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Abstract DOI: 10.1039/D5MA00621J

Spinal cord injury (SCI) is a traumatic condition that results in the loss of motor and
sensory functions. Mesenchymal stem cells (MSCs) have the potential to enhance the
inflammatory microenvironment after SCI and promote nerve regeneration. However,
maintaining long-term enrichment and sustained release of stem cells around the injured
area remains a significant challenge. In this study, we synthesized a series of thermo-
responsive single-chain cyclized/knotted polymers (SCKPs) using reversible addition-
fragmentation chain transfer (RAFT) polymerization. By adjusting the types and ratios
of monomers, we were able to tune the lower critical solution temperature (LCST) to
approximately 37°C. Importantly, SCKPs formed a half-interpenetrating polymer
network (H-IPN) with thiolated hyaluronic acid (HA-SH), effectively encapsulating
stem cells while maintaining high cell viability. This novel H-IPN shows great promise

as a carrier for stem cell therapy in the treatment of SCI.

Keywords: Thermo-responsive, Single-chain cyclized/knotted polymer, Lower critical

solution temperature, Half interpenetrating polymer network, Stem cell encapsulation

Introduction

Spinal cord injury (SCI) is a severe and incurable traumatic condition that often results
in a significant loss of sensory and motor functions[1] [2]. The initial mechanical
trauma not only directly damages neurons but also triggers secondary injuries, such as
inflammatory responses and oxidative stress, which worsen the condition[1][3] .
Current clinical treatments, including surgical decompression and high-dose
intravenous methylprednisolone, have limited effectiveness[4] [5]. Surgery cannot
restore neuronal damage or promote regeneration, and it carries inherent risks[6]. Long-
term use of methylprednisolone may cause side effects such as osteoporosis and muscle
atrophy, requiring careful dose management [7] [8] [9]. Although emerging therapies,
like neurotrophic factors, can stimulate neuronal growth and survival, they require
frequent high doses or repeated injections/implants, which may lead to immune
rejection [10] [11]. Therefore, traditional treatments often fail to substantially improve

patient outcomes, there is an urgent need to develop novel therapeutic strategies for SCI
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patients. DOI: 10.1039/D5MA00621
Adipose-derived mesenchymal stem cells (ADMSCs) have gained significant attention
for SCI treatment due to their ease of isolation, low immunogenicity, and ability to
secrete matrix components and factors that support tissue repair and neovascularization
[12] [13] [14]. In recent years, ADMSCs have demonstrated anti-inflammatory and
reparative properties, making them a promising option for SCI therapy [15]. However,
the clinical effectiveness of local ADMSC injections is hampered by poor targeting and
rapid degradation, limiting their therapeutic benefits [16]. To overcome these
limitations, researchers have explored encapsulating ADMSCs using advanced
biomaterials . Encapsulation provides a protective barrier that reduces immunogenicity,
eliminating the need for immunosuppressants. These biomaterials mimic the
extracellular matrix, enhancing the survival, differentiation, and function of
encapsulated cells, while improving circulation time and cell targeting in damaged
tissues[17]. This strategy significantly improves the therapeutic potential of SCI
treatments by preventing the loss of stem cell function in the local microenvironment.
Currently, cell therapy primarily uses biodegradable hydrogel scaffolds, which

offer a highly hydrated, elastic, tissue-like environment that is easy to manipulate and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

form in vivo[18]. However, these scaffolds often have drawbacks related to

crosslinking efficiency, mechanical properties, and potential toxicity [19] [20]. Single-

Open Access Article. Published on 07 January 2026. Downloaded on 1/9/2026 4:06:16 AM.

chain cyclized/knotted polymers (SCKPs) are a new class of polymeric materials with

(cc)

a three-dimensional (3D) topological structure and multiple pendant vinyl groups,
synthesized through the kinetically controlled radical polymerization of multivinyl
monomers (MVMs) [21]. Like other cyclic polymers, SCKPs exhibit favorable
properties, including good solubility, a compact structure, high density, low intrinsic
viscosity, low friction, a high glass transition temperature, high elasticity, reduced
cytotoxicity, and increased circulation time[21][22]. These characteristics make SCKPs
a promising candidate for cell encapsulation.

In this study, we report the synthesis of thermo-responsive SCKPs via reversible
addition-fragmentation chain transfer (RAFT) polymerization and the encapsulation of

rat adipose-derived stem cells (rADSCs) (Scheme 1). By using monomers with varying
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amphiphilicity including PEGDA, DEGDA, 2,2'-disulfonyl bis(ethane-2¢1-diyFy/osmao0621)

(DSDA), and dopamine methacrylamide (DMA) [23], we were able to fine-tune the
lower critical solution temperature (LCST) of the SCKPs to approximate body
temperature. Importantly, the optimized SCKPs crosslinked with thiolated hyaluronic
acid (HA-SH) to form a half-interpenetrating polymer network (H-IPN), which
effectively encapsulated ADMSC:s in situ while maintaining high cell viability. SCKPs

hold significant potential as a cell encapsulation platform for SCI cell therapy.

Hydrophilic SCKPs
RAFT E
Hydrophobi\(i \ Polymerization 1115 @ @ @
0 © mmm——) SHD
v.2)

‘ >LCST
Diacrylates @
\/\/\/ :

HA-SH Cells
L (
~ - )
P O SCKP/HA-SH
. 0 Hydrogel

Scheme 1. SCKPs synthesized via RAFT polymerization exhibit thermo-
responsiveness and can crosslink with HA-SH to form a hydrogel for in situ cell
encapsulation.

Materials and methods

Materials

Butanone was purchased from Alfa Aesar, while all other chemicals were sourced from
Sigma-Aldrich  (Arklow, Ireland) and wused without further purification.
Tetrahydrofuran (THF) was dried using Na,SO, prior to use.

Monomers Synthesis

2,2’-Disulfanediylbis(ethane-2,1-diyl) (DSDA) was synthesized by reacting bis(2-
hydroxyethyl) disulfide with an excess of acryloyl chloride in a basic solvent (Figure
S1). In a 1000 mL round-bottom flask, 15.4 g (100 mmol) of bis(2-hydroxyethyl)
disulfide and 37.5 mL (300 mmol) of triethylamine (TEA) were dissolved in 450 mL
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of THF. A solution of 24.4 mL (300 mmol) acryloyl chloride in 50 mL of THF.owes/05mA00621)
added dropwise over 2 hours with stirring at room temperature. The reaction was

allowed to proceed for 24 hours at room temperature. The mixture was then filtered

under vacuum to remove the precipitated TEA HCI, and the solvent was removed using

rotary evaporation. The crude product was dissolved in 100 mL of dichloromethane and

washed five times with 200 mL of 0.2 M Na,CO3 aqueous solution, followed by three

washes with distilled water. The organic layer was dried with Na,SO, and concentrated

via rotary evaporation.

Dopamine methacrylamide (DMA) was synthesized by reacting methacrylic
anhydride with dopamine hydrochloride in THF under alkaline conditions (Figure S2).
In a 1000 mL round-bottom flask, 30 g (78.66 mmol) of sodium tetraborate decahydrate
and 12 g (142.69 mmol) of sodium bicarbonate were dissolved in 300 mL of distilled
water. After bubbling argon through the solution for 20 minutes, 15 g (79.10 mmol) of
dopamine hydrochloride was added. A second solution containing 14.1 mL (94.66
mmol) of methacrylic anhydride in 75 mL of THF was added dropwise. The pH was
adjusted to 8.5, and the solution was stirred overnight. The DMA was purified by

vacuum filtration, followed by two washes with 150 mL of ethyl acetate. The aqueous

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

phase was acidified to pH 2 with 1 M HCl, making the product soluble in the organic

phase. It was washed three times with 150 mL of ethyl acetate, dried over Na,SO,, and

Open Access Article. Published on 07 January 2026. Downloaded on 1/9/2026 4:06:16 AM.

reduced to 80 mL by rotary evaporation. The product was precipitated into 800 mL of

(cc)

hexane and stored overnight at 4°C to allow crystallization. The crystals were collected
by vacuum filtration, redissolved in 100 mL of ethyl acetate, and precipitated again in
1000 mL of hexane. After another overnight storage at 4°C, the crystals were filtered
and dried overnight in a vacuum oven at room temperature.

Synthesis of SCKPs via RAFT copolymerization of MVMs

Single-chain cyclized/knotted polymers (SCKPs) were synthesized via reversible
addition-fragmentation chain transfer (RAFT) polymerization. The monomer
combinations and feed ratios are outlined in Table S1. Typically, in a 250 mL two-neck
round-bottom flask, hydrophobic monomers poly(ethylene glycol) diacrylate (average
molecular weight: 575 Da) (PEGDAS75), diethylene glycol diacrylate (DEGDA),
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molecular weight: 700 Da) (PEGDAS575) were dissolved in 0.1 M butanone. The chain
transfer agent 2-cyanoprop-2-yl dithiobenzoate (CDB) and initiator 2,2’-azobis(2-
methylpropionitrile) (AIBN) were then added. After 30 minutes of argon bubbling to
remove oxygen, the reaction mixture was stirred at 70°C. The reaction progress was
monitored using gel permeation chromatography (GPC) every hour. When the
polydispersity index (PDI) reached approximately 1.5, the reaction was quenched by
cooling with ice and exposing the mixture to air. The polymers were purified by
precipitation in a mixture of hexane and diethyl ether (1:2 by weight). After 20 minutes
of stirring, the solutions were allowed to stand for 30 minutes at -20°C. They were then
centrifuged at 4000 rpm and 4°C for 20 minutes. The precipitated polymers were
collected and dried in a vacuum oven.

GPC measurement

The number-average molecular weights (M,), weight-average molecular weights (M),
and PDI of the polymers were determined using GPC (Agilent 1260 Infinity II)
equipped with a refractive index detector. The GPC columns (PolarGel-M Guard, 50
mm X 7.5 mm, and PolarGel-M, 300 mm x 7.5 mm) were eluted with
dimethylformamide (DMF) containing 0.1% lithium bromide (LiBr) at a flow rate of 1
mL/min at 50°C. Linear poly(methyl methacrylate) (PMMA) standards were used for
calibration. Polymer samples (5-10 mg) were dissolved in 1 mL of DMF and filtered
through a 0.22 pum filter prior to measurement.

Proton nuclear magnetic resonance (H NMR) characterisation

Samples (10 mg) were dissolved in 700 puL of deuterochloroform (CDCl3) or deuterated
dimethyl sulfoxide (d-DMSO). The '"H NMR spectra were recorded using a 400 MHz
JEOL NMR spectrometer with 32 scans. Data were processed using MestReNova
software.

Measurement of lower critical solution temperature (LCST) of SCKPs

The optical transmittance of the SCKP solutions was measured at 350 nm using a UV-
VIS spectrometer (SpectraMax M3 MultiMode Microplate Reader) at various

temperatures ranging from 24°C to 80°C. The LCST was defined as the temperature at
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which the optical transmittance decreased by 50%. LCST measurements!: Wwere/D5MA00621]
performed for SCKPs at concentrations of 1 mg/mL, 5 mg/mL, and 10 mg/mL in pure
water, phosphate-buffered saline (PBS), and Dulbecco's Modified Eagle Medium
(DMEM).

Cell encapsulation with SCKPs

Cells were seeded at a density of 20,000 cells per well in a 96-well plate two days prior
to encapsulation. SCKPs dissolved in DMEM at 1 mg/mL were added to the cell culture
medium and heated to 37°C. Images were taken before and after heating using an
Olympus CK53 microscope.

Fabrication of SCKP/HA-SH hydrogels

Semi-IPN hydrogels were formed by crosslinking SCKPs with HA-SH. SCKPs (1
mg/mL) were incubated with the cells for 10 minutes, and the temperature was raised
above the LCST. Then, 10 mg of HA-SH dissolved in 500 puL of Hank’s buffer (2%)
was added, and the plate was incubated for 30 minutes. Images were taken before and
after SCKP addition and 30 minutes after HA-SH addition.

Measurement of cell viability

After two days of incubation with SCKPs at concentrations of 10, 50, and 100 pg/mL

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(n = 4), cell metabolic activity was measured using the alamarBlue assay. The cell

culture medium was replaced with alamarBlue solution (10% dilution in DMEM), and

Open Access Article. Published on 07 January 2026. Downloaded on 1/9/2026 4:06:16 AM.

the cells were incubated for an additional hour. Fluorescence was measured using a

(cc)

SpectraMax M3 MultiMode Microplate Reader.

Statistical analysis

Data were analyzed and plotted using SPSS 19.0 and GraphPad Prism 8.0. Results are
presented as mean + standard deviation (SD). Comparisons between two groups were

made using Student’s t-test.

Results and discussion

Synthesis of DSDA and DMA

The successful synthesis of DSDA and DMA monomers was confirmed using 'H NMR
spectroscopy. The ™M NMR spectrum of the synthesized DSDA showed five
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characteristic signal peaks with corresponding chemical shifts and integratiomwtalu@ss/psmao0621)

two triplets at 6 2.9 ppm and ¢ 4.4 ppm which are attributed to the methylene groups
adjacent to the sulfur atoms, two doublets at 0 5.9 ppm and 6 6.4 ppm, corresponding
to the protons on the carbons next to the carbonyl group. A multiplet at 6 6.2 ppm
assigned to the vinylic protons (Figure S3). For DMA, the 1H NMR spectra revealed
key significant signal peaks as follows: three singlets at 6 1.8 ppm, d 5.2 ppm, and J 5.6
ppm, two triplets at 0 2.5 ppm and 0 7.9 ppm, a quartet at 0 3.2 ppm, and a multiplet in
the range of d 6.6-6.4 ppm (Figure S4).

Synthesis and characterization of SCKPs

To achieve thermo-responsiveness, particularly with an LCST near 37°C, it is essential
to carefully control the amphiphilicity of the SCKPs by selecting monomers with
varying hydrophobicity and optimizing their feed ratios[24] [25]. We selected
PEGDAS575, DEGDA, and DSDA as hydrophobic monomers, while PEGDA700 and
DMA were chosen as hydrophilic monomers. These monomers were copolymerized
through RAFT polymerization using different combinations and feed ratios[25]
(Figure 1a). To produce polymers with a cyclic/knotted topological structure while
avoiding crosslinking, the feed ratio of monomers to CDB and AIBN was fixed at
800:4:1[26], with a monomer concentration of 0.1 M. The evolution of polymer PDI
was monitored using GPC [27]. The reaction was stopped before the PDI approached
1.5 to prevent intermolecular polymer combination, which could result in insoluble
polymers. In total, five soluble polymers were successfully synthesized, although the
polymer containing DMA was insoluble [28]. The topological structure of the
synthesized SCKPs was verified using the Mark-Houwink (M-H) plot [29] [30].

Generally, an o value lower than 0.5 in the M-H plot indicates a 3D topological structure.

The M-H plots for different SCKPs are presented in Figure 1b. For the SCKPs with a
PEGDAS575/PEGDA700 monomer combination at a 50:50 feed ratio, an o value 0f 0.23
was observed (Figure 1c), suggesting a relatively compact coil conformation. When
the feed ratio was adjusted to 75:25, a slightly higher a value of 0.28 was detected,

indicating a more expanded conformation. Interestingly, when the monomer ratio
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shifted to 0:100 (without PEGDAS75), the a value dropped to 0.18, implyin@@: thore/D5MA00621)
compact structure, possibly due to increased homogeneity in the polymer chain. For the
SCKP with a 25:75 feed ratio, the lowest a value of 0.11 was recorded, suggesting a

highly compact coil structure. This aligns with the expectation that introducing

g
B
35 DEGDA, a more hydrophobic monomer, would reduce solvation, leading to a tighter
ko)
g coil conformation. Overall, these results confirm the successful synthesis of SCKPs.
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Figure 1. Synthesis and characterization of SCKPs. (a) Monomer and multivinyl
monomers are copolymerized via RAFT polymerization to synthesize SCKPs; (b) The
Mark-Houwink (M-H) plots for various SCKPs; (c) The a values from the M-H plots
for different SCKPs.

SCKPs exhibit tailorable LCST
We aim to synthesize SCKPs with an LCST lower or close to 37°C to enable their use
in cell encapsulation[17, 24]. The LCST of representative SCKPs, synthesized using

various monomer combinations and feed ratios, was investigated by measuring their
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optical transmittance in aqueous solutions. In deionized water at a concentration: of15@/05MA00621)

mg/mL, the SCKP composed of PEGDA575 and PEGDA700 at a 50:50 feed ratio
exhibited an LCST of around 80°C (Figure 2a). As the feed ratio of PEGDAS575
increased to 75, the LCST dropped to 65°C, due to the higher hydrophobicity of the
SCKP. When more hydrophobic DEGDA was introduced to replace PEGDA700, the
LCST decreased further to 48°C and 34°C, respectively. The transition of SCKP
solutions below and above the LCST was also visible to the naked eye. As shown in
Figure 2b, below the LCST, the SCKP solution appeared transparent and clear, while
heating it above the LCST caused the solution to become a milky-white emulsion. The
formation of particles was further observed under a microscope (Figure 2¢). We also
examined the effect of DSDA and DMA on the LCST of SCKPs. Interestingly, when
20% DSDA and 10% DMA were incorporated, the LCST of the resulting SCKPs fell
below 23°C (Table S2). These findings confirm our hypothesis that by adjusting the
monomer combinations and feed ratios, the LCST of the synthesized SCKPs can be

fine-tuned across a wide temperature range.

d PEGDA700 PEGDAS575 DEGDA L((E(S:')I'
50 50 / 80£13
25 75 / 6510.9
100 / / 60+1.1
/ 75 25 481+0.9
/ 50 50 34408

Figure 2. SCKPs exhibit tailorable LCST. (a) LCST values of various SCKPs; (b) The
SCKP composed of PEGDAS575 and DEGDA at a 50:50 feed ratio becomes colloidal
when heated to 37°C; (c) Bright-field images of nanoparticles from the SCKP
composed of PEGDAS575 and DEGDA at a 50:50 feed ratio.

Next, we explored the effects of concentration and solvent on the LCST of SCKPs
in deionized water, PBS, and DMEM. Generally, the LCST in deionized water was
higher than in PBS and DMEM (Figure SS). For SCKPs composed of PEGDAS575,
DSDA, PEGDA700, and DMA at a 50:20:20:10 feed ratio, the LCST was 37°C, 33°C,

and 33°C at a concentration of 1 mg/mL in water, PBS, and DMEM, respectively.
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Increasing the SCKP concentration to 5 mg/mL reduced the LCST to 33°C, 3 beCicangh/p5ma00621)
29°C. A further increase to 10 mg/mL led to LCST values of 32°C, 30°C, and 29°C,
respectively. SCKPs composed of PEGDAS575 and DEGDA at a 50:50 feed ratio
showed similar solvent- and concentration-dependent LCST behavior (Figure S6).
Notably, SCKPs with monomer combinations of PEGDAS575, DEGDA, and DSDA at
a 50:30:20 feed ratio or PEGDAS575 and DEGDA at 50:50 exhibited LCSTs in the range
of 29°C to 37°C (Tables S3 and S4), which makes them particularly promising for

biomedical applications.

Cell encapsulation and toxicity

The tailorable thermo-responsiveness of SCKPs makes them highly suitable for cell
encapsulation when heated above the LCST. First, we investigated the ability of SCKPs
to form a hydrogel in the presence of the crosslinker HA-SH [31]. As illustrated in
Figure 3a, before adding HA-SH, the SCKP solution was a flowing liquid. However,
after the addition of HA-SH, when the tube was inverted, no liquid flowed, indicating
the formation of a transparent hydrogel in situ, validating the creation of a half
interpenetrating polymer network (H-IPN). Next, SCKPs were incorporated into cell

culture medium and incubated at 37°C, where numerous particles adhered to the bottom

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of the cell culture plate. Despite this, the cell morphology remained unchanged and

Open Access Article. Published on 07 January 2026. Downloaded on 1/9/2026 4:06:16 AM.

clearly visible, likely due to the high biocompatibility of the SCKPs. Upon adding HA-

SH, gelation occurred in situ, fully encapsulating the cells while preserving their

(cc)

morphology (Figure 3b). The gel formed by the SCKP and HA-SH was temperature-
resistant, maintaining its structure both below and above the LCST. Interestingly, the
gel’s color became more vivid upon heating, providing a potential visual cue for
temperature-induced structural changes.

Cell viability in the presence of SCKPs was assessed using alamarBlue assays [32].
Across concentrations ranging from 10 pg/mL to 100 pg/mL, SCKPs generally
exhibited high cell viability, though slight differences were observed between the
polymers (Figure 3c¢). As the SCKP concentration increased, cell viability gradually
decreased. For example, SCKPs composed of PEGDAS575 and PEGDA700 at feed
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ratios of 50:50, 75:25, and 100:0, as well as SCKPs made of DEGDA and PEGD A57%/05MA006219

at feed ratios of 25:75 and 50:50, showed a decline in cell viability as the concentration
rose from 10 pg/mL to 100 pg/mL. This suggests that while SCKPs may exhibit
concentration-dependent cytotoxicity, the effect is less pronounced at higher

concentrations.
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Figure 3. SCKPs can crosslink with HA-SH to form a hydrogel and encapsulate cells
in situ, ensuring high cell viability. (a) Images of the SCKP composed of PEGDAS575
and DEGDA at a 50:50 feed ratio, shown before and after the addition of HA-SH; (b)
Cells after incubation with the SCKP composed of PEGDAS575 and DEGDA at a 50:50
feed ratio, before and after adding HA-SH; (c) Cell viability after incubation with the
SCKP composed of PEGDAS575 and DEGDA at concentrations of 10 pg/mL, 50 pg/mL,
and 100 pg/mL. An asterisk (*) indicates superior cell viability compared to the SCKP
composed of PEGDAS575 and PEGDA700 at a 50:50 feed ratio.

Conclusions
In this study, the RAFT polymerization method was used to successfully prepare
SCKPs with thermal responsiveness. Its uniqueness mainly lies in the ability to design

its low critical solution temperature (LCST) to be close to the human body’s required

temperature of 37 °C, by adjusting the specific monomer type and addition ratio, which

is convenient for practical applications. Moreover, this setting makes the influence of
temperature on it more precise and obvious, making it especially suitable for
temperature-activated material functional scenarios in biomedicine and other fields. For
example, it can be used in stem cell injections and controlled release processes, and it

has potential for future diagnostic and therapeutic applications. These SCKPs can
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specifically produce interpenetrating network gels with hyaluronic acid (HA-8H)g/05MA00621)
which contains mercapto groups. They form the core for preparing H-IPN hydrogels.
During this period, it can efficiently package stem cells without causing significant
toxicity. Therefore, it not only ensures their vitality but also creates conditions closer
to the natural growth environment of cells. Compared with conventional polymer
processes in the past, the RAFT method has outstanding advantages in accurately
controlling the molecular weight, dispersity coefficient, and chain connectivity
structure of polymers, ultimately enabling the mass production of SCKPs to achieve

uniform and stable desired performance.
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