View Article Online

View Journal

M) Cneck tor updates

Applied Polymers

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Behzad
Khoshgoee, M. Kumar Debnath, G. Pardo, Y. Yuan, M. Zeeshan, E. Mao, T. G. Gray, B. Gurkan, M. J. Bertin
and M. Karayilan, RSC Appl. Polym., 2026, DOI: 10.1039/D5LP00379B.

This is an Accepted Manuscript, which has been through the
RSC Royal Society of Chemistry peer review process and has been accepted
for publication.

Applied Polymers

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY

OF CHEMISTRY rsc.li/RSCApplPolym

(3


http://rsc.li/RSCApplPolym
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5lp00379b
https://pubs.rsc.org/en/journals/journal/LP
http://crossmark.crossref.org/dialog/?doi=10.1039/D5LP00379B&domain=pdf&date_stamp=2026-03-25

Page 1 of 42

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 8:48:14 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Polymers
View Article Online
DOI: 10.1039/D5LP00379B

Multi-Responsive Polymers with Degradable Side-Chain
Functionality for Controlled Hydrolysis and Tunable Thermal

Transition

Maryam Behzad Khoshgoee,'* Mithun Kumar Debnath,!# Griffin Pardo,! Yichun Yuan,'
Muhammad Zeeshan,>3 Erqian Mao,! Thomas Gray,' Burcu Gurkan,”> Matthew J. Bertin,! and
Metin Karayilan'-*

I Department of Chemistry, Case Western Reserve University, Cleveland, Ohio 44106, USA

2 Department of Chemical and Biomolecular Engineering, Case Western Reserve University, Cleveland,
Ohio 44106, United States

3 Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139,
USA

* Corresponding Author: Metin Karayilan - Department of Chemistry, Case Western Reserve

University, 10900 Euclid Ave., Cleveland, Ohio 44106, USA; metin.karayilan@case.edu

i These authors contributed equally.

KEYWORDS. Stimuli-responsive, thermoresponsive, lower critical solution temperature, degradable,

RAFT polymerization

ABSTRACT. Stimuli-responsive polymers that integrate environmental sensitivity with controlled
degradation offer powerful opportunities for next-generation biomedical materials. Here, we
introduce a new class of multi-responsive terpolymers synthesized via reversible addition-
fragmentation chain-transfer (RAFT) polymerization, incorporating comonomers with

hydrolytically labile lactone (LMA) or cyclic carbonate (C?MA) side chains into thermoresponsive
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oligo(ethylene glycol)-based systems. By systematically tuning monomer composition, we
achieved controlled modulation of cloud point temperature (T,,), viscosity, and degradation
kinetics within the physiologically relevant window (25-37 °C). Cyclic carbonate-containing
terpolymers exhibited lower viscosity, lower glass transition temperatures, and faster hydrolysis
than lactone analogues, enabling facile injectability and time-dependent solubility transitions.
Density functional theory (DFT) calculations revealed distinct transition state geometries and
energetics for lactone versus carbonate ring-opening, with cyclic carbonate hydrolysis kinetically
favored. Hydrolysis-driven shifts in T, linked side-chain chemistry to temporal control of thermal
phase behavior. Notably, radiofrequency (RF)-induced heating triggered a rapid, localized
temperature increase for lactone and cyclic carbonate terpolymers, demonstrating the potential for
remote, on-demand actuation. Injectability tests in tissue-mimicking matrices revealed
qualitatively sustained, localized release profiles governed by polymer viscosity and degradation
rates. Consistent with these observations, dialysis-based dye release studies demonstrated
composition-dependent release kinetics, where cyclic carbonate terpolymers exhibited faster
payload release relative to lactone analogues. Collectively, this work establishes a versatile
platform of hydrolytically and thermally programmable polymers, uniquely integrating
physiological responsiveness with potential external triggering mechanisms for applications in

injectable therapeutics, tissue adhesives, and smart biomedical interfaces.

1. Introduction

Stimuli-responsive polymers!-® capable of undergoing structural or solubility transitions in
response to environmental or external triggers such as temperature,’-® pH,% 10 light,!! glucose,!? 13

or enzymatic activity'* have emerged as useful tools for next-generation biomedical materials.
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Among these, thermoresponsive polymers, those that exhibit a reversible phase transition at the
lower critical solution temperature (LCST), are particularly attractive for biomedical applications,
as they can be engineered to respond near physiological temperatures with reversible phase
behavior, enabling injectable systems, controlled release platforms, and smart scaffolds for tissue
engineering.'>-!8 Thermoresponsive injectable polymers are especially valuable due to their ability
to transition in situ from a liquid to a gel state, conform to irregular anatomical geometries, and
provide minimally invasive medical interventions, including drug delivery, bioimaging,
regenerative medicine, and tissue adhesives.!%-?!

These thermoresponsive materials typically exhibit coil-to-globule transitions in aqueous
environments, becoming insoluble as temperature exceeds the LCST, driven by the disruption of
polymer-water hydrogen bonding and the dominance of intrachain hydrophobic interactions.
Classical LCST-type materials include poly(N-isopropylacrylamide) (PNIPAM)>% 23

poly(oligo(ethylene glycol) methacrylate) (POEGMA),?* 2% and poly(2-oxazoline)?%- 27 derivatives,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

which exhibit sharp, tunable transitions. The thermal response of these polymers can be tailored

by modulating polymer architecture, copolymer composition, end-group functionalization, and
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hydrophilic-hydrophobic balance.” For instance, copolymerization of oligo(ethylene glycol)
methacrylate derivatives with varying side-chain lengths allows systematic adjustment of LCST
over a wide range of temperatures while maintaining biocompatibility and minimal hysteresis.?®
To enhance their functional scope, recent strategies have focused on introducing hydrolyzable side
chains such as lactones?® and cyclic acetals.’?- 3! These degradable groups impart time-dependent
solubility and LCST shifts by gradually increasing polymer hydrophilicity as hydrolysis proceeds.

For instance, Vernon et al. reported that copolymers of NIPAM with dimethyl-y-butyrolactone

acrylate (DBA), undergoing in situ gelation, have demonstrated hydrolysis-triggered elevation in
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LCST due to ring-opening of the lactone moieties, which increases hydrophilicity and promotes
gradual resorption and dissolution in vivo.?® These polymers have been shown to undergo self-
catalytic hydrolysis, making them ideal for injectable, in situ-forming systems. This property has
been particularly beneficial in designing injectable delivery systems with temporal control over
material dissolution and payload release. Similarly, in vivo studies of PNIPAM-based copolymers
containing DBA and acrylic acid demonstrated that the inclusion of acidic comonomers
accelerated hydrolysis, leading to a gradual increase in LCST.?2-3> However, these PNIPAM-based
copolymers are often limited by the relatively low incorporation of degradable lactone
comonomers, which constrains the extent and tunability of the hydrolysis response. The resulting
LCST shifts can fall outside the physiologically relevant window at higher lactone monomer
incorporation, potentially compromising injectability, sol-gel behavior, and application
performance in vivo.

Beyond lactones, dioxolane (cyclic acetal)-functionalized monomers provide an alternative
strategy for introducing hydrolytic sensitivity. For example, Kizhakkedathu and co-workers
synthesized poly(N-acrylamide) with dioxolane side chains, which underwent partial hydrolysis
of pendant dioxolane groups to generate diol functionalities, resulting in tunable LCST behavior.3?
Acetal- and ketal-functional polymers further extend this concept by enabling acid-catalyzed
hydrolysis in mildly acidic environments, such as tumor microenvironments or intracellular
compartments. Recently, poly(2-oxazoline)-based systems bearing pH-cleavable acetal side chains
have been developed by Hoogenboom et al. to achieve dual responsiveness, wherein mild acid
exposure triggers hydrolysis, increases hydrophilicity, and disrupts micelle structures to release
payloads.?! These systems show strong stability at pH 7.4 but undergo rapid transformation and

solubilization at pH 4-5, illustrating the value of degradable side chains in tuning polymer behavior
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and function. However, the concurrent release of aldehyde- or ketone-containing small molecule
byproducts during hydrolysis of cyclic acetal-based degradable groups’® 37 should also be
considered, as these species may contribute to local cytotoxicity or impose metabolic burden in
sensitive biomedical environments.

Complementing internal cues, unconventional externally triggered stimuli-responsive
polymers offer remote, spatiotemporal control over structural or chemical transformations in
response to applied physical triggers such as ultrasound,?®-*! microwave radiation,*> or magnetic
fields.** These smart systems offer a unique opportunity for remote, controlled activation of
molecular release, structural changes, or functional responses, making them particularly attractive
for targeted drug delivery, tissue engineering, bioimaging, and shape memory polymer
applications.*46 However, their translational potential is often limited by the need for highly
specialized, biocompatible triggering devices and energy sources that must operate safely and

effectively under physiological conditions. This constraint underlines the importance of designing

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

polymer systems that are both sensitive to mild, clinically relevant stimuli and robust under

biological constraints.
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These advancements highlight the value of integrating degradable functional groups with
thermoresponsive backbones to create dual-responsive polymers capable of time-dependent and
environment-triggered transitions. Such systems enable highly programmable control over
solubility, gelation, degradation, and release, with promising implications for injectable
therapeutics, on-demand drug delivery, and smart biomaterial interfaces. Herein, we report the
design, synthesis, and characterization of a new class of dual-responsive PEG-based
thermoresponsive terpolymers incorporating hydrolyzable y-butyrolactone or cyclic glycerol

carbonate side chains (Figure 1). To our knowledge, this work represents the first incorporation
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of lactone functionality into PEG-based thermoresponsive systems and the first demonstration of
cyclic carbonate units in stimuli-responsive polymer platforms. Lactone and cyclic carbonate*’- 48
functional groups were selected for their ability to undergo hydrolytic degradation under
physiologically relevant conditions, enabling time-dependent increases in polymer hydrophilicity
and tunable LCST behavior, critical features for injectable and resorbable biomaterials. These
characteristics make them particularly advantageous for drug delivery systems that require
predictable degradation and sustained performance. By directly comparing these two functional
groups, this study aims to elucidate how their distinct hydrolysis kinetics and degradation
pathways impact key material properties, including injectability, thermal transitions,

responsiveness to external radiofrequency (RF) stimulation, and dye release behavior.
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Figure 1. Lactone and cyclic carbonate functional PEG-methacrylate-based polymers as hydrolyzable and

thermoresponsive programmable systems.
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2. Materials and Methods

2.1. Materials

Oligo(ethylene glycol) methyl ether methacrylate (OEGMA, M,, = 500 g/mol, Sigma-Aldrich) and
di(ethylene glycol) methyl ether methacrylate (DEGMA, 95%, Sigma-Aldrich) were passed
through a neutral alumina column to remove inhibitors. DL-Pantolactone (95%, TCI),
methacryloyl chloride (Sigma-Aldrich, 97%), triethylamine (TEA, 99%, TCI), 4-
(hydroxymethyl)-1,3-dioxolan-2-one (90%, Thermoscientific), 4-cyano-4-
(((dodecylthio)carbonothioyl)thio) pentanoic acid (chain transfer agent, CTA, 99%, Boron
Molecular) were used as received. N-Isopropylacrylamide (NIPAM, >98%, TCI) was
recrystallized from hexanes and 2,2'-azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich)
was recrystallized from methanol. For dye release test, Rhodamine B (>95%, Sigma-Aldrich) and
dialysis tubing (Spectrum™ Spectra/Por™ 3, regenerated cellulose, 3.5 kDa MWCO, Fisher

Scientific) were used.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.2. Synthesis of Lactone Monomer (LMA). Methacrylate monomer with a hydrolyzable lactone
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moiety (LMA) was synthesized using the following procedure: A 50 mL Schlenk flask equipped

(cc)

with a magnetic stir bar was charged with DL-pantolactone (511 mg, 3.93 mmol), triethylamine
(2.15 mL, 15.36 mmol), and dichloromethane (26 mL). The mixture was cooled to 0 °C and stirred
under N, for 10 minutes, and then methacryloyl chloride (0.75 mL, 7.68 mmol) was added
dropwise, and the reaction mixture was allowed to warm up to room temperature. The reaction
mixture was subsequently stirred for 24 hours under N, at room temperature. After the completion
of the reaction, the solvents were removed under reduced pressure using a rotary evaporator. Ethyl
acetate was added to the obtained crude mixture, which resulted in the precipitation of salt. The

precipitate was then filtered out, and the filtrate was dried under reduced pressure to obtain the
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crude mixture. The crude was purified by silica gel column chromatography using a mixture of
hexanes and ethyl acetate as the eluent (10:1 by volume). Finally, the solvents were removed under
reduced pressure to yield the LMA (711 mg, 3.59 mmol, 91% yield) as a colorless oil. The LMA
monomer was characterized by 'H, 3C, DEPT (90 and 135), and 2D (HSQC and HMBC) NMR

spectroscopy techniques.

2.3. Synthesis of Cyclic Carbonate Monomer (C*MA). Methacrylate monomer that has
hydrolyzable carbonate (C?MA)**-52 was synthesized using the following procedure: A 150 mL
Schlenk flask equipped with a magnetic stir bar was charged with 90% pure 4-(hydroxymethyl)-
1,3-dioxolan-2-one (1.45 mL, 15.47 mmol), triethylamine (8.6 mL, 61.70 mmol), and
dichloromethane (120 mL). The mixture was cooled to 0 °C and stirred under N, for 10 minutes,
then methacryloyl chloride (3.0 mL, 30.71 mmol) was added, and the reaction mixture was allowed
to warm at room temperature. The reaction mixture was subsequently stirred for 24 hours under
N,. After the completion of the reaction, the solvents were removed under reduced pressure. Ethyl
acetate was added to the obtained crude product, which resulted in the precipitation of salt. The
solid salt residue was then separated by filtration, and the filtrate was evaporated under reduced
pressure to obtain the crude product. This crude product was purified by silica gel column
chromatography using a 1:1 (v/v) mixture of hexanes and ethyl acetate as the eluent. Finally, the
solvents were removed under reduced pressure to provide C2MA (2.65 g, 14.23 mmol, 92% yield)
as a colorless oil. The C*MA monomer was characterized by 'H, 3C, DEPT, and 2D COSY NMR

spectroscopy techniques.

2.4. Synthesis of P(DEGMAgy-co-OEGMA y-co-LMA;) Terpolymer via Reversible
Addition-Fragmentation Chain Transfer (RAFT) Polymerization. In a 10 mL Schlenk flask

equipped with a magnetic stir bar, LMA (90 mg, 0.454 mmol), OEGMA (224 mg, 0.448 mmol),
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DEGMA (690 mg, 3.67 mmol), CTA (19 mg, 0.047 mmol), AIBN (8 mg, 0.048 mmol), and
toluene (2 mL) were added. The reaction mixture was degassed with N, sparging and stirred at 70
°C for 13 hours. Polymerization was quenched by exposing the reaction mixture to air under the
fume hood while stirring. The crude polymer was purified by precipitation into hexanes. The

overall monomer conversion and isolated yield were >90%.

2.5. Synthesis of terpolymer P(DEGMAgy-co-OEGMA y-co-C2MA)) via RAFT
polymerization. In a 10 mL Schlenk flask equipped with a magnetic stir bar, C2MA (85 mg, 0.456
mmol), OEGMA (228 mg, 0.456 mmol), DEGMA (685 mg, 3.639 mmol), CTA (19 mg, 0.047
mmol), AIBN (8 mg, 0.048 mmol), and toluene (2 mL) were added. The reaction mixture was
degassed with N, sparging and stirred at 70 °C for 13 hours. Polymerization was quenched by
exposing the reaction mixture to air under the fume hood while stirring. The crude polymer was
purified by precipitation into hexanes. The overall monomer conversion and isolated yield were

>90%.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.6. Cloud point temperature measurements. The cloud point temperature (T,) for all

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 8:48:14 PM.

terpolymers was determined using 1 wt% solutions in deionized water and phosphate-buffered

(cc)

saline (PBS). Absorption and transmittance spectra for hydrolysis studies were recorded using an
Agilent Cary 3500 Peltier UV—Vis spectrophotometer. The temperature was increased at a ramp
rate of 0.5 °C min™' while monitoring transmittance at 600 nm, and T, was defined as the

temperature corresponding to 90% transmittance.

2.7. Hydrolysis study of terpolymers. Samples for hydrolysis studies were prepared by dissolving
50 mg of each polymer in 5 mL of deionized water or PBS to obtain 1 wt% solutions. The solutions
were maintained at 50 °C on a hot plate for 7 days. After 7 days, the samples were lyophilized and

analyzed by '"H NMR spectroscopy. Comparison with the reference spectra revealed no significant
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structural changes, indicating slow hydrolysis under neutral aqueous conditions. To accelerate
hydrolysis, the procedure was repeated using 0.5 M and 1.0 M of HCl and NaOH solutions,
enabling comparison of degradation behavior under acidic and basic conditions relative to

deionized water and PBS.

2.8. Density Functional Theory (DFT) calculations. All DFT calculations were performed using
Gaussian 16 (Rev. C.02).3? The PBEO hybrid functional and the def2-TZVPD basis set was used,
D3BJ dispersion correction was included to account for weak interactions. Polarizable continuum
model was employed to account for implicit water solvation, while one water molecule was also
introduced to further recover the solvation effect. Geometry optimizations were carried out to
locate transition states and stationary points. Frequency analysis confirmed the absence of
imaginary frequencies for all stationary points and the presence of a single imaginary frequency
corresponding to the reaction coordinate for each transition state. Thermodynamic properties were

calculated at 298 K and 1 atm.

2.9. Radiofrequency treatment of terpolymers. RF-assisted heating experiments of samples
were performed using a custom-built experimental setup. The setup consists of two copper strips
on a Teflon block, with one copper strip connected to the inner conductor and the other to outer
conductor of a coaxial cable. A RIGOL DSG836 model signal generator (9 kHz-3 GHz) was used
to generate the RF signals, and the corresponding signal was amplified to achieve the desired input
power by an RF Amplifier 50W1000D model. RF signals were delivered to the copper strips
applicator via 50 Q coaxial cable. Thermal imaging and heating rate data during RF-assisted
heating experiments were recorded by FLIR A655sc High-Resolution Science Grade LWIR
Camera, and data analysis was performed using FLIR® ResearchIR Recording and Analysis

software. To perform heating experiments, 30 pL of solution was added to a quartz glass test tube

10
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touching the copper strips in non-contact applicator configuration, whereas in direct-contact

configuration, 30 pnL of solution was placed directly on the applicator between the copper strips.

2.10. Injectability test of terpolymers. P(DEGMA)-co-OEGMA |y-co-LMA3) (100 mg) was
dissolved in a 1-dram vial containing a 1:1 (v/v) mixture of H,O and neon green dye solution to
obtain a 10 wt% polymer-dye formulation. Similarly, P(DEGMA¢-co-OEGMA |¢-co-C*MA3()
(100 mg) was dissolved under identical conditions to prepare a corresponding 10 wt% polymer-
dye solution. Prior to injection, the prepared agarose gel vials were incubated at 37 °C for 2 hours
to ensure thermal equilibration and homogeneity. For injection into the agarose gel matrix, a 1 mL
syringe fitted with a 22G needle was employed. In each experiment, 60 puL of the polymer-dye

solution was injected into the gel for subsequent observation.

2.11. Dye Release Test. Dye calibration curves were generated using an Agilent Cary 3500 Peltier

UV-Vis spectrophotometer for absorbance measurements and an Agilent Cary Eclipse

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Fluorescence spectrophotometer for fluorescence measurements across a range of standard

Rhodamine B dye concentrations. Dye-release studies were performed in triplicate for each

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 8:48:14 PM.

copolymer (30 mol% LMA and 30 mol% C*MA compositions) and for dye-only controls. Polymer

(cc)

samples consisted of 950 uL of 10 wt% polymer in PBS mixed with 50 pL of dye stock solution
(1 mg/mL). Control samples contained 950 uL. PBS and 50 puL dye stock solution. Each 1.0 mL
formulation was loaded into a dialysis tube, pre-equilibrated at 37 °C for 15 minutes, and
subsequently immersed in a 60 mL PBS bath maintained at 37 °C. At predetermined time points,
1.0 mL aliquots were withdrawn from the external PBS bath for UV—Vis and fluorescence analysis
and immediately replaced with 1.0 mL of pre-warmed PBS at 37 °C to maintain constant volume
and sink conditions. Dye concentrations were calculated from the calibration equations, and

cumulative mass release and percent release (relative to the initial dye loading) were determined.

11
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3. Results and Discussion

The objective of this work is to develop thermoresponsive polymer systems featuring side-
chain degradable functionality. Upon hydrolysis, these degradable side chains introduce more
polar groups, shifting the polymer’s overall balance toward a more hydrophilic character.
Cyclic esters (lactones) and cyclic carbonates were selected as hydrolyzable ring systems to
compare the influence of these two different functional groups, as their ring-opening reactions
yield more hydrophilic functionalities than the parent cyclic structures. Hence, we designed
and synthesized lactone- and cyclic carbonate-derived monomers that can be incorporated into
the polymer backbone as polymerizable, hydrolytically labile units (Schemes S1 and S2).
These monomers were copolymerized with ethylene glycol-based monomers using RAFT
polymerization®*3% at varying feed ratios (Schemes S5-S15), enabling tunable
thermoresponsive behavior.

The primary aim was to tailor the LCST within the range of room temperature to
physiological temperature while maximizing the content of hydrolyzable units. This approach
enabled the design of injectable thermoresponsive polymer solutions that undergo a
temperature-induced viscosity increase upon injection into the body, followed by time-
dependent hydrolysis that gradually enhances hydrophilicity. As the cyclic side chains degrade,
they convert to more polar, hydrogen-bonding functionalities, leading to increased polymer
swelling and a corresponding decrease in viscosity. This responsive polarity switch facilitates
in situ transitions, opening new opportunities for applications such as drug delivery systems
and smart adhesives that promote tissue regeneration via degradation-induced liquefaction.
OEGMA (M,=500 Da with 8-10 EG units) and DEGMA were chosen as comonomers due to

their well-characterized thermoresponsive properties, synthetic flexibility, and extensive use

12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lp00379b

Page 13 of 42 RSC Applied Polymers
View Article Online
DOI: 10.1039/D5LP003798B

in literature.?* 28 Additionally, OEGMA/DEGMA systems allow for modulation of the LCST
over a broad range while accommodating high additional comonomer loadings, enabling
precise tuning of the LCST between room and body temperatures. RAFT polymerization offers
control over molecular weight, copolymer composition, and dispersity, overcoming the

limitations of earlier free radical polymerization methods in the literature.33: 57

3.1. Synthesis of Methacrylate Monomer with Hydrolyzable Lactone and Cyclic Carbonate
Derivatives

The methacrylate monomer bearing a lactone functionality (LMA) was synthesized via a
nucleophilic acyl substitution between hydroxy-functionalized dimethyl-y-butyrolactone and
methacryloyl chloride (Scheme S1). The resulting LMA structure incorporated two functional
motifs: (1) a methacrylate moiety enabling reversible-deactivation radical polymerization

(RDRP)3 via the RAFT process, and (2) a lactone unit serving as a hydrolyzable domain, designed

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

to impart controlled degradability and tunable thermoresponsive behavior.

The structure of LMA was confirmed by detailed 'H, 13C, and 2D NMR spectroscopy analyses

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 8:48:14 PM.

(Figures S5-S9). In the '"H NMR spectrum, successful esterification was indicated by the

(cc)

downfield shift of the methine (CH) proton (H,) on the ring adjacent to the ester group (a-carbon
on the lactone ring) (from o ~ 4.2 to 5.4 ppm), and the appearance of vinylic proton signals at 5.5-
6.5 ppm. Notably, the resonance at 4.1 ppm, corresponding to the methylene group (CH,) of the
lactone, remained intact, suggesting that the ring structure was preserved throughout synthesis and
purification (Figure 2A-B). The *C NMR spectrum exhibited carbonyl resonances at 185 ppm
and 171 ppm, consistent with those of the lactone and methacrylate ester carbonyls, respectively.
Additionally, a new signal at 75 ppm was assigned to the carbon adjacent to the ester linkage

within the cyclic lactone structure, further validating the successful synthesis of the monomer
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(Figure S5). The structural assignment of LMA was further corroborated by DEPT and 2D NMR

analyses (Figures S6-S9). Similarly, the methacrylate monomer bearing a cyclic carbonate

functionality (C*MA) was synthesized via a nucleophilic acyl substitution between hydroxy-

functionalized 4-(hydroxymethyl)-1,3-dioxolan-2-one and methacryloyl chloride (Scheme S2),

and the successful synthesis was confirmed by NMR spectroscopy analyses (Figure 2C-D and

Figures S10-S13). The resulting C*MA structure also incorporated a polymerizable methacrylate

moiety and a hydrolyzable cyclic carbonate unit, enabling controlled degradability and adjustable

thermoresponsive properties.

Ab,b' d

c, ¢'

o] a b, b’

a b, b’

70 65 60 55 50 45 40 35
f1 (ppm)

1.0 05

Figure 2. '"H NMR spectra of (A) LMA monomer, (B) DL-pantolactone, (C) C°MA monomer, and (D) 4-

(hydroxymethyl)-1,3-dioxolan-2-one in CDCI;. The starting material in (D) was obtained at 90% purity
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from the supplier, and the corresponding impurity signals (unassigned) were eliminated following C2MA

synthesis and purification.

3.2. Designing Dual-Responsive Terpolymer Systems

Initially, homopolymers of LMA and C?MA were prepared via RAFT polymerization
(Schemes S3-S4). Monomer conversion was monitored by 'H NMR spectroscopy by the
disappearance of vinyl proton resonances and the emergence of broad signals attributed to
methylene protons adjacent to ester moieties (Figures S14-S15). Near-quantitative monomer
conversions were achieved after 14 hours of polymerization reaction. The preservation of the
structure during polymerization was confirmed by the absence of new signals associated with ring-
opening side reactions and the retention of characteristic signals corresponding to the intact ring
structure. As expected, both homopolymers were insoluble in water, prompting the synthesis of

copolymers to introduce thermoresponsive behavior.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

To develop thermoresponsive polymers with transition temperatures tunable between room

and physiological temperatures, a series of copolymers and terpolymers incorporating

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 8:48:14 PM.

(cc)

hydrolyzable comonomers was synthesized via RAFT polymerization by systematically varying
the monomer feed ratios (Schemes S5-S11). The T, values of the resulting polymers were
determined by turbidity measurements via UV-Vis spectroscopy. As anticipated, increasing the
LMA or C2MA content, thereby enhancing the overall hydrophobicity within the ethylene glycol-
based matrix, led to a decrease in T, (Tables S1-S2). A terpolymer strategy was further
implemented by incorporating the degradable comonomers (LMA or C?MA) into the

OEGMA/DEGMA framework (Schemes S12-S15). This design allowed control over the
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hydrolyzable comonomer content while maintaining T, within the physiologically relevant range
(25-37°C) (

Table 1). To investigate compositional effects, the feed ratio of degradable comonomers was
varied from 10 to 30 mol%. While the feed ratio of the more hydrophilic monomer OEGMA was
maintained at 10 mol%, the proportions of the degradable comonomer and DEGMA were varied
to obtain terpolymers with the desired T.,. The terpolymer approach enabled direct comparison of
not only the type of degradable functionalities but also the effect of composition on thermal
behavior.

P(DEGMAg-co-OEGMA |y-co-LMA ;) (L10) and P(DEGMAg4y-co-OEGMA |yp-co-LMA ;)
(L30) were synthesized via RAFT polymerization, and their compositions were determined via
"H NMR spectroscopy (Figures S25-S26). As expected, the terpolymer L10 had a higher T, than
the terpolymer L30 in PBS. While both polymers exhibited narrow molecular weight distributions
with dispersity (D) below 1.5, L30 displayed slightly broader distributions compared to L10. The
number average molecular weights (M,) of the synthesized terpolymers were in the range of 20-
50 kDa, as determined by size exclusion chromatography (SEC) (

Table 1). This molecular weight range was intentionally targeted to ensure that, following
hydrolysis, polymers would remain below the renal clearance threshold (~50—60 kDa), allowing
for efficient elimination from the body.>%-%!

The conversion profile shows that LM A polymerizes at a slightly faster rate than the combined
comonomers (DEGMA + OEGMA) throughout the reaction. At early time points, LMA reaches
34.6% conversion compared to 27.1% for the total comonomer, and this difference persists as the
reaction progresses (65.7% vs. 54.2% at 2 h; 80.1% vs. 71.2% at 3 h) (Table S5 and Figures S27-

S28). Both monomer fractions approach high final conversions after 5 hours reaction time. The
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parallel increase in conversion suggests effective copolymerization, while the relatively higher
LMA conversion indicates slightly greater reactivity under the chosen RAFT conditions. This
behavior may lead to subtle compositional drift during polymerization.

The C°MA monomer was used in the same feed ratios as LMA (10 mol% and 30 mol%) to
prepare two sets of terpolymers. We started with 10 mol% of C*2MA, which resulted in a T, in the
targeted range (25-37 °C). To incorporate a higher amount of hydrolyzable units, the feed ratio of
C?MA was increased to 30% which resulted in a decrease in T,,; however, the value remained
within the range suitable for injectable applications. P(DEGMAgy-co-OEGMA jo-co-C>MA 1)
(C10) and P(DEGMA 4p-co-OEGMA j5-co-C*MA ;) (C30) were also synthesized through RAFT
polymerization, and their structures were confirmed through 'H NMR spectroscopy (Figures S29-
S30). The theoretical M,, for these terpolymers was approximately 45 kDa. The experimental M,
of C10 was consistent with the theoretical value, while the M,, of C30 was lower than the expected

molecular weight within the desired range (

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Table 1). A terpolymer of cyclic carbonate with 50 mol% C?>MA incorporation was also

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 8:48:14 PM.

synthesized by increasing the molar ratio of C*2MA. The resulting polymer was found to be only

(cc)

partially soluble and did not exhibit a sharp cloud point behavior.

The conversion data indicate that C*MA polymerizes more rapidly than the combined
comonomers (DEGMA + OEGMA) throughout the reaction and at a faster rate than LMA under
identical conditions. At early time points, C*MA reaches 43.2% conversion while the total
comonomer conversion remains comparatively low (16.9%), highlighting a pronounced difference
in reactivity. This trend persists throughout the polymerization (76.8% vs. 56.6% at 2 h; 89.5% vs.
75.5% at 3 h), with C?MA ultimately reaching 96.8% conversion compared to 91.6% for the

comonomers after 5 hours (Table S5 and Figures S31-S32). The consistently higher and faster
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consumption of C?2MA suggests greater intrinsic reactivity under the RAFT conditions, which may
result in early-stage enrichment of C?MA units and transient compositional drift prior to
approaching high overall conversion.

Table 1. Cloud point temperature (T,,) and molecular weight data of polymers.

Polymer (DEG:ne::(:):Ea(::\C;IA:M) (DEGCI?/In;?(;);iGtiI\c/,IrI‘-\:M) Ma(kDa) & To (°C)
L10 80:10:10 77.9:10.3:11.6 452 118 334
130 60:10:30 57.3:9.6:33.1 20.5 127 289
C10 80:10:10 75.5:10.9:13.4 204 125 322
30 60:10:30 56.5:11.9:31.6 42.2 128 30.1

Thermogravimetric analysis (TGA) revealed that the homopolymer of lactone monomer
(PLMA) exhibited a decomposition temperature (Tgso,, defined at 5% weight loss) of
approximately 229 °C. In contrast, the terpolymer L10 displayed a lower Tgyso, of 196 °C. This
decrease in thermal stability can be attributed to the introduction of the more labile, low glass
transition temperature (T,) PEG-based side chains from DEGMA and OEGMA. Additionally, the
reduced proportion of lactone units in the terpolymer matrix diminishes the overall cohesive
interactions and thermal rigidity contributed by the lactone segments, thereby lowering the onset
of decomposition. Overall, these compositional effects account for the observed decrease in Tyso,
of the terpolymer relative to the homopolymer. Further increasing the lactone moiety within the
polymer from 10 mol% (L10) to 30 mol% (L30) displayed a similar Tgso, of 195 °C (Figure 3A).

TGA revealed that the homopolymer of the cyclic carbonate exhibited a Tyso, of 249 °C,
highlighting the intrinsic thermal stability imparted by the cyclic carbonate backbone. However,
when copolymerized with PEG-based monomers, a substantial decrease in thermal stability was
observed. The terpolymer C10 with 80 mol% DEGMA and 10 mol% OEGMA displayed a

markedly lower Tgso, of 160 °C. This pronounced reduction is primarily attributed to the high
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content of DEGMA and OEGMA. Increasing the cyclic carbonate content to 30 mol%, while
reducing DEGMA to 60 mol%, resulted in a terpolymer with a higher Tgso, of 205 °C. These
observations underscore that the decomposition temperature of these copolymers is governed by a
balance between the thermally labile PEG-based side chains and the effect of the cyclic carbonate
units. Thus, increasing the fraction of cyclic carbonate effectively enhances the thermal resistance
of the terpolymer by reinforcing the polymer backbone and mitigating the susceptibility introduced

by the ethylene glycol-rich comonomers (Figure 3B).
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Figure 3. Thermogravimetric analysis of (A) PLMA and lactone-containing terpolymers; and (B) PC2MA
and cyclic carbonate-containing terpolymers. Differential scanning calorimetry traces from the 2" heating

cycle, indicating the glass transition temperatures (T,); (C) L30 and (D) C30.
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Differential scanning calorimetry (DSC) showed that the terpolymer L30 had a T, of 8.8 °C
(Figure 3C), while the terpolymer C30 displayed a much lower T, of -13.1 °C (Figure 3D)
compared to the lactone counterpart. The lactone units introduce more rigidity into the polymer
backbone due to their constrained ring structure and stronger dipolar interactions, which restrict
chain mobility and raise T,. In contrast, the cyclic carbonate units possess greater conformational
flexibility and lower ring strain, allowing increased mobility of the polymer chain segments.?3 34
62-64
3.3. Cloud Point Temperature Measurements and Hydrolysis Study

To evaluate the effect of monomer composition and type on the thermoresponsive behavior of
polymers, we initially measured their T, in DI water. The T, values of terpolymers were also
measured in PBS (

Table 1), which consistently exhibited lower T, values compared to DI water due to a salting-
out effect (Table S2).95-% PBS contains kosmotropic ions such as Na*, K*, and phosphate anions
(H,PO4, HPO,4*), which compete with the ethylene glycol units of the polymer for interacting
with water molecules. This competition disrupts hydrogen bonding between the polymer and
water, reducing polymer-water interactions and enhancing polymer-polymer associations.®! As a
result, the phase transition occurs at a lower temperature in PBS. This observation is consistent
with previous studies on cloud point depression in ethylene glycol-based polymers.®’> 68
Additionally, measurements in PBS more accurately reflect the thermoresponsive behavior of the
polymers under physiological conditions, due to its representative pH and ionic composition. The
terpolymers containing a higher fraction of hydrolyzable units (L30 and C30) demonstrated a
lower T, than the terpolymers with lower hydrolyzable content (L10 and C10). This trend is

consistent with the increased hydrophobic character of LMA and C2MA relative to DEGMA.
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However, all samples showed a T, above room temperature and below body temperature, which
makes them suitable for injection and operation under physiological conditions (Table 1 and
Figure S68).

To investigate the hydrolytic behavior of the terpolymers, two sets of materials were
synthesized incorporating either hydrolyzable lactone or cyclic carbonate side chains. Both
monomers feature a five-membered ring with ring strain facilitating hydrolysis in aqueous
environments; however, they differ in their chemical structure and degradation kinetics. The
lactone unit is directly bonded to the polymer backbone through an ester linkage and contains two
geminal methyl groups on the [-carbon, introducing steric hindrance that may slow down
hydrolysis. In contrast, the cyclic carbonate moiety is linked to the backbone via a bridging
methylene group and lacks substituents, resulting in reduced steric hindrance. Additionally, it
presents a more hydrophilic nature with a more electrophilic carbonyl. These features collectively

lead to faster hydrolysis rates, consistent with the observed kinetic behavior. These differences in

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

hydrolysis profiles are particularly relevant for biomedical applications such as drug delivery

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 8:48:14 PM.

systems, where controlled degradation governs release profiles and material clearance.

(cc)

Hydrolysis of the side chains induces ring opening and formation of hydroxyl and carboxylic
acid groups, which increase the overall hydrophilicity of the polymer, improve polymer solubility
in aqueous environments, and elevate its Tc,. This property is especially desirable for injectable
formulations, as it enables slow, tunable swelling, viscosity change, and material clearance
following administration. Preliminary hydrolysis studies in DI water showed an opposite trend:
instead of the expected T, increase, the polymers exhibited decreasing T, values over time

(Figures S60-S66). This behavior was attributed to a decrease in pH of the solution during
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hydrolysis, which potentially reduced the solubility of the polymer and suppressed further
degradation (Figure S67).

To maintain physiologically relevant conditions and minimize pH fluctuations, the
experiments were repeated in PBS. The buffering capacity of PBS stabilized the solution pH,
enabling continuous ring opening and formation of hydrophilic moieties. The hydrolysis
experiments were limited to 7 days to prevent depletion of the buffer capacity. After 7 days in
PBS, 'H NMR spectra indicated partial hydrolysis (Figures S33-S40), and T, values increased by
3-4 °C relative to pristine samples, reflecting enhanced hydrophilicity. These results suggest that
the polymers remain stable yet degradable under physiological conditions over 7 days (Figure 4).
To evaluate complete hydrolysis, accelerated degradation experiments were conducted in 1 M HCI
and 1 M NaOH at 50 °C. 'TH NMR analysis confirmed complete ring-opening within an hour under
these conditions, as evidenced by the disappearance of methine proton signals at 5.2 ppm for the

terpolymer L30 and 5.0 ppm for the terpolymer C30 (Figures S35 and S39).
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Figure 4. Time-dependent evolution of cloud point temperature (T,) resulting from increased polymer

hydrophilicity during hydrolysis. Transmittance-temperature profiles for (A) L30 (T, = 28.9 °C for pristine

sample, black line) and (C) C30 (T, = 30.1 °C for pristine sample, black line). Corresponding scatter plots

showing the change in T, over time during hydrolysis for (B) L30 and (D) C30. Data are presented as mean

+ standard deviation from three independent experiments (n = 3).
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Kinetic studies were also performed under milder conditions (0.5 M NaOH at 25 °C) to
compare hydrolysis kinetics between lactone and cyclic carbonate-containing terpolymers. Under
these conditions, C30 hydrolyzed more rapidly than its lactone analogue (Figures S36 and S40).
The methine signal of cyclic carbonate disappeared completely within one hour, while the signal
for lactone persisted beyond 8 hours, indicating a slower degradation rate. This difference is
attributed to the greater steric hindrance and reduced electrophilicity of the lactone group relative
to the cyclic carbonate. FT-IR analysis supported these findings by showing a decrease in ester
carbonyl absorption and the emergence of hydroxyl bands post-degradation (Figures S50-S53).
These results highlight how structural and electronic differences in side-chain chemistry can be
leveraged to fine-tune hydrolysis rates. Such tunability is critical for designing advanced drug

delivery vehicles with time-dependent, predictable degradation and clearance profiles.

3.4. DFT Calculations for Hydrolysis Study

DFT calculations were conducted to examine the hydrolysis mechanisms of lactone and cyclic
carbonate side chains (see the SI Section S12.11). Hydrolysis proceeds via nucleophilic attack by
a water-solvated hydroxide anion, forming tetrahedral intermediates that dissociate into
carboxylate and alcohol. The rate-limiting step for both lactone and cyclic carbonate hydrolysis is
ring-opening alcohol dissociation.®®”! However, backbone ester hydrolysis is rate-limited by the
initial nucleophilic attack due to lower electrophilicity. Lactone hydrolysis is less favorable than
carbonate hydrolysis, as steric hindrance from the methyl groups on the lactone ring and the
directly attached ester group from the backbone reduces the reaction rate. Additionally, hydrolysis
of the backbone ester bond was calculated to be more thermodynamically favorable than that of
the lactone ring. It should be noted, however, that these calculations were performed on monomeric

units, and factors such as polymer chain length, conformational flexibility, and random coil
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formation in solution may influence this comparison. In contrast, the cyclic carbonate ring, being

less bulky and separated from the ester by a methylene group, facilitates hydrolysis. Gibbs free

energy calculations show that carbonate hydrolysis is kinetically favored, and both

thermodynamically and kinetically more favorable than ester hydrolysis, possibly due to an

intramolecular hydrogen bond between alcohol and carboxylate (Figure 5).
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Figure 5. Gibbs free energy calculated for the alkaline hydrolysis of (A) saturated LMA and (B) saturated

C2MA at 298 K. All calculations were performed at the PBE0-D3BJ/def2-TZVPD?7¢ level of theory with

the polarizable continuum model”” to account for implicit water solvation. The zero-energy reference is

set to the sum of the free substrate and the water-solvated hydroxide anion. TS: transition state; TET:

tetrahedral intermediate; P: product.
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These results align with experimental observations and highlight the influence of side-chain
chemistry on the hydrolysis rate, which can be leveraged to fine-tune degradation behavior in the
design of responsive materials. However, these calculations were performed on small molecules,

and the behavior of long polymer chains in random coil conformations may differ.

3.5. Potential Applications of Dual-Responsive Terpolymers

Preliminary studies were performed to show potential future applications of these dual-
responsive polymer systems for injectability, cargo delivery, and external activation. The unique
combination of thermoresponsive and hydrolytically degradable functionalities enables these
terpolymers to operate under physiological conditions while responding to both internal and
external stimuli. To demonstrate this versatility, two representative application areas were
explored. First, the radiofrequency (RF)-triggered thermal response was examined to evaluate
external control over polymer phase transitions and localized heating behavior. Second, the
injectability, diffusion characteristics, and dye release of terpolymer solutions were investigated
in tissue-mimicking environments and dialysis experiments to assess their suitability for minimally
invasive administration and controlled release. These studies establish the foundational
performance characteristics of the dual-responsive terpolymers and highlight their promise for
next-generation biomedical applications such as on-demand drug delivery, responsive scaffolds,
and smart injectable systems.
3.5.1. Radiofrequency Triggered Thermal Transition. We tested the dielectric and thermal
response of the prepared samples upon RF field exposure using a custom-built experimental setup
(Figure S2).”® Dielectric materials contain either permanent or induced dipoles that polarize in

response to the applied electromagnetic field. This polarization occurs through the rotation of
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dipoles, ionic conduction, or finite displacement of charges, resulting in heat generation, thus
dielectric heating of the material.” For RF-assisted dielectric heating experiments, we first
performed a frequency sweep from 100 to 400 MHz to identify the resonant frequency. At the
resonant frequency, the sample experiences minimal resistive losses and exhibits the highest
heating rate.8” We observed that noticeable heating only occurred at 300 MHz within the range
that we examined, and therefore, we chose to study the thermal response of the prepared samples
at this frequency. Figure 6 shows the RF heating response of the studied samples with varied input
power and RF applicator configuration of direct-contact or non-contact.

Figure 6A demonstrates a temperature increase of the samples during dielectric heating on a
non-contact applicator at 300 MHz and an input power of 50 Watts. A gradual increase in
temperature for all samples was observed, with L30 exhibiting the most pronounced increase,
achieving a maximum temperature of 76 °C upon five minutes of RF exposure. Thermal images

captured by a forward-looking infrared (FLIR) camera of the studied samples at the five-minute

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

mark are shown in Figure 6B-C for L30 and C30. In contrast to the non-contact applicator, Figure

6D shows heating rates of the samples using a direct-contact applicator at 300 MHz and an input
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power of 20 Watts. Accordingly, the direct-contact applicator resulted in a significantly faster
heating rate compared to the non-contact configuration for all samples, particularly with an input
power of 20 Watts. L30 exhibited the most rapid heating, reaching 105 °C within just 5 seconds
of RF-exposure in the direct contact applicator (Figure 6E) as compared to the non-direct contact
applicator, where L30 achieved a maximum of 76 °C after five minutes. These results indicate that
the direct contact applicator configuration considerably improved the heating rates under RF fields,

likely due to improved energy coupling and reduced heat loss.
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Figure 6. Temperature change over time for different systems (A) and thermal images captured by FLIR
camera at S-minute mark for L30 (B) and C30 (C) upon RF-assisted dielectric heating on non-contact
applicator at 300 MHz and input power of 50 Watt; and temperature change over time for different systems
(D) and thermal images captured by FLIR camera at 5-second mark for L30 (E) and C30 (F) upon RF-

assisted dielectric heating on direct contact applicator at 300 MHz and input power of 20 Watt.

The L30 terpolymer consistently exhibited a more rapid temperature increase and reached
higher final temperatures under RF fields compared to the C30 terpolymer (Figure 6F). DI water
(blank) and an OEGMA/DEGMA copolymer were used as references. While the blank sample
showed no appreciable temperature change under RF stimulation, the OEGMA/DEGMA
copolymer displayed a moderate temperature increase, though consistently lower than that of the

L30 terpolymer. Interestingly, the C10 terpolymer showed a higher temperature rise and final
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temperature than the C30 terpolymer, suggesting that increasing the cyclic carbonate content leads
to a reduced heating response and slower ramp rate (Figures S76-S77). A rapid, localized
temperature rise above the T, under external RF stimulation can induce in situ thermal transitions
and trigger on-demand hydrolysis of degradable units, leading to increased solubility and reduced
viscosity. These preliminary findings highlight the promising potential of RF-triggered heating in
terpolymer solutions for future studies.

3.5.2. Injectability Test of Terpolymers. The pronounced differences in complex viscosity
between the terpolymers have important implications for their injectability. Rheological
measurements showed that C30 terpolymer solutions exhibited lower viscosities (1-2 Pa-s) than
the corresponding L.30 terpolymer formulations (7-8 Pa-s) (Figures S80-83), suggesting that C30
can be more easily injected through fine-gauge needles. Complex viscosity obtained from
frequency sweep measurements increased for all samples, C30 (10 and 25 wt%) and L30 (10 wt%),

when measured above their T, at 37 °C compared with measurements below T, indicating

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

greater resistance to flow. The viscosity exhibits a pronounced increase upon heating through the
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LCST region, which is attributed to the formation of polymer-rich aggregates resulting from
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thermally induced phase separation and enhanced hydrophobic interactions that promote
interchain association. At 25 °C, the polymer solution displays relatively low viscosity, whereas
at 37 °C (above the LCST), the complex viscosity is significantly elevated across the entire
frequency range, with an approximately order-of-magnitude increase observed at low frequencies

(Figures S80-S83).

Additionally, frequency and temperature sweep measurements demonstrate that both 10 wt%
L30 and C30 in PBS exhibit predominantly viscous behavior, with the loss modulus (G")

consistently exceeding the storage modulus (G') across the tested conditions, indicating
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viscoelastic liquid characteristics rather than solid-like gel formation. In frequency sweeps, both
G’ and G" increase with angular frequency, reflecting typical polymer chain relaxation dynamics.
At 37 °C, both terpolymers show substantially higher moduli compared to lower temperatures,
consistent with enhanced intermolecular interactions near or above their cloud point temperatures.
For C30, temperature sweep measurements (2540 °C, o = 1 rad s™!) reveal a sharp increase in
both G'" and G" above ~35-37 °C, highlighting the onset of LCST-driven aggregation and
formation of transient associative domains. Although G” remains slightly greater than G’ in all
cases, the marked increase in both moduli at physiological temperature indicates significant
thermally induced mechanical reinforcement. Overall, these results confirm that L30 and C30 form
temperature-responsive viscoelastic solutions that strengthen near body temperature while
maintaining liquid-like behavior without undergoing a full sol—gel transition (Figures S84-S88).
These soft, low-viscosity characteristics with thermal transition and viscosity change near body
temperature make these terpolymers promising for injectable systems. Additionally, low viscosity
reduces the required injection force and minimizes the risk of shear-induced damage to
encapsulated bioactive agents or surrounding tissues. Despite these differences, both terpolymers

demonstrated favorable injectability.

To further assess their injectability and potential for controlled release, we selected two
representative terpolymers for qualitative evaluation: L30 and C30. Aqueous solutions (10 wt%)
of each polymer were injected into a 0.3 wt% agarose gel matrix, pre-formed and incubated at
37 °C to simulate physiological conditions. This tissue-mimicking setup enabled assessment of the
polymers’ ability to flow through soft matrices and their subsequent behavior over time (Figure
7). As a control, a neon green dye solution was first injected alone into the agarose gel, which

rapidly diffused throughout the matrix. In contrast, when the dye was premixed with either
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terpolymer solution, diffusion was markedly slower. This reduced dispersion is attributed to the

polymer networks entrapping the dye molecules and modulating their release.

The images in Figure 7 show a time-lapse comparison of injectability and diffusion behavior
for three different systems (Figure 7A only dye, Figure 7B dye mixture with terpolymer L30, and
Figure 7C dye mixture with terpolymer C30) over a 7-hour period using a neon green dye as a
tracer. Only the dye system exhibited the most streamlined and easy injectability, with the dye
entering cleanly; however, diffusing symmetrically upward and accumulating at the top. Over
time, a clear diffusion front formed, and by 7 hours, the dye was dispersed only in the upper portion
of the vial. In contrast, the L30+dye system demonstrated relatively harder injectability through a
22G needle, with the dye-polymer system initially appearing as clumped aggregates, suggesting a
more viscous or semi-solid nature. The diffusion was slower, although slightly irregular, with

streaking and less vertical movement during the 7-hour period. This behavior points to a

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

formulation that resists dispersion and may be suited for localized or depot-based delivery

applications. The C30+dye system displayed intermediate characteristics: while some clumping
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was observed during injection, the dye dispersed more uniformly than in the L30+dye system.
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Over time, the dye formed a broader but slightly uneven gradient, reflecting moderate viscosity
and improved diffusion compared to the L30+dye system, probably due to the faster hydrolysis
behavior. Overall, while the L30+dye system suggested a more viscous and localized release
profile, the C30+dye system offered a balance between injectability and controlled release. These
results confirm that both terpolymers are readily injectable and can sustain the release of
encapsulated small molecules, highlighting their potential as injectable scaffolds for controlled

delivery in biomedical applications.
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Figure 7. Injectability test of terpolymers: (A) Neon green dye at 37 °C after the injection within the agarose
gel at 37 °C with different time intervals, (B) mixture of 10 wt% P(DEGMA4-co-OEGMA p-co-LMA;)
and neon green at 37 °C with different time intervals, and (C) mixture of 10 wt% P(DEGMAgy-co-

OEGMA |p-co-C>MA ;) and neon green at 37 °C with different time intervals.

3.5.3. Dye Release Test. To assess the suitability of these materials as sustained drug-delivery
platforms, we quantified dye release from polymer-loaded samples and compared the profiles
to dye-only controls under identical dialysis conditions. As expected for a freely diffusing

small molecule, the dye-only controls exhibited a rapid early release and approached near-
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complete release within the first day. In contrast, dye release from the polymer formulations
was markedly slower, indicating that polymer-dye interactions and restricted diffusion within
the polymer-rich phase delayed transport to the external bath. The release profiles were
biphasic, with a higher initial release rate during the first hours followed by a slower, sustained
release after Day 1 (Figure 8).

Comparing the two polymer compositions, L30 released dye more slowly than C30 across
the study period, consistent with stronger cargo retention and/or lower effective diffusivity in
the L30 matrix under these conditions. Overall, these results demonstrate that the polymers
prolong dye retention relative to free dye and enable sustained release at 37 °C, supporting
their potential as controlled-release carriers (Figure 8).

Over the 7-day release study, both polymers showed sustained release of the loaded dye,
with incomplete release over the study window. By Day 7, C30 released ~40% and L30

released ~21% of the initial dye. The observed partial, time-dependent release is almost

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

consistent with controlled-release behavior commonly reported for polymer-based carrier

systems, although direct quantitative comparison across studies is limited by differences in
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cargo identity, loading, and experimental conditions.?!- 82
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Figure 8. Dye release study over time. Data represent the mean + SD of three independent experiments (n

=3).

4. Conclusions

In this work, we developed a new class of thermoresponsive and hydrolytically degradable PEG-
based terpolymers incorporating lactone or cyclic carbonate side chains to enable injectable
formulations with tunable thermal transitions and controlled degradation profiles. Using RAFT
polymerization, we systematically varied comonomer composition to precisely modulate the
LCST (25-37 °C), viscosity, thermal stability, and hydrolysis kinetics. Structure—property
analyses revealed that the identity and content of degradable side groups govern thermal response,

degradation rate, and rheological performance. Notably, cyclic carbonate—containing terpolymers
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exhibited lower glass transition temperatures, reduced viscosity, and faster hydrolysis compared
to lactone analogues, making them more suitable for minimally invasive, resorbable applications.
Both systems demonstrated LCST-type transitions near physiological temperature and hydrolysis-
driven shifts in T,,, enabling programmable degradation behavior. Rheological and injectability
studies confirmed thermally induced sol-gel transitions and shear-thinning characteristics
compatible with clinical injection forces, while RF stimulation provided remote, on-demand
control of phase transitions. Collectively, these multifunctional terpolymers represent a versatile
and programmable platform for next-generation injectable biomaterials with dual responsiveness,
tunable degradation, and customizable mechanical and thermal properties for applications in drug

delivery, tissue engineering, and adaptive biomedical devices.
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Appendix A. Supplementary Data

The supporting information includes detailed descriptions of the materials, equipment, and
experimental procedures used in this study. It covers the synthesis of hydrolyzable monomers
(lactone and cyclic carbonate), homopolymers, copolymers, and terpolymers via RAFT
polymerization. Additionally, it provides information on the determination of polymer
composition using NMR, cloud point temperature (T.,) measurements, hydrolysis studies,
kinetics, and rheological analyses. The document also includes results from radiofrequency
treatment of terpolymers, injectability tests, and various characterization methods such as
NMR, FT-IR, TGA, DSC, GPC, and UV-vis spectroscopy. Finally, it presents DFT

calculations for understanding the hydrolysis mechanisms of the terpolymers. (Word)
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