Each data point
represents the average of triplicate samples, and the data are presented as mean + SD. Ns indicates there is no statistical significance as measured by

Welch's t test (p > 0.05).

(RGD peptide) could improve cell adhesion, though it might
impact the physical properties of the polymer.”®

On Day 4, the polymer could no longer maintain its droplet
shape, likely due to the gel dissolving into the media, which
resulted in cell spreading on the substrate. The viability of cells
embedded in 35% w/w OBD with droplet printing remained
above 90%. In summary, 35% w/w OBD successfully passed the
droplet printing test while maintaining high cell viability.

3.4.2 3D bioprinting. 35% w/w OBD was mixed with hMSCs
and printed at 75 kPa with 450 mm min " writing speed via a
3D printer. From Fig. 6, the CellTracker stained cells can be
clearly observed within the pattern region, showing successful
cell printing. In this process, cells surrounded by high concen-
tration OBD experienced osmotic pressure in the syringe for a
long time (mins to hrs) before being extruded, followed by
shear stress during extrusion. Both of these factors may impact
cell viability. The interface between printed structures with the
glass substrate is inexact, which might be due to liquefaction of
the gel induced by the shear stress. With cells embedded, the
rheological and gelation properties of the ink might be affected,
resulting in the indistinct printed shape.”*®

The shear stress 7 that cells embedded in 35% w/w OBD
experienced during printing was around 79 Pa, calculated with

eqn (1)-(4). A shear stress of 79 Pa is considered a low shear
stress level and is not expected to be detrimental to hMSCs. In
previous research, a fluid shear stress of 89 Pa was applied to PC-
3 cells while cells traveling through a needle for 6.4 ms, main-
taining cell viability at 75%.>° Human dermal fibroblasts experi-
enced an average shear stress of 190 Pa during the extrusion
process with the PU gel showing 65% cell viability.**

It is worthy of note that stem cell behaviour and cell fate
might be affected by the shear stress. According to previous
studies on shear stress regulating hMSCs differentiation, low
shear stress ranging from 0.2 to 2 Pa was commonly used.**"**
The continuous 2 Pa shear stress stimulation for 2 days induces
hMSCs toward endothelial cells in the absence of chemical
induction.®” Generally, during the extrusion, experiencing
75 Pa has a limited effect on stem cell fate as it is a short-
term process (less than a second), with an undefined long-term
effect.

With the excellent printability and non-cytotoxicity of OBD,
future work should focus on optimising the cell printing
process for practical applications. This includes reducing the
time cells spend embedded in a high concentration polymer
within the syringe without culture media and using printers
that require fewer materials for printing. This could highly

Fig. 6 Bioink printed with cells under red excitation filter (A) and bright field (B). Cells were stained with CellTracker showing orange colour.

Scale bar 1 mm.
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maintain the cell viability within the cell-laden scaffolds.
Improving the binding between the polymer and cells, for
example via connecting a block of arginine-glycine-aspartate
(RGD peptide) to the polymer chain is another way to stabilise
cells within the printed scaffold. Providing cell membrane-
stabilising agents, such as hydrocortisone, glucose, and
glycerol,® might also help avoid polymers integrating into the
cell membrane and induce cell membrane break through when
exposing to shear stress during printing.

4. Conclusion

Here, the potential of a non-ionic triblock copolymer as a
bioink has been explored. The printability of the polymer was
tested across a range of concentrations, with 35% w/w OBD
demonstrating great printability, characterised by steady extru-
sion and a stable structure. The 35% w/w OBD was not cytotoxic
to hMSCs, with cell viability exceeding 80% after 3 days of
seeding onto the polymer. This viability was improved com-
pared to the commercial thermoresponsive polymer F127.
Encapsulating cells within a bioprintable matrix offers exciting
possibilities, such as in situ printing,*® personalised structures,
and precise control over the printed design.*® The thermore-
sponsive properties of this material allow cells to be printed at
physiologically relevant temperatures and enable gentle and
chemical-free collection of encapsulated or surface-grown cells
by liquefying the polymer through temperature reduction.’”
This approach minimises cell stress and preserves cell function
and structure, enhancing tissue engineering outcomes.®
The non-ionic triblock copolymer can also be further functio-
nalised with cell adhesion peptides or other supportive bio-
logical motifs, showcasing the versatility of this polymer
design. In summary, this thermoresponsive polymer holds
significant promise for future bioprinting and tissue engineer-
ing applications.
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