M) Cneck tor updates

Polymer
Chemistry

Accepted Manuscript

View Article Online

View Journal

This article can be cited before page numbers have been issued, to do this please use: K. Raheja, S.
Beilharz, A. Lalam, M. B. Hasan, D. Mathur and M. Karayilan, Polym. Chem., 2026, DOI:

10.1039/D6PY00425C.

Polymer
Chemistry

Ed
-

ROYAL SOCIETY
OF CHEMISTRY

7® ROYAL SOCIETY
PN OF CHEMISTRY

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

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.

rsc.li/polymers


http://rsc.li/polymers
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/d6py00425c
https://pubs.rsc.org/en/journals/journal/PY
http://crossmark.crossref.org/dialog/?doi=10.1039/D6PY00425C&domain=pdf&date_stamp=2026-06-23

Page 1 of 27 Polymer Chemistry

View Article Online
DOI: 10.1039/D6PY00425C

Thermoresponsive Fluorescent Polymers: Influence of Size, Composition, and

Architecture
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Abstract. Thermoresponsive fluorescent polymers (TFPs) provide a versatile platform for optical
temperature sensing by coupling phase transitions with changes in fluorescence. Here, we report
TFPs based on poly(N-isopropylacrylamide) (PNIPAM) and poly(ethylene glycol methacrylate)
(PEGMA), incorporating fluorescein acrylate (FIuA) as a model fluorophore via reversible
addition-fragmentation chain transfer (RAFT) copolymerization. Linear and hyperbranched
architectures were synthesized, with different compositions to position cloud point temperatures
(T¢p) within a physiologically relevant temperature window, and their fluorescence behavior was
investigated as a function of temperature, concentration, and pH. Distinct responses were observed
across the T, governed by the interplay between polymer collapse, microenvironmental
confinement, and chromophore-chromophore interactions. Systems with low fluorescein loading
exhibited fluorescence enhancement near the T, followed by quenching at higher temperatures,
whereas higher loading systems showed predominantly decreased fluorescence intensity upon
heating. Because all samples were compared at equal mass concentration, raw emission intensity
scaled primarily with fluorophore loading per chain; we therefore interpret intensity differences
cautiously and emphasize the temperature-dependent response as the diagnostic readout.
Fluorescence intensity was strongly concentration-dependent, and pH studies revealed changes in
both fluorescence intensity and emission maxima, with temperature-responsive fluorescence most
prominent at pH 7 and moderately retained at pH 9. Rheological measurements further
demonstrated changes in complex viscosity across the T, linking macroscopic behavior to
structural transitions. Hyperbranched polymers displayed responses distinct from their linear
analogues. We summarize these observations as a set of provisional design rules that link each
structural variable, such as composition, fluorophore loading, and architecture, to its dominant
effect on T, fluorescence, and viscosity. We note that several of these variables co-vary across
the present sample set. Trends are therefore interpreted within controlled compositional windows
rather than as fully orthogonal factors, and the resulting rules are intended as practical guidelines
for designing polymer-based optical thermometers.
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1. Introduction

Biological systems continuously operate under dynamic physicochemical
conditions, where variations in temperature, pH, and the local microenvironment influence
conformation, transport, and function. Accordingly, synthetic materials that respond to
such biological cues in a controlled and reversible manner have emerged as powerful tools
for interfacing with biological processes at the molecular level.'> Among these adaptive
materials, stimuli-responsive polymers have attracted sustained interest due to their ability
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to undergo well-defined physicochemical transitions in response to external triggers,
enabling applications ranging from controlled drug delivery to biosensing and intracellular
imaging.*% Although polymer responsiveness can be tailored to a range of stimuli,
temperature remains one of the most widely used triggers in biomedical applications
because it leverages the difference between room and physiological temperatures.’
Temperature-responsive (thermoresponsive) polymers that undergo a reversible phase
transition in aqueous solution upon increasing temperature have played a crucial role in
advancing many biomedical and materials science applications.'%16 Polymers with lower
critical solution temperature (LCST) behavior undergo a coil-to-globule transition, shifting
from soluble to insoluble as the temperature crosses the LCST. Heating disrupts polymer-
water hydrogen bonding, altering the hydrophilic-hydrophobic balance and driving this
phase transition. Polymers with an LCST near physiological temperature are of great
interest, enabling injectable biomaterials that form viscous fluids or soft gels upon injection
into the human body.!”

Since the seminal report on the thermoresponsive properties of poly(N-
isopropylacrylamide) (PNIPAM),!® it has been extensively studied due to its distinctive
temperature-dependent phase-transition behavior.!% 1922 PNIPAM exhibits an LCST of
approximately 32 °C in water, making it ideal for biomedical applications as it remain
soluble at room temperature but phase-separates at body temperature (37 °C),!% 23-24 and
PNIPAM-based biomaterials have been widely explored for drug delivery, tissue
engineering, and wound healing.!!-!17 More recently, poly(ethylene glycol) methacrylate
(PEGMA) copolymers have emerged as promising alternatives owing to their potential
biocompatibility and tunable LCST.>-?7 A key advantage of PEGMAs is that the LCST of
copolymers can be tuned by modifying the length of the ethylene glycol side chain.?® These
copolymers show reversible phase transitions with minimal hysteresis and are relatively
insensitive to concentration, ionic strength, and chain length, positioning them as a
complementary class of thermoresponsive polymers to PNIPAM.?°

Building on these thermoresponsive platforms, considerable effort has been directed
toward coupling the phase-transition behavior with optical readouts to enable real-time
monitoring of the polymer's environment. Among the available signal-transduction
strategies, fluorescence-based systems offer high sensitivity, ease of detection, and the
ability to monitor environmental changes such as temperature and chemical conditions.3?
Fluorescent polymers, formed by incorporating fluorophores into polymer chains, further
enhance these capabilities through high photostability, strong emission, and resistance to
photobleaching.’!> 32 Fluorescein, a commonly used fluorophore, absorbs blue light near
494 nm and emits green light near 512 nm, is visible to the human eye, and shows good
biocompatibility at low concentrations.?? As a small-molecule dye, however, its response
is limited to reporting the environment without intrinsic responsiveness.
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Thermoresponsive fluorescent polymers (TFPs), by contrast, integrate fluorophores
within a polymer matrix, enabling coupled optical and thermoresponsive behavior. These
systems have emerged as promising multifunctional materials with applications in
fluorescent temperature sensing, cellular imaging, drug delivery, and biometric
identification.?*3® Fluorescence-based thermometry provides a non-contact route to
temperature measurement with high spatial and temporal resolution, including in
environments where conventional probes are impractical.3*-#* Dual-responsive fluorescent
probes that respond to both temperature and pH further expand the utility in complex
biological environments where multiple stimuli coexist.4>-48

Temperature influences fluorescence primarily through changes in polymer
conformation and aggregation.** Conformational variation can alter emission
wavelength,*-32 while temperature-dependent aggregation strongly modulates intensity.3*
35, 3357 At higher concentrations or under conditions that promote intermolecular
interactions, aggregation-caused quenching (ACQ) may occur due to n-m stacking and
enhanced non-radiative decay pathways,>*3% 58 whereas systems exhibiting aggregation-
induced emission (AIE) show increased fluorescence upon aggregation as restricted
intramolecular motion suppresses non-radiative energy dissipation.>® 0 These competing
effects highlight the importance of controlling polymer architecture and intermolecular
interactions to achieve desirable thermoresponsive fluorescence behavior.

In this context, polymer topology is a key structural parameter for tuning such
responses. Building on this idea, hyperbranched polymers offer a structurally distinct
alternative to linear architectures through their highly three-dimensional, densely packed
frameworks.!-%> Unlike linear polymers, hyperbranched architectures inherently provide
confined microenvironments and reduced chain mobility,®®> 7 which can significantly

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

Open Access Article. Published on 23 June 2026. Downloaded on 6/24/2026 2:30:52 AM.

influence polymer conformation, chromophore interactions, and local polarity during

(cc)

thermally induced phase transitions.®® This structural confinement can suppress non-
radiative decay pathways while simultaneously promoting inter- or intramolecular
interactions, thereby enabling a tunable fluorescence response.’® 3% 6 Notably, these
architectural features also give rise to distinct rheological behavior, as the compact, low-
entanglement structure of hyperbranched polymers governs their viscosity and flow
response.®> 7972 As a result, hyperbranched thermoresponsive polymers present an
opportunity to introduce topology-driven control over both fluorescence behavior and
macroscopic properties.

Despite growing interest in TFPs, systematic studies that decouple the effects of
polymer backbone chemistry, fluorophore loading, and macromolecular architecture
remain limited. Direct comparisons between PNIPAM- and PEGMA-based systems,
despite their distinct hydration and phase transition behavior, are particularly scarce,
especially regarding temperature-based fluorescence modulation and coupled


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6py00425c

Open Access Article. Published on 23 June 2026. Downloaded on 6/24/2026 2:30:52 AM.

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

(cc)

Polymer Chemistry

View Article Online
DOI: 10.1039/D6PY00425C

physicochemical properties. Moreover, the influence of hyperbranched architecture on
temperature-dependent fluorescence, pH responsiveness, and rheological behavior remains
insufficiently understood. In this work, we address these gaps by systematically
investigating TFPs across two widely studied thermoresponsive polymer families
(PNIPAM and PEGMA), while varying the fluorophore composition (by changing the
fluorescein acrylate comonomer feed ratio) and macromolecular architecture (linear vs.
hyperbranched) (Figure 1). Because synthetic constraints prevent every variable from
being changed in strict isolation, we interpret trends within controlled compositional
windows and, throughout, distill the observations into provisional design rules linking each
structural variable to its dominant effect on T, fluorescence, and viscosity. By correlating
fluorescence response, aggregation behavior, and viscosity changes across temperature and
pH, this study elucidates how polymer topology and composition collectively govern
structure-property relationships in thermoresponsive polymer systems.
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Figure 1. Schematic representation of the design and stimuli-responsive behavior of thermoresponsive
fluorescent polymers (TFPs). The chemical structures of the monomers and corresponding linear and
hyperbranched copolymers are shown, incorporating fluorescein acrylate as the fluorescent probe. The
polymers are subjected to temperature and pH variation to record their fluorescence.

2. Results and Discussion
2.1. Synthesis of Thermoresponsive Fluorescent Polymers (TFPs)

To investigate how polymer functionality, composition, molecular weight, and
architecture influence thermoresponsive fluorescence, a series of fluorescently labeled
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polymers was synthesized. While complete orthogonal decoupling of these variables is
experimentally challenging, trends are interpreted within controlled compositional
windows and architectures. Building on the considerations outlined above, two
thermoresponsive platforms were selected: PNIPAM-based systems, chosen for their well-
defined LCST near physiological temperature, and PEGMA-based systems, which offer
tunable thermal response through side-chain engineering. Fluorescein was used as a model
fluorophore for its well-defined optical properties, exhibiting strong absorption in the blue
region and green emission, resulting in copolymers that appear weakly yellow under
ambient conditions but fluoresce bright green upon excitation. Within each platform,
polymer molecular weight, comonomer composition, and architecture were varied to
compare their effects on thermal and optical properties.

Initially, linear NIPAM-based TFPs73-77 were synthesized to evaluate the effect of
fluorescein incorporation on LCST behavior and temperature-dependent fluorescence.
Linear P(NIPAM-co-FIluA) copolymers containing low fluorescein loadings (1 and 5 mol%
feed) were specifically designed to ensure sufficient fluorescence while minimizing
disruption to PNIPAM’s intrinsic hydrophilicity and thermal response (Table 1).3% 78
Copolymers with 5 mol% (LPnipamS) and 1 mol% (LPnpam1) FIuA were synthesized via
reversible addition-fragmentation chain-transfer (RAFT) polymerization (Figure 2A).79-8!
Successful synthesis and purification of the copolymers were confirmed via proton ('H)
nuclear magnetic resonance (NMR) spectroscopy. The spectra showed the broad backbone
resonances of PNIPAM together with fluorescein aromatic signals (7.0-8.0 ppm) and
complete disappearance of vinyl monomer signals. Compositions were quantified from the
PNIPAM methine proton (Hb, ~3.9 ppm) and the fluorescein aromatic proton (Ha, ~8.0 ppm)
(Figure 2A); detailed assignments are given in the SI (Figures S1, S3).
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Figure 2. 'H NMR spectra of FluA-containing thermoresponsive copolymers in CDCl; at room
temperature. (A) Linear, LPypaml: P(NIPAMgo-co-FluA;) (1 mol% FIuA feed), (B) linear, LPrguaS:
P(OEGMA]O-CO-DEGMAgg-CO-FluA|), and (C) hyperbranched, HBPEGMAIZ P(TEGMA94-CO-CTDPA-
HEMA;-co-FluA,)
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To extend the platform beyond PNIPAM, ethylene glycol methacrylate-based copolymers
were synthesized, tuning thermal response through comonomer composition using monomers such
as oligo(ethylene glycol) methacrylate (OEGMA), diethylene glycol monomethyl ether
methacrylate (DEGMA), and triethylene glycol methacrylate (TEGMA). Longer ethylene glycol
side chains increase hydrophilicity and thus raise the LCST;?3 32 for example, OEGMA/DEGMA
copolymers span LCST values from ~26 °C (PDEGMA homopolymer) to ~90 °C (POEGMA)
depending on composition.?®- 83 Holding DEGMA content between 80 and 90 mol% maintained
aqueous solubility while positioning the cloud point temperature (T, defined as the temperature
at which transmittance falls to 90%)3* 35 near the physiologically relevant range. Two linear
terpolymers, P(OEGMA-co-DEGMA-co-FluA) (LPggmaS, 5:90:5) and P(OEGMA-co-
DEGMA-co-FluA) (LPggmal, 10:89:1) (Table 1) were synthesized to probe the influence of
comonomer ratio and fluorophore loading on thermoresponse and temperature-dependent
fluorescence behavior (Figure 2B). Small deviations between feed and measured composition
reflect differing monomer reactivity ratios. Synthesis, purification, and composition were
confirmed by 'H NMR, with DEGMA/OEGMA contents resolved from the methoxy (Hy, ~3.4
ppm), ester-adjacent methylene (Hy, ~4.1 ppm), and ethylene glycol backbone (H., ~3.6 ppm)
signals, and FluA quantified from its aromatic proton (~8.0 ppm); full assignments appear in the
SI (Figures S15, S24).
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In addition to the linear systems, two hyperbranched analogues were synthesized to
probe the influence of topology on thermoresponsive and optical behavior: a NIPAM-based
system (HBPypaml, P(NIPAM-co-CTDPA-HEMA-co-FluA), 94:5:1) and an ethylene
glycol-based system (HBPggumal, P(TEGMA-co-CTDPA-HEMA-co-FIluA), 94:5:1)
(Figure 2C) prepared by self-condensing vinyl RAFT polymerization®-38 using a CTDPA-
HEMA chain transfer monomer (CTM) conjugate. The CTM carries both a RAFT chain-
transfer moiety and a polymerizable vinyl group, so that pendant vinyl groups on growing
chains undergo further propagation, linking chains into a hyperbranched architecture
through combined chain- and step-growth processes; branching density is set by the
monomer-to-CTM feed ratio.?-%2

For the ethylene glycol methacrylate-based hyperbranched system, TEGMA was
used in place of the OEGMA/DEGMA combination of the linear terpolymers. The bulky
OEGMA side chains could introduce steric hindrance during SCVP and potentially reduce
successful branching, whereas DEGMA alone would provide insufficient aqueous
solubility. Although TEGMA gives a relatively high T, (~45 °C) in linear architectures
(Figure S55) and so was not used alone in the linear TFPs, branching and end-group effects
are expected to lower its cloud point,®! making it a practical intermediate monomer that
maintains ethylene glycol character and thermoresponsive behavior near the physiological
range. For HBPgguval, 'TH NMR confirmed incorporation of the CTDPA-HEMA branching
unit (Hg, ~2.5 ppm; He, ~3.25 ppm) alongside TEGMA, with relative incorporation and
FluA content quantified as described above (Figure 2C).

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

While the HBPggual was sufficiently water-soluble for thermoresponsive and
fluorescence studies, the NIPAM-based hyperbranched polymer HBPypam! showed limited
solubility in aqueous media. This reduced solubility may arise from the high density of
hydrophobic trithiocarbonate RAFT end groups with a long hydrocarbon chain (dodecyl) located
near the polymer periphery, which can strongly influence aqueous behavior in hyperbranched
RAFT-derived systems. Similar end-group effects have been reported to alter cloud points and
solution behavior in hyperbranched thermoresponsive polymers.®! End-group removal (SI, Section
4.2) modestly improved water compatibility, but HBPypam! remains soluble only at low
concentration (0.1 mg/mL), sufficient for fluorescence measurement but not for the higher
concentrations required for cloud-point and temperature-dependent fluorescence studies.
HBPnipam1 was therefore excluded from the quantitative thermoresponsive comparisons below.
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Table 1. Structural characteristics of synthesized PNIPAM- and poly(ethylene glycol methacrylate)-based
thermoresponsive fluorescent polymers, including polymer architecture, composition, and size,
highlighting the range of linear and hyperbranched PNIPAM- and PEGMA-based systems investigated in
this study.

Target

el c
Ratio Composition M

Acronym? Architecture Polymer

PNIPAM copolymers
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LPNipAMS Linear 95:5 94.8:5.2 342.4 kDa
LPnipam Linear P(NIPAM-co-FluA) 99:1 96.0:4.0 273.4 kDa
HBPnipam1 HBd P(NIPAM-co-CTDPA-HEMA- o/ 0. 906:5.7:37  10.7 kDa
co-FIuA)
PEGMA copolymers
LPecma5 Linear P(OEGMA“;;SZ')DEGMA'CO' 5:90:5 6.5:82.3:11.2 113.0 kDa
LPecmal Linear P(OEGMASOEISX')DEGMA'CO' 10:189: 16.3:80.8:2.9  198.3 kDa
HBPecwaT HB P(TEGMA-co-CTDPA- 94:51  92.9:3.6:35  40.0 kDa

HEMA-co-FluA)
aThe polymers are denoted by their target ratio: LPnipamb: P(NIPAMgs-co-FIuAs), LPnipam1: P(NIPAMege-co-FluA+1), HBPNipam1:
P(NIPAMgs-co-CTDPA-HEMAs-co-FluA+), LPecma5: (OEGMASs-co-DEGMAge-co-FluAs), LPecual: (OEGMA10-co-DEGMAse-
co-FluA1), HBPeeua1: P(TEGMAw-co-CTDPA-HEMAs-co-FluA1), ® composition via '"H NMR spectroscopy, ¢ Ma: number-
average molecular weight via size exclusion chromatography, and ¢ HB: hyperbranched.

2.2. Characterization of TFPs

Phosphate-buffered saline (PBS, pH 7.4) was used as the measurement medium for
all studies to ensure physiological relevance and stable pH conditions throughout the
experiments.”? Because fluorescein exhibits pronounced pH-dependent optical properties,
even minor pH fluctuations can significantly alter its emission intensity and spectral
characteristics.?+%¢ The use of PBS, therefore, minimizes pH drift and ensures that observed
fluorescence changes arise from thermoresponsive polymer behavior rather than
uncontrolled changes in fluorophore protonation. Measuring in PBS also reflects
biologically relevant ionic strength: salt identity and concentration influence hydration,
LCST, and aggregation dynamics,’” ?® so evaluating T, and fluorescence modulation in
buffered saline ensures the transitions reflect application-relevant conditions (Table 2).

Table 2. Thermoresponsive and fluorescence characteristics of the polymer systems, including
cloud point temperature (T.,), estimated fluorescein loading per chain, and effective fluorophore
concentration ([FluA]) at 0.1 and 5 mg/mL.

o . [FIuA] (uM, [FIuA] (mM, DLS onset
Acronym Ter (*C) FluA per chain 0.1 mg/;L) 5 mg/mL) temperature
LPnipam5 30.3 ~139 404 2.0 32.8
LPnipam1 29.6 ~87 35.6 1.6 304
HBPnNipam1 Insoluble - - - -
LPecmaS 26.7 ~54 47.8 2.39 29.8
LPecmal 34.3 ~23 11.8 0.59 36.4
HBPecmal 34.1 ~6 14.2 0.71 35.8

Absorbance and Fluorescence Analysis. The optical properties were first evaluated by
recording their absorbance and fluorescence spectra in PBS (0.1 mg/mL) at room
temperature (Figure 3A). All samples exhibit the characteristic absorption bands
corresponding to the incorporated fluorophore (i.e., fluorescein), confirming successful
functionalization. The fluorescence emission spectra show well-defined maxima at
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comparable wavelengths, indicating that the fluorophore retains its intrinsic photophysical
properties upon incorporation into the polymer matrix. However, clear differences are
observed in fluorescence intensity depending on polymer type and structural parameters.
Clear differences in emission intensity and spectral shape were observed between the
PNIPAM- and PEGMA-based polymers. Because all spectra were recorded at the same
polymer mass concentration rather than at matched fluorophore concentration, the
dominant determinant of raw emission intensity is expected to be the number of emissive
fluorophores present, which differs substantially across samples (Table 2). We therefore
treat absolute intensity comparisons cautiously and do not assign intensity differences to
chain length or topology in isolation; instead, the more informative comparisons are
spectral shape, emission maximum, and, most importantly, the temperature-dependent
response described below, which is largely decoupled from static fluorophore count.%®
Consistent with this, the highest-loading samples (e.g., LPnipamS) show the strongest raw
emission, and no significant spectral shifts accompany changes in loading, indicating that
loading primarily affects emission magnitude rather than fluorophore electronic structure.
A residual, loading-independent enhancement for the more solvated PEGMA backbone and
for the confined hyperbranched HBPggyval (Which emits more strongly than its linear
counterpart of comparable per-chain loading) is consistent with reduced self-interaction
and restricted fluorophore mobility, respectively; we present these as qualitative trends
rather than quantitative attributions. At equal mass concentration, room-temperature
emission intensity is set primarily by fluorophore loading per chain; backbone solvation
(PEGMA > PNIPAM) and hyperbranched confinement act as secondary, per-fluorophore
modifiers. Intensity alone is therefore not a reliable structural fingerprint—the temperature

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 3. (A) Absorbance and fluorescence spectra of copolymers in PBS at 0.1 mg/mL at room
temperature. (B) Cloud point temperature (T.,) profiles in PBS at 1 wt% (10 mg/mL). LPxpam samples
correspond to linear PNIPAM copolymers: LPypamS (linear, P(NIPAM-co-FluA), 95:5), and LPypaml
(linear, P(NIPAM-co-FluA), 99:1). PEGMA-based polymers include LPrguaS and LPggual, which are
linear P(OEGMA-co-DEGMA-co-FluA) copolymers, and HBPggua, @ hyperbranched P(TEGMA-co-
CTDPA-HEMA-co-FluA) polymer. These polymers were synthesized to compare the properties of linear
vs. hyperbranched architectures and of NIPAM-based vs. ethylene glycol methacrylate-based
thermoresponsive systems containing the FIuA unit.

Cloud point temperature (T.,) measurements. To further elucidate how structural parameters
influence thermoresponsive phase behavior, T, of the polymers was measured across the series
(Figure 3B). T, is governed by the temperature-dependent balance between polymer—water
hydrogen bonding and intramolecular hydrophobic interactions and is strongly set by the
hydrophilic-to-hydrophobic ratio of the backbone. At low temperatures, hydrophilic
functionalities, such as amide groups in PNIPAM and ethylene glycol side chains in PEGMA
systems, maintain hydrogen bonding with water, stabilizing the polymers in a hydrated, soluble
state (notably, the PNIPAM amide acts as both donor and acceptor, whereas ethylene glycol
oxygens act primarily as acceptors). On heating, these bonds are disrupted and hydrophobic
moieties (isopropyl, DEGMA segments, fluorescein) dominate, driving dehydration, coil-to-
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globule collapse, ultimately leading to aggregation and macroscopic turbidity at T.,. Although the
fluorescein group is predominantly hydrophilic in aqueous buffer in its ionized form, its aromatic
structure contributes localized hydrophobic interactions that become more pronounced at higher
loadings.”

The T, of the TFPs varied systematically as a function of backbone composition,
fluorophore loading, and macromolecular architecture. The lowest T, (~26.7 °C) was observed
for LPggma3, consistent with its high DEGMA content and elevated fluorescein incorporation,
both of which raise the overall hydrophobic character of the polymer and promote earlier phase
separation. The linear LPypam] exhibited a higher T, (~29.6 °C), reflecting the intrinsic LCST
behavior of PNIPAM in aqueous media. This suggests that the hydrophilic-hydrophobic balance
dominates over chain-length effects in determining the phase behavior of these linear PNIPAM-
based systems. The small difference in T, between the two PNIPAM samples can be rationalized
by their differing fluorescein content: under PBS (pH 7.4) fluorescein is largely ionized, and its
charged form enhances polymer—water interactions, modestly increasing hydrophilicity and T,.>>
100 The hyperbranched HBPggmal displayed a further increase in T, highlighting the influence of
branching architecture, which enhances chain-end density and hydration, thereby stabilizing the
hydrated state to higher temperatures. The highest T, was measured for LPggmal, where the
increased OEGMA content enhances hydrophilicity relative to the LPgguaS system and delays
phase separation. Collectively, these results demonstrate that T, is governed by a delicate interplay
between backbone chemistry, comonomer ratio, fluorophore loading, and polymer topology, with
hydrophilicity and architectural effects playing dominant roles in modulating thermoresponsive
behavior. Increasing hydrophilic content (higher OEGMA, lower DEGMA), lowering fluorescein
loading, and adopting a hyperbranched architecture each raise T,; increasing DEGMA and
fluorophore loading lower it. T, is thus tunable through the net hydrophilic-hydrophobic balance,
with topology providing an additional upward shift via chain-end hydration.
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Dynamic Light Scattering (DLS) analysis. The phase transition temperature of the synthesized
TFPs was independently investigated using temperature-controlled dynamic light scattering
(DLS), as shown in Figure 4, at a polymer concentration of 0.1 mg/mL in PBS, to monitor
temperature-dependent changes in hydrodynamic size. For all soluble systems, an initial increase
in particle size was observed at characteristic temperatures near their T, values, marking the onset
of polymer aggregation. The onset temperature on DLS was observed at 30.4 °C for LPypam! and
32.8 °C for LPnipamS, consistent with their thermoresponsive behavior (i.e., Tc,). Similarly, the
PEGMA-based systems exhibited transitions at 29.8 °C for LPggmaS and 36.4 °C for LPggmal,
while the hyperbranched HBPggual displayed a transition at 35.8 °C, consistent with its T, and
comparable to its linear analogue. Notably, these transition temperatures are slightly higher than
the T, values obtained from turbidity measurements (performed at 10 mg/mL), as expected from
the more dilute DLS conditions, where reduced intermolecular interactions delay detectable
aggregation. Overall, the DLS results are in good agreement with the T, trends, confirming that
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the observed phase transitions arise from temperature-induced dehydration and aggregation of the

polymer chains.
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Figure 4. Hydrodynamic radius of TFPs (A) LPypamS (5% FluA), (B) LPypam] (1% FluA), (C) LPggmaS
(5% FluA), (D) LPggmal (1% FluA), and (E) HBPggual (1% FluA) as a function of temperature obtained
by dynamic light scattering (DLS) in PBS at 0.1 mg/mL.

Temperature-controlled UV-Vis absorption and fluorescence emission measurements. These

analyses were performed to evaluate the thermal response of the copolymers in aqueous solutions.
Upon heating, the absorbance profiles showed a gradual increase across the monitored wavelength

12
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range. This behavior is consistent with the thermally induced phase transition of the polymers.
Above T, coil-to-globule collapse promotes aggregation and the formation of polymer-rich
domains, leading to increased light scattering and an apparent elevation in baseline absorbance.
Importantly, control experiments with free fluorescein in PBS (Figure S56) under identical
temperature conditions showed no comparable increase in absorbance, confirming that the
observed effect arises from thermoresponsive polymer aggregation rather than intrinsic
temperature-dependent changes in the electronic absorption properties of the fluorophore.

To further validate this interpretation, additional control experiments were performed by
physically mixing PNIPAM with a small amount of free fluorescein (Figure S57). In these
mixtures, no significant change in fluorescence intensity was observed upon heating, despite a
decrease in optical transmittance above the LCST due to polymer phase separation. This indicates
that light scattering alone does not contribute to the observed fluorescence enhancement. Instead,
the results confirm that covalent incorporation of fluorescein within the thermoresponsive polymer
matrix is essential for coupling the LCST-driven structural transition to changes in fluorescence
behavior.

Linear and hyperbranched thermoresponsive copolymers containing FluA were
investigated at varying compositions. All fluorescence and absorbance measurements were
conducted at a constant polymer concentration of 5 mg/mL in PBS using a 96-well plate reader;
noting that the effective fluorophore distribution varied across systems (Figure 5). Importantly,
all measurements were conducted in a microvolume format (50 puL in a 96-well plate), and the
observed optical responses should be interpreted in this context, as larger path-length systems may
exhibit different absorbance baselines and scattering contributions due to increased optical path
length and sample volume.
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The NIPAM-based polymers (LPnpam] and LPypamS) differ markedly in fluorophore
content, with the LPyipamS sample containing ~139 fluorescein units per chain, compared to ~87

(cc)

units for LPyppaml, resulting in significant differences in intrachain crowding. Notably, such
differences were not prominently reflected in the fluorescence behavior discussed above at lower
polymer concentrations (0.1 mg/mL), likely due to the relatively dilute regime minimizing
intermolecular interactions. In contrast, at higher concentrations (5 mg/mL), these effects became
more pronounced, as increased local fluorophore density and polymer-polymer interactions
amplify crowding and aggregation phenomena, thereby influencing the observed optical response.
In contrast, the linear PEGMA copolymers (LPggmaS and LPggual), composed of OEGMA and
DEGMA with FluA, possess moderate molecular weights (~100-200 kDa) and intermediate
fluorophore densities (~54 and ~23 fluorescein units per chain, respectively). The hyperbranched
system (HBPggma), based on TEGMA and a branching unit (CTA-monomer), differs both in
architecture and composition, containing ~6 fluorescein units per chain and a low effective
fluorophore concentration (~0.71 mM). Although this value is lower than that of linear PNIPAM
systems and linear LPggyaS, it remains comparable to LPgguval, allowing an informative
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reduced local fluorophore density within the hyperbranched

architecture.
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Figure 5. Absorption spectra (left), emission spectra (center), 3D representation of emission spectra (right)
of TFPs in PBS obtained as a function of temperature from 18—42 °C at polymer concentration of 5 mg/mL

using a 96-well plate.
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Temperature-dependent fluorescence measurements revealed distinct structure—property
relationships governed by polymer composition and architecture. The linear NIPAM systems
displayed classical LCST behavior, with LPypam! exhibiting a pronounced fluorescence increase
near its cloud point (~30 °C) due to coil-to-globule transition and formation of hydrophobic
microenvironments, whereas LPypavS showed attenuated responsiveness due to strong
intramolecular self-quenching arising from its high fluorophore density. The PEGMA-based
copolymers (LPggmaS and LPggval) exhibited more gradual fluorescence changes with
temperature, reflecting differences in hydrophilicity and composition (OEGMA vs. DEGMA
ratio), with LPggmaS showing only a slightly higher fluorescence intensity despite its greater
fluorophore content. This relatively modest increase may be attributed to the slightly higher
molecular weight of LPggual, which can influence chain conformation and local
microenvironment, partially offsetting the effect of increased fluorescein incorporation in
LPgGmaS. In contrast, the hyperbranched PEGMA system (HBPggMma), composed of TEGMA and
branching units, displayed lower overall fluorescence intensity but a more gradual temperature
response, consistent with reduced intrachain crowding and its distinct architecture (Figure 6).
These results highlight that fluorescence response is dictated not only by the LCST transition (T,
~ 26.7-34.3 °C) but also by fluorophore distribution, composition, and architecture, with
intramolecular crowding and local environment playing central roles. Importantly, all polymers
displayed only a minor 2 nm red shift (516 —518 nm) on heating, also seen for free fluorescein in
PBS and therefore attributed to general solvent-dependent thermal effects rather than aggregation-
specific spectral reorganization. Overall, low fluorophore loading (~1 mol%) yields a strong
fluorescence increase at the T, (collapse-driven confinement); high loading (~5 mol%) suppresses
this response through chromophore self-quenching. Hyperbranching broadens and dampens the
transition. Loading therefore selects the sign and sharpness of the thermoresponse, independent of
which backbone family is used. To verify the reproducibility of these observations, multiple
independent measurements were performed and analyzed statistically. The resulting error-bar plots
(Figure S60) demonstrate good agreement between replicate experiments, confirming the
reliability of the temperature-dependent fluorescence trends discussed above.
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Figure 6. Temperature-dependent fluorescence intensity profiles of PNIPAM- and PEGMA-based TFPs
obtained from the corresponding peak maxima (Figure 5) in the fluorescence emission (A, = 518 nm)

spectra. Reproducibility analysis and associated error bars from replicate measurements are provided in
Figure S60.

Concentration dependence. The thermoresponsive fluorescence behavior of selected low-
fluorophore-content polymers, namely LPnpaml, LPrgmal, and HBPggual, each containing
approximately 1 mol% FluA, was evaluated as a function of concentration (1-20 mg/mL) (Figure
7 A-C). At low concentration (1 mg/mL), only minimal changes in fluorescence intensity were
observed for all systems (Figures S12, S32, S51), indicating insufficient intermolecular
interactions to induce significant thermoresponsive effects. For LPypam1, a pronounced increase
in fluorescence intensity was observed near the T, at 5 mg mL, followed by a decrease at higher
temperatures. This enhancement became progressively more pronounced at higher concentrations
(10 and 20 mg/mL), indicating that increased polymer concentration promotes
microenvironmental confinement and intermolecular interactions upon collapse. The subsequent
decrease at higher temperatures suggests the onset of chromophore-chromophore interactions and
non-radiative quenching.
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Figure 7. Temperature-dependent fluorescence intensity profiles of PNIPAM- and PEGMA-based systems
containing 1 mol% FluA in PBS, evaluated as a function of concentration (1, 5, 10, and 20 mg/mL; panels
A-C)and pH (3, 5, 7, 9, and 11; panels D-F). Fluorescence intensities were extracted from the emission
maxima (A, = 518 nm for all samples, and 510 nm for pH 3 and 5) of the corresponding emission spectra.

A similar, but less pronounced, trend was observed for LPggyal, with a modest increase
in fluorescence intensity near the transition temperature at 5 mg/mL, followed by a decrease. At
higher concentrations (10 and 20 mg/mL), the magnitude of fluorescence enhancement increased,
consistent with increased aggregation and interaction-driven effects in the collapsed state. In
contrast, the hyperbranched HBPgg\val system exhibited delayed fluorescence enhancement at 5
mg/mL, with the increase occurring several degrees above the T,. At higher concentrations (10
and 20 mg/mL), a more pronounced increase followed by a decrease at elevated temperatures was
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observed, suggesting that architectural confinement in the hyperbranched structure modulates the
balance between fluorescence enhancement and quenching (Figure 7C). Aggregation is a
prerequisite: pronounced thermoresponsive fluorescence emerges only above a threshold
concentration (5 mg/mL). Linear chains respond at the T,; hyperbranched architecture shifts the
onset to higher temperature, offering a topology-based handle on the response window.

PH dependence. The influence of pH on thermoresponsive fluorescence was investigated across
pH 3-11 (Figure 7D-F). The T, of all PNIPAM and PEGMA polymers followed the trend: pH 5
<pH 3 <pH 7 <pH 9 <pH 11, indicating increased stabilization of the hydrated state at higher
pH. The relatively lower T, values at pH 3 and pH 5 can be attributed to the use of acetate buffer
systems, where acetate ions are known to promote polymer dehydration through salting-out
effects,?> 191 thereby facilitating earlier phase separation. The more pronounced decrease at pH 5
compared to pH 3 is consistent with the higher concentration of acetate anions at elevated pH
within the buffer system. In contrast, at neutral and basic pH, the increased ionization of
fluorescein enhances polymer-water interactions by introducing charged groups, leading to
improved hydration and a corresponding increase in T, These results highlight the combined
influence of buffer composition and fluorophore ionization on thermoresponsive phase behavior.

At acidic conditions (pH 3 and 5), all polymers exhibited negligible fluorescence intensity
despite a gradual increase with temperature. This behavior is attributed to reduced fluorescein
emissivity under acidic conditions,'??> where the chromophore exists in less fluorescent protonated
forms. Consistent with this, the wavelength of maximum emission was blue-shifted under acidic
conditions (~510 nm) compared to neutral and basic pH (~518 nm), reflecting changes in the
electronic state of fluorescein with pH. At a highly basic condition (pH 11), the fluorescence
intensity was the highest among all pH values; however, no significant thermoresponsive change
was observed. The temperature-dependent fluorescence profile closely resembled that of free
fluorescein in solution, indicating that polymer collapse plays a minimal role under these
conditions and that fluorescence is dominated by the intrinsic behavior of the fully deprotonated
fluorescein species. At intermediate pH values (pH 7 and pH 9), clear thermoresponsive
fluorescence behavior was observed. For LPnipam1, a significant increase in fluorescence intensity
was observed near the T, with the onset occurring at higher temperatures for pH 9 compared to
pH 7, consistent with the shift in cloud point with pH. A similar trend was observed for LPggumal,
where fluorescence enhancement followed the corresponding shift in phase transition temperature.
In contrast, HBPggual exhibited a distinct response, with fluorescence enhancement observed at
pH 7, while at pH 9 only minimal changes were detected. This difference highlights the influence
of polymer topology, where the hyperbranched architecture alters local microenvironmental
sensitivity and modulates the balance between confinement-induced enhancement and interaction-
driven quenching. Collectively, these results indicate that fluorescence modulation in these
thermoresponsive systems is governed by a balance between microenvironmental dehydration
(enhancement) and collapse-induced dye proximity (quenching), with fluorophore density and
polymer architecture determining which mechanism predominates. Useful thermoresponsive
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fluorescence requires the dye to be in its emissive, partly ionized state: it is maximal near neutral
pH, retained at pH 9, and lost under acidic conditions (protonation) or strongly basic conditions
(where the free-dye signal dominates and the polymer contribution vanishes).

Rheological Analysis. Rheological measurements were performed using a parallel plate rheometer
to investigate the viscosity change of the linear and hyperbranched polymer systems as a function
of angular frequency at room temperature (25 °C) and physiological temperature (37 °C) (Figure
8). In all cases, the complex viscosity decreased with increasing angular frequency, consistent with
the expected shear-thinning behavior of associative polymer solutions. Importantly, both the
PNIPAM- and PEGMA-based systems exhibited T, values near or below 37 °C and therefore
displayed higher complex viscosity at 37 °C than at room temperature across the full frequency
range. This increase in viscosity indicates that thermal activation does not simply reduce
hydrodynamic volume but instead promotes interchain association and the formation of transient
polymer-rich aggregates that enhance resistance to flow. Thus, above T, increased interchains
attractions induce polymer collapse, resulting in a more viscous solution state. Notably, polymers
with higher cloud point temperatures, such as LPypamS and HBPggual (> 30 °C), exhibit a
comparatively smaller increase in viscosity at 37 °C relative to systems with lower T, values (~26-
29 °C), as they are closer to the onset of the phase transition and therefore experience less extensive
collapse and interchain association under these conditions. In contrast, the hyperbranched
PEGMA-based polymer exhibited a distinct deviation from the power-law frequency dependence
observed for the linear analogues. While the linear polymers displayed typical shear-thinning
behavior consistent with entangled chain dynamics, the hyperbranched system showed a more
curved viscosity profile, reflecting its compact architecture, reduced entanglement, and altered
viscoelastic relaxation behavior. Crossing the T, converts these solutions from less to more
viscous (interchain association on collapse); the magnitude scales with how far above T, the
measurement sits. Hyperbranching replaces entanglement-dominated shear-thinning with a
compact, weakly-entangled flow signature—an architecture-specific rheological fingerprint.
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Figure 8. Complex viscosity (n*) as a function of angular frequency (w) for NIPAM-based TFPs at 15 wt%
(left) and EGMA-based TFPs at 30 wt% (right) in PBS, measured at 25°C and 37°C.

We developed and systematically investigated TFPs based on two thermoresponsive
families (PNIPAM and PEGMA) bearing covalently incorporated fluorescein, and examined how
composition, fluorophore loading, and architecture (linear vs. hyperbranched) govern fluorescence
across thermally induced phase transitions. The emerging structure—property picture can be
summarized as a set of design rules: (i) fluorophore loading sets the sign of the thermoresponse—
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low loading (~1 mol%) gives collapse-driven enhancement near T, followed by quenching,
whereas high loading (~5 mol%) gives predominantly quenching, independent of backbone
family; (ii) the net hydrophilic-hydrophobic balance (OEGMA/DEGMA ratio, TEGMA and FluA
content) and architecture tune T, with hyperbranching shifting it upward via chain-end hydration;
(ii1) aggregation above a threshold concentration is required for a pronounced response; (iv) the
response is maximal near neutral pH, where the dye is emissive and partly ionized; and (v) crossing
the T, increases complex viscosity, with hyperbranched topology producing a distinct, weakly-
entangled flow signature. Together these rules indicate that thermoresponsive fluorescence is not
governed by any single parameter but emerges from the combined effects of composition,
fluorophore distribution, and architecture.

We note an important limitation that also frames how these rules should be used. Because
synthetic and solubility constraints prevented changing every variable in strict isolation, several
parameters co-vary across the sample set (for example, composition, loading, and architecture
differ simultaneously between certain pairs), so individual phenomena cannot always be cleanly
decoupled. The rules above are therefore best read as directional guidelines extracted within
controlled compositional windows rather than as fully orthogonal, quantitative laws. A targeted
follow-up series—matching molecular weight and per-chain fluorophore count while varying a
single structural variable at a time, and reporting per-fluorophore-normalized intensities—would
allow these relationships to be isolated quantitatively. With that caveat, this work provides a
practical foundation for rationally tuning fluorescence responses in thermoresponsive polymers
toward adaptable optical sensing platforms.
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