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The combination of stimuli-responsiveness, colloidal stability and tolerance to changes in concentration
and ionic strength into a functional nanoparticle system is challenging. Self-assembled polymer materials

remain susceptible to environmental changes, which in turn limit their application potential.

Unimolecular architectures like bottlebrush polymers offer enhanced stability and functional

compartmentalisation within a single macromolecule. Here, we report the synthesis of a pH-responsive
molecular polymer bottlebrush (MPB) featuring a poly[(diisopropylamino)ethyl methacrylate] (PDPAEMA)
core, a hydrophilic poly[poly(ethylene glycol) methyl ether methacrylate] (PPEGMA) shell, and
naphthalimide-based solvatochromic fluorophores embedded within its core. The PDPAEMA segment

imparts pH sensitivity, while the PEGMA shell improves colloidal stability and biocompatibility. The
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Accepted 9th November 2025 solvatochromic dyes report environmental changes by responding to polarity shifts in the polymer
architecture and polymer networks. Our proof-of-concept study promises future application of such

DOI: 10.1039/d55c07029e unimolecular constructs as nanoscale pH sensors for biomedicine or as functional additives for 3D
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Introduction

The architectural design of macromolecular systems funda-
mentally determines their functional capabilities and potential
applications.” Macromolecules can exist as unimolecular
entities or as multi-molecular assemblies, with each paradigm
offering distinct advantages and limitations. Amphiphilic block
copolymers self-assemble into micellar structures once a critical
unimer concentration is reached. These self-assembled mate-
rials have found widespread applications from health to
energy.>® Importantly, properties can be readily tuned as the
segregation of the micelle core and shell offer distinct micro-
environments that can be separately addressed. However,
conventional polymeric micelles are thermodynamic aggregates
that suffer from inherent instability when subjected to
surrounding environment changes such as high dilution and
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printing capable of reporting environmental changes within a printed network or (hydro)gel.

alterations in temperature, pH, and ionic strength, often
leading to disassembly into free polymeric chains.”

In recent years, unimolecular polymer particle systems, like
star and bottlebrush polymers, have emerged as a compelling
alternative to overcome these issues associated with thermo-
dynamic instability.*™* These covalent nanomaterials allow for
the generation of core-shell microenvironments within one
macromolecule, ensuring stability while also enabling com-
partmentalisation of function.»'* This unique architectural
improvement has made them particularly attractive in specific
applications, especially in nanomedicine and template chem-
istry, where the use of such polymer topologies has risen sharply
in recent years. Molecular polymer bottlebrushes (MPBs, or
bottlebrush polymers) in particular have become a versatile
class of materials which is emerging from a niche in funda-
mental research on their synthesis into application-driven
research on therapeutics, theranostics, additives, 3D printing
and photonics.™>°

One important application of polymeric systems is the
detection of environmental changes, such as pH, temperature,
or ionic strength.* Traditional approaches involved decorating
polymers with small molecule fluorophores which themselves
can detect the change.” However, the use of fluorophores that
are directly sensitive to the change, e.g. pH-dependent
protonation/deprotonation, can lead to complications in
signal interpretation due to on/off responses or loss of
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Scheme 1 Synthetic route to bottlebrush-based signal transducers. (i) Polymer backbone; (ii) core MPB; (iii) core—shell MPB; (iv) fluorescent

core—shell MPB with a solvated core; (v) fluorescent core—shell MPB with a collapsed core.

fluorescent properties. An alternative approach involves the
design of polymers that are themselves responsive to pH,
changing their properties whether by dehydration, conforma-
tional transitions, or aggregation. Such polymers can then be
coupled to fluorophores that are insensitive to pH but are
sensitive to their microenvironment. Ideal candidates for this
approach are solvatochromic dyes,”® whose emission wave-
length depends on the polarity of their microenvironment.**?**
When incorporated into pH-responsive unimolecular polymers,
these fluorophores may provide optical readouts of environ-
mental changes through polymer matrix-mediated alterations
in local polarity. The potential for bottlebrush polymers in this
context has not been explored, despite the opportunity to design
nanoparticles with controllable endocytosis for nanomedicine
applications,®®*” where extracting information on intracellular
PH remains challenging to determine. Similarly, MPBs can be
used in 3D printing applications,* whereby a functional ink
that can report environmental changes within the print would
offer new insight into local microenvironments.

Herein we established a proof of concept toward uni-
molecular signal transducers for pH measurements. We
describe the synthesis of a unimolecular core-shell MPB con-
sisting of a pH-responsive poly[(diisopropylamino)ethyl
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methacrylate] (PDPAEMA) core, a poly[poly(ethylene glycol)
methyl ether methacrylate] (PPEGMA) shell and naphthalimide-
based fluorophores within the core (Scheme 1).

Each synthetic step is described in detail in the Experimental
section (SI). To yield our core-shell MPB, we first prepared
a poly(methyl methacrylate-co-2-(2-bromoisobutyryloxy)ethyl
methacrylate) (PMMA,s5-co-PBIEM,5) polyinitiator (P1). As
grafting efficiency from pure PBIEM is only between 50-70%,**"*°
we opted for a copolymer backbone which is easier to handle
without compromising the MPB synthesis. Subsequently, we
grafted a core consisting of a copolymer of (diisopropylamino)
ethyl methacrylate (DPAEMA) and tert-butyloxycarbonyl (boc)-
protected aminoethyl methacrylate (bocAEMA) (ratio 95:
5 mol%) to yield P2. PDPAEMA is a well-known pH-responsive
polymer with a pK, of ~6.3-6.8,>** while the incorporated
bocAEMA units serve as latent amines for post-functionalisation
within the core. The relatively low concentration of dye attach-
ment sites is to minimise fluorophore-fluorophore interactions
and to avoid changes to the responsiveness of the core which
may interfere with fluorescence intensity and interpretation.
Next, a hydrophilic, charge-neutral shell of PEGMA was grafted
from P2 through chain extension yielding the core-shell MPB
P3. The purpose of the shell is to increase colloidal stability and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shield the core from intermolecular interactions.*® Removal of
the boc group then allowed for the selective attachment of
naphthalimide fluorophores (naphmal) to the core to yield our
unimolecular signal transducer P3naph. The 4-amino-1,8-
naphthalimide derived fluorophore was chosen as it is known
to display solvatochromic behaviour due to the effect of solvent
interactions on its intramolecular charge transfer (ICT) char-
acter.>* This property has allowed related naphthalimides to
be used to study dynamic protein interactions,*® in assays
detecting ct-DNA,*” and for distinguishing different organelles
in cell imaging.*®*® Naphthalimides can be designed to act as
pH-responsive fluorophores themselves; however, this requires
additional synthetic steps, for example, the introduction of
functionalities to facilitate photoinduced electron transfer
(PET) quenching.*® The stepwise build-up of the core-shell
MPBs was followed by size exclusion chromatography (SEC)
(Fig. 1A), with the significant shifts in elution volumes after
each grafting step indicating a steady growth in apparent
hydrodynamic volume (i.e. molecular weight increase), along
with relatively low dispersity. Fig. 1B shows a representative
proton NMR spectrum of the final core-shell MPB. Complete "H
NMR spectra for PO, P1, P2 and P3 are provided in the Experi-
mental section (SI, Fig. S1-S4). Table 1 summarises key
parameters of the polymerisations and MPBs.

We initially tested the deprotection and fluorophore conju-
gation steps as an effective post-functionalisation strategy on
a linear copolymer analogue poly(DPAEMA;,-co-bocAEMA;) (SI,
Fig. S5). "H NMR spectroscopy revealed the successful removal
of boc groups through the disappearance of proton signals at
1.44 ppm, while successful fluorophore conjugation was evi-
denced by the appearance of proton signals at around ~7 ppm,
corresponding to the aromatic protons of naphthalimide
(Fig. S6). For the MPB, where conjugation occurs within the
shielded core, successful conjugation of the naphthalimide
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fluorophore was confirmed qualitatively through the fluores-
cence measurements of P3naph, which closely matched that of
the free naphmal (Fig. S7A). In addition, the yellow colouration
of P3naph solution after extensive dialysis further supports
successful incorporation of the naphthalimide fluorophore
(Fig. S7B).

Next, we used dynamic light scattering (DLS), atomic force
microscopy (AFM), and transmission electron microscopy
(TEM) to determine the size of the unimolecular MPBs (Fig. 2).
The hydrodynamic diameter of P3 in deuterated chloroform was
around 34 nm (Fig. 24, red). While AFM and TEM measure-
ments (Fig. 2B and C) are conducted on substrates in the dry
state, they did also reveal a unimolecular character with
comparable nanoscale dimensions. DLS further demonstrated
the expected increase in hydrodynamic diameter from P2 (19
nm) to P3 (34 nm).

As the PDPAEMA core is pH-responsive, it is expected that
the core polymer alone will precipitate at neutral or higher pH
and only be soluble if the pH is sufficiently low to guarantee
hydrophilicity of the protonated DPAEMA units.”"** Given the
core-shell character of our MPBs, the pH-responsiveness is
contained within the core and its collapse can only occur
intramolecularly without affecting the unimolecular character-
istics of the MPBs (Fig. 3A and B). The responsiveness of the
core was evident in DLS where the hydrodynamic diameter of
the MPBs was the smallest at neutral pH (i.e. deprotonated,
hydrophobic core) and slightly increased towards acidic pH (i.e.
protonated, hydrophilic core) (Fig. 3B). This switchability of the
core provides a polarity-tuneable internal environment within
the core-shell MPB nanoparticle. Since the solvatochromic
naphthalimide fluorophore resides within the core, the fluoro-
phore experiences the (de)hydration of the core environment
upon pH changes and alters its fluorescence. The shift in core
polarity translates into a modulated fluorescence output,
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Fig. 1 (A) SEC elugrams obtained in DMAc (50 °C, 1 mL min~?) of backbone P1 (black), core P2 (red) and core-shell P3 (blue). (B) Assigned *H
NMR spectrum of P3naph in CDCls. The black star in the chemical structure represents the fluorophore naphmal.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Key parameters of the MPB synthesis
Conversion® M amr® My sec’ Hydrodynamic

Composition (%) Feed ratio” (kgmol™) (kgmol™) P diameter? (nm)
PO PMMA,5-co-PHEMA,; 99 [1]:[25/25]:[1.5]:[1.1] (c) 103 12 116 —
P1  PMMA;;5-co-PBIEM,5 — 9.7 10.1 1.18 —
P2 [DPAEMAs;-co-bocAEMA;] 24 [1]:[190/10]:[2]:[1.2] (Br)  45.4 51.1 113 19
P3  [(DPAEMA;;-co-bocAEMA,)-b- 23 [1]:[200]: [4]:[2] (C]) 215 262 122 34

PPEGMA ;|

¢ Conversion was determined by "H NMR spectroscopy. M, xmr Was calculated considering 100% grafting efficiency from P1.

b [Polyinitiator] :

[monomer]: [ligand]: [copper halide] (halide) molar feed ratio for the ATRP. ¢ Apparent average molecular weight M, i obtained from DMAc

SEC using monodisperse PMMA calibration standards. ¢

underlining that local environment changes are effectively
transduced through the fluorophore. Photophysical studies on
the free naphmal affirm this behaviour and demonstrate
insensitivity to pH (Fig. S8 and S9). Below the pK, of PDPAEMA,
protonation of the tertiary amines bestows hydrophilicity,
facilitating a polar core environment. At a pH above its pK,,
deprotonation renders the core more hydrophobic, activating
an apolar microenvironment. Thus, fluorescence emission
spectra were obtained in buffer solutions of P3naph at pH
values above and below its pK, (Fig. 3C and S10).

The solvatochromic nature of naphthalimides is thoroughly
studied in the literature.***> Our naphthalimide fluorophore
itself does not show a pH response (Fig. S9), thus corroborating
that the fluorescence changes in our P3naph stem from
a change in their core environments which was caused by the
pH change. This distinction between traditional small molecule
sensors, whose sensitivity is afforded by their intrinsic chemical
and electronic structure,*® and the presented MPB platform is
noteworthy. We describe here a signal transduction platform,
where solvatochromic fluorophores can be ‘sensitised’ to
a stimulus (e.g. pH), which they would otherwise be insensitive
to.

The onset of the fluorescence red shift in P3naph occurred at
pH below the nominal pK, of PDPAEMA, with fluorescent and
size changes observed near pH 5.8 (Fig. S10 and S11). This
indicates a more complex relationship between pH and the core
hydrophobicity than can be explained by simple protonation

1 10 160 10‘00
Hydrodynamic diameter (nm)

Fig. 2

Z-Average of DLS measurements of polymers in chloroform-d.

equilibrium alone. Potential contributing factors include sta-
bilising hydrophobic interactions among the diisopropyl
groups,**” exacerbated by their proximity within a polymer
brush,*” and partial (de)protonation across the polymer chains.
These contributions find some further proof in diluting the
buffers used, i.e. on reducing ionic strength, at pH = 5.1 below
the switching pH = 5.8 noted earlier, the MPB system can be
actuated (Fig. S12). This demonstration of the ion screening
effect exposes additional complex intersystem interactions
beyond the previously thought model. More detailed work is
necessary to fine-tune the response of the fluorophore, for
example via a different core material or fluorophore class to
develop this concept further to allow a more linear response to
pH changes. Our current observations however highlight the
opportunity of nanoscale architecture design to utilise
stimulus-responsiveness within unimolecular nanoparticles.
Nevertheless, the change in fluorescence affirms the function-
ality of the P3naph signal transducer platform, which can be
further optimised and explored for specific applications. As
previously mentioned, the use of MPBs in the biomedical
context has grown enormously in the last decade, and herein we
have also verified that the current unimolecular system is
compatible with cells and are readily taken up into cancer cells
(Fig. S13 and S14). Furthermore, the unimolecular character
offers another opportunity to impart new properties to gels/
prints, which has not been explored to the best of our
knowledge.

(A) Intensity-weighted size distribution from DLS of P2 (black, dashed line) and P3 (red, solid line) in CDCls. (B) AFM heightimage of P3 with

scale bar = 100 nm and z-height: £15 nm. (C) TEM micrograph (negative stain) of P3 with scale bar = 200 nm.
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(A) AFM micrograph of P3naph prepared from methanol with scale bar = 100 nm; z-height = +10 nm. (B) DLS histogram of P3naph in

acetate buffer (0.1 M) at pH 3.3 (solid line) and deionised water (dashed line). (C) Fluorescence emissions spectra of P3naph in acetate buffer (0.1
M) at pH 3.3 (black) and deionised water at pH 6.3 (blue). Aex = 400 nm. Concentration of P3naph was 1 g mL™2.

Two-photon laser printing (2PLP) has become a powerful
fabrication tool to produce nano- and micro-structured mate-
rials with high precision. Particularly, polymer-based inks are
heavily investigated as they endow the printed material with
excellent versatility and adaptability. MPBs offer an unexplored
opportunity to design functional inks for 3D printing applica-
tions. Thus, formulating tuneable inks with the capability to
produce stable, crosslinked networks while at the same time
having stimuli-responsiveness incorporated, is desirable. To
test whether our MPBs can be printed with 2PLP while retaining
their functionality to transduce pH changes, we redesigned our
MPBs and installed methacrylate functionality as a photoactive
crosslinkable group onto its shell.*** We achieved this by

grafting a copolymer of PEGMA-OMe and PEGMA-OH as the
shell. This enabled the installation of methacrylate moieties
onto PEGMA-OH within the shell while leaving the core func-
tionality unchanged (Fig. S15). Subsequently, the photoactive
MPB was formulated into a suitable ink composition for 2PLP.
The synthesis protocol and ink formulation can be found in the
SI. Using a two-photon laser printer (PPGT2, Nanoscribe
GmbH), a snowflake pattern was printed (Fig. 4), and the
resultant structures were swollen in aqueous media. In this way,
we were able to incorporate fluorescent MPBs into high fidelity
microscale prints (Fig. 4A and B). In addition, not only were our
printed materials able to incorporate the fluorescence of
naphthalimide, but more importantly, the responsiveness to

Fig. 4 Top: schematic of shell-crosslinkable core—shell MPBs (i) suspended in solvent (i), and 2PLP into crosslinked snowflake polymer networks
(iii). Bottom: chemical structure of the MPB (left) and (A) SEM and (B) optical microscope images of a printed snowflake structure. (C) False colour
confocal microscopy images using identical capture conditions of printed structures in agueous media: C1 (pH 3) and C2 (pH 7). Scale bars =20 um.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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changes in pH was carried over into the final structures
(Fig. 4C). Incubation of the hydrogels at different pH values
resulted in fluorescence changes which - like our unimolecular
system - stems from the (de)hydration of the PDPAEMA core
within the MPBs that make up the print. Spectral scanning
using a Stellaris Falcon confocal microscope reported the ex-
pected spectral shift within the prints, as observed before in the
unimolecular MPBs in aqueous media (Fig. S16).

Conclusions

We presented a colloidally stable unimolecular core-shell
nanomaterial capable of responding to pH changes by altering
its fluorescence profile. Specifically, our MPB system exploits
a pH sensitive core to alter the core microenvironment to
sensitise a co-localised solvatochromic naphthalimide dye. This
pH-dependent fluorescence change could further be carried
over into a printed hydrogel microstructure obtained using two-
photon polymerisation. Our proof-of-concept study sets the
groundwork for advanced sensors that may become useful for
additive manufacturing, such as inks for hydrogels that can
simultaneously report on environmental changes, or in
biomedicine, where a PEGylated nanoparticle can enter cells or
tumour environments to read out environmental changes as it
is processed by the body.
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