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Stimuli-responsive polymeric nanoparticles hold significant promise for enhancing the delivery of
therapeutic agents, particularly peptides and other small biomolecules. To improve the efficiency of
these drug delivery systems, accurate knowledge of their structural dynamics, disassembly process, and
loading/release behavior is vital. Amongst a myriad of fluorescent probes utilized for this purpose,
environmentally responsive fluorophores demonstrate distinctive advantages due to significant changes
in fluorescence intensity, lifetime and/or emission wavelength with variation in their environment. In this
work, we designed a series of novel multifunctional probe molecules, isoquinoline betaines (IQBs), with
exquisite solvatofluorochromic properties. Through both a steady absorption signal in the visible
wavelength range, and an environmentally dependent emission, these IQBs are a powerful tool for
simultaneously tracking multiple key processes, including nanoparticle formation and disassembly, the
loading and distribution of drug molecules, and the responsive release of drugs. This novel fluorescent
probe was covalently conjugated to a pH-responsive nanoparticle and successfully probed the
nanoparticle’s internal structural rearrangement while also monitoring its drug-release activity of a model
peptide in real-time. This IQB fluorescent probe system enhances our understanding of how
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Introduction

Over the past several decades, nanoparticle-based drug delivery
systems (DDSs) have emerged as a viable pro-drug technology to
overcome the drawbacks of unencapsulated therapeutics, such
as poor stability as well as a lack of target specificity."” The
development of efficient DDSs requires several important
considerations: (i) they can encapsulate various therapeutics
using simple and reproducible techniques and effectively
protect them during the delivery process; (ii) they can release
cargo under targeted conditions in response to an external or
internal trigger; (iii) they allow monitoring of drug release
profiles in real time for investigation of drug delivery efficiency.
In this regard, polymeric nanoparticles are promising DDSs as
they can potentially satisfy all of the above attributes, possess
good biocompatibility, and are readily engineered to incorpo-
rate stimuli responsiveness.**

Many stimuli have been investigated to induce specific cargo
release for DDSs including endogenous stimuli like redox
potential, pH, or enzyme concentration, or external stimuli such
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step forward in the development of more efficient drug delivery systems.

as light.>® However, pH variation has sparked particular interest
among these variables due to its considerable potential for
targeted tumour and intracellular delivery. It is known that pH
values vary significantly between physiologically healthy and
diseased cells. Tumours exhibit low pH values ranging from 6.4
to 6.8 due to their acidic microenvironment, meanwhile,
normal tissue is around 7.4.”7'° An even greater pH difference is
associated with the cellular internalization process. Late endo-
somes and lysosomes, where nanoparticles are typically traf-
ficked to when internalized, have much lower pH, in the range
4.7-5.5."* Thus, pH is a useful trigger to induce site-specific
release in these regions.""

Charge-shifting polymers are commonly used building
blocks to design and construct pH-responsive nanoparticles as
they can be protonated and consequently display a notable
increase in hydrophilicity at pH values below their pK,, usually
leading to nanoparticle disassembly and delivery of their
payload.**¢ Previously, we reported that polymeric core-shell
nanoparticles containing two charge-shifting polymers, poly(2-
diethylamino ethyl methacrylate) (PDEAEMA) and poly(2-
diisopropylamino ethyl methacrylate) (PDPAEMA), can disas-
semble at low pH (<7.0) and also show ability to traffic into the
cytosol from endosomal/lysosomal compartments, a process
called endosomal escape.”*° Furthermore, the disassembly pH
can be modulated by varying the ratio of DEAEMA to DPAEMA
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units in the core polymers, leveraging their respective pK,
values of approximately 7.0 and 6.4.%° The tunable transition pH
and endosomal escape capabilities indicate these constructs
have great potential as nanoparticle-based DDSs.

A critical step in the design of delivery systems is under-
standing the mechanism and efficiency of cargo release. Thus,
there is a significant body of research focusing on developing
techniques to monitor real-time drug loading and release.*"*
The most widely used techniques involve fluorescent drugs or
fluorophore-labelled drugs.* For instance, doxorubicin (DOX)
is a widely known anticancer drug that is intrinsically fluores-
cent, thus it enables the loading and release process to be
tracked without chemical modifications.** In terms of
fluorophore-labelled drugs, a frequently adopted strategy is the
attachment of a therapeutic agent to Cy5, a cyanine dye known
for its red fluorescence. This conjugation with Cy5 facilitates the
non-invasive monitoring of drug release through fluorescence
imaging techniques.*

Recently, there has been a growing interest in incorporating
environmentally sensitive fluorescent molecules into DDSs,***”
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and designing DDSs with switchable (on/off) fluorescent
signals, such as Forster resonance energy transfer (FRET)-based
nanocarriers.”*3° These approaches provide a precise method
for monitoring therapeutic agent delivery in real time.** Such
DDSs are constructed using covalent or non-covalent bonding
strategies to integrate organic or inorganic fluorescent mate-
rials, enabling controlled fluorescence activation or quenching
in response to environmental changes.*> Although existing
methods can elegantly track host-guest interactions, they fall
short in monitoring the structural integrity of the host nano-
particle or the subtle changes in the microenvironment that
occur prior to disassembly. This is critical for understanding
premature drug release or adverse nanoparticle interactions. To
address this, we incorporated our recently developed, highly
environmentally sensitive IQB fluorophore into our charge-
shifting DDS using two complementary strategies: direct
incorporation into the particles and guest molecule conjuga-
tion. This fluorophore enables effective tracking of nanoparticle
behaviour through notable Stokes shift and fluorescence
intensity changes within the established pre-disassembly pH

Shell Polymer

1QB-labelled Core Polymer
(IQB-CP)

IQB-labelled Peptide

Protonation

=>

Water influx

pH = 8.0

—

pH = 6.0

Fig.1 Schematic illustration of the IQB-labelled pH-responsive nanoparticles comprising the amphiphilic shell polymer, P(PEGMA-b-(DEAEMA-
r-DPAEMA)), charge-shifting core polymer, P(DEAEMA-r-DPAEMA-r-IQBMA-r-PFPMA), and the IQB modified model peptide, IQB-Suc-Gly-Gly-
Phe-pNA. These stimuli-responsive nanoparticles exhibit switchable fluorescence, from strong green emission (£, 545 nm) at pH 8.0 to weak
yellow emission (E,, 580 nm) in acidic conditions, indicating the hydrophilic transition within the nanoparticles. Concurrent release of the IQB-
labelled model peptide via the disassembly of the nanoparticles at endosomal pH, is monitored by UV-vis absorption spectroscopy.
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range of our polymeric nanoparticles (Fig. 1). This study
complements the limited existing examples that have investi-
gated biomolecular interactions or organizational changes by
monitoring fluorescence signal variations in response to shifts
in microenvironment polarity or rigidity.**~*

Herein, we report an innovative system which combined
charge-shifting polymers and environmentally
fluorophores within a single DDS to explore the cascade of
events initiated by acidification. We demonstrate the highly
versatile nature of this fluorophore by showing it could be used
to probe changes of particle hydrophilicity as well as cargo
encapsulation and release using a model peptide (betaine
modified Suc-Gly-Gly-Phe-pNA). Peptide-based drugs have been
identified as a potential new generation of therapeutic mole-
cules as they have many advantages over synthetic drugs,
however they are limited by low stability thus making DDSs an
attractive delivery method. In this work, it was shown peptide
cargo was localized in the hydrophobic core, with efficient
release only after particle disassembly.

The IQB fluorophore designed for this study possesses an
asymmetric donor-acceptor-donor’ (D-A-D’) architecture (see
Scheme 1), with significant intramolecular charge transfer (ICT)
following excitation, likely accompanied by significant struc-
tural reorganisation giving rise to the desirable photophysical
properties required for this investigation. These compounds are
related to previously reported pyridinium betaines,**** with the
isoquinoline core being incorporated herein to demonstrate the
retention of desirable photophysics while achieving red-shifted
absorption spectra which is preferred for DDSs. This system
provides an integrated approach for directly observing and
understanding the structural dynamics of polymer-based DDSs

sensitive
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and the interaction of these systems with their cargos, poten-
tially leading to the design of more effective DDSs.

Results and discussion

Synthesis and characterisation of IQBs

The synthesis of IQBs (Scheme 1) involved two Buchwald-
Hartwig aminations to construct an asymmetrically function-
alized isoquinoline scaffold. Initially, aniline was coupled with
6-bromoisoquinoline to form N-phenylisoquinolin-6-amine (2),
which was subsequently reacted with methyl 4-bromobenzoate
(1) to yield compound (3). Compound (3) was then reacted with
octafluorocyclopentene in the presence of water to generate
IQB-1, featuring an ester group. Hydrolysis of the ester
produced the corresponding acid (IQB-2), which was converted
to an amide linkage using mono-BOC-protected ethylene-
diamine to yield (IQB-3). Finally, deprotection afforded the
amine-functionalized (IQB-4), used in all further reactions. All
compounds were characterised by "H and '°F NMR (Fig. S1-
$10).

The normalized UV-vis absorption and fluorescence spectra
of (IQB-1) in four solvents of varying dielectric constant (toluene
- Tol; dichloromethane - DCM; acetonitrile - ACN; and meth-
anol - MeOH; lambda max of the emission - E,,,) were recorded
and are provided in Fig. 2 (corresponding data for the ester
precursor (3) are given in Fig. S13 and Table S1). IQB-1 exhibits
a broad absorption band between 380 and 500 nm, showing
only slight negative solvatochromism across the four tested
solvents. This contrasts sharply with its pronounced positive
solvatofluorochromism in the same solvents, as reflected by
large Stokes shifts that increase with solvent polarity (Alsr;
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Scheme 1 Synthetic route to (a) an asymmetrically functionalized isoquinoline precursor; and (b) isoquinolinium betaines (IQB 1-4).
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Fig. 2 Solvatofluorochromic properties of IQB-1 (10 pM). (a) Normalised absorption and emission spectra of IQB-1 (Green — toluene (Tol);
orange — dichloromethane (DCM); red — acetonitrile (ACN); black — methanol (MeOH)). All spectra were normalized to their respective maximum
intensities to facilitate comparison of spectral shapes across different solvent conditions. (b) Visual images of IQB-1 fluorescence under 395 nm

excitation (from left to right: Tol, DCM, ACN and MeOH).

Table 1 Photophysical properties for IQB-1

Solvent Tol DCM ACN MeOH
A, (nm) 439 437 427 425
Ep, (nm) 528 594 653 648
Ay (nm) 89 157 226 223

7 (ns) 5.62 3.69 <0.10 <0.10
PLQY 0.56 0.16 <0.01 <0.01

emax (M~ em™Y) 37690 (439) 40680 (437) 38220 (427) 37110 (425)

toluene: 89 nm, acetonitrile: 226 nm). Additional photophysical
data, including molar absorptivities, quantum yields and fluo-
rescence lifetimes are summarized in Table 1. The radiationless
decay/fluorescence quenching observed is also common in such
compounds with large geometry changes in the excited state,
such as twisted intramolecular charge transfer (TICT) states.*>**
In this case, twisting of the single C-N bond connecting the
intramolecular donor (diphenylamine) and acceptor (iso-
quinolinium) would generate a relaxed, more twisted confor-
mation and could be responsible for the bathochromic shifts
and emission quenching observed.** Detailed photophysical
interpretation is underway and is out of the scope of this report.

Considering the potential detrimental effects of excitation
light with wavelengths below 400 nm (ultraviolet light) on cell
viability,* the absorption wavelengths of IQBs 1-4 are more
attractive for biological applications. Notably, compared to
other commonly used polarity-sensitive fluorescent probes such
as Nile Red, these IQB derivatives offer distinct advantages that
make them promising candidates for drug delivery applica-
tions. First, the ester group at the IQB-1 position serves as
a modifiable site, allowing for convenient conjugation with drug
carriers or therapeutic molecules without significantly altering
the probe's photophysical properties, thereby enabling versatile
functionalization. Second, the absorption wavelengths of IQBs

22936 | Chem. Sci, 2025, 16, 22933-22943

1-4 are minimally affected by environmental polarity, facili-
tating straightforward and reliable monitoring of drug release
profiles ex vivo via absorption spectroscopy.

Assembly and characterization of IQB attached pH-responsive
nanoparticles (IQB@NP)

In this study, the amphiphilic shell polymer (SP), poly(ethylene
glycol methacrylate)-b-poly(2-(diethylamino)ethyl methacrylate-
r-2-(diisopropylamino)ethyl methacrylate) P(PEGMA-b-
(DEAEMA--DPAEMA)), as well as the charge-shifting core
polymer (CP), poly(2-(diethylamino) ethyl methacrylate-r-2-(di-
isopropylamino) ethyl methacrylate--pentafluorophenyl meth-
acrylate) P(DEAEMA--DPAEMA--PFPMA), were synthesized via
reversible addition-fragmentation chain transfer (RAFT) poly-
merization (Scheme 2). The charge-shifting monomers,
DEAEMA and DPAEMA, are necessary to form pH-responsive
nanoparticles, as demonstrated in our previous work.' The
third component, PFPMA was incorporated into the polymer
backbone to enable post-polymerization modification. The
molecular weights of SP and CP were determined as approxi-
mately 29 kDa and 27 kDa by "H NMR spectra, and the di-
spersities (P) were 1.25 and 1.19 according to Size Exclusion
Chromatography (SEC) (Fig. S14-S18 and Table S2).

Post-synthetic modification of the polymers by coupling the
charge-shifting CP with IQB-4 was successful resulting in IQB-
CP. Following purification, the conversion ratio of this amide
coupling reaction was estimated to be approximately 22%, as
determined by the integration ratio between the attached IQB
and the residual PFPMA in the '°F NMR spectrum (Fig. S19).
The dye-labelled polymer retained the aforementioned respon-
siveness of IQBs, wherein a marked similarity in absorption and
emission spectra was observed (AAgr; Tol: 103 nm, ACN: 225
nm) (Fig. S20).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 RAFT polymerization reaction scheme and structures of four different monomers, amphiphilic shell polymer (SP), P(PEGMA,s5-b-
(DEAEMAg5-r-DPAEMAGs)), and charge-shifting core polymer (CP), P(DEAEMAgq-r-DPAEMAgo-r-PFPMAg).

The covalently incorporated IQB pH-responsive nano-
particles (IQB@NPs) were prepared using a nanoprecipitation
method. A 1:1 weight ratio of SP and IQB-CP was dissolved in
acetone and then precipitated by adding to phosphate-buffered
saline (PBS, pH 8.0). Under these conditions, the nanoparticles
self-assemble with a core consisting of IQB-CP and the charge-
shifting segment of SP, while the PEGMA block of SP remains
exposed to the solvent.*® The resulting particles were purified by
dialysis (24 h, MWCO 100 kDa) and filtered through a 0.45 um
polyethersulfone membrane before characterization. The
resulting nanoparticles were characterized using dynamic light
scattering (DLS), nanoparticle tracking analysis (NTA), and
cryogenic transmission electron microscopy (Cryo-EM) to
determine their size, distribution, concentration and
morphology. While valuable, these techniques require
sampling times of multiple minutes and relatively stable
dispersions to acquire sufficient data, while being unable to
report on small variations within the particle structure. Inte-
gration of solvatofluorochromic IQBs into the polymeric matrix
presents a complimentary method to monitor the microenvi-
ronmental changes within nanoparticles during the pre-
disassembly process induced by pH-jump experiments. This
approach serves to enhance our understanding of the entire
drug release process from initiation to complete disassembly.

The pH-induced disassembly profile of IQB@NPs was
analyzed using DLS, where the size and polydispersity of
nanoparticles were tracked across a pH range of 8.0 to 5.8 at 37 °
C (Fig. 3b) with the disassembly point identified by an abnormal
correction function, low particle counts and a high poly-
dispersity index (PDI). Particle destabilization arises from the
protonation of the tertiary amines located in the nanoparticle

© 2025 The Author(s). Published by the Royal Society of Chemistry

core, leading to increased hydrophilicity, electrostatic repul-
sion, and ultimately nanoparticle disassembly. The mean size of
IQB@NPs increased by 25% from ~160 nm to ~200 nm across
the aforementioned pH range, with disassembly complete on
reaching pH 6.0 (Fig. 3b). A representative Cryo-EM micrograph
showed well-defined spherical nanoparticles with consistent
size (~100 nm at pH 8.0), which is slightly smaller than the
hydrodynamic diameter indicated by DLS (Fig. 3c). The value of
PDI was consistently lower than 0.2, indicating the colloidal
stability and monodispersity of the nanoparticles before
disassembly.

The nanoparticle analysis suggests subtle nanoparticle
swelling before disassembly, indicated by larger particle sizes
combined with stable PDI values (<0.2). Therefore, it is
reasonable to anticipate perturbation of the local environment
within the nanoparticles before disassembly. Understanding
this process is critical for designing more stable DDSs, thus we
attempted to interrogate this dynamic pre-dissociation process
using IQB-labelled CP as a solvatofluorochromic reporter. The
emission spectrum of IQB@NPs was determined in the pH
range 8.0 to 6.0 using 430 nm as the excitation wavelength and
5 min incubation time (Fig. 3d). A decrease of fluorescence
intensity accompanying acidification is observed, along with
a red shift of the maximum emission wavelength, from 545 nm
at pH 8.0 to 580 nm at pH 6.0. As discussed above, we attribute
the intensity changes and distribution shift to the sol-
vatochromic properties, which support a gradual trans-
formation from a hydrophobic to a hydrophilic environment
inside the nanoparticles.

Interestingly, the rate of the hydrophobic-to-hydrophilic
transition can be correlated with pH and the charge-shifting

Chem. Sci., 2025, 16, 22933-22943 | 22937
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Fig. 3 The formation, dynamic pre-dissociation stage and pH-induced disassembly process of IQB-labelled pH-responsive nanoparticles
(IQB@NPs). (a) Graphical representation of the IQB@NPs. (b) Mean diameter (circles) and polydispersity (squares) of IQB@NPs in the pH range
8.0-5.8. (c) Cryo-EM images of IQB@NPs at pH 8.0 (scale bar = 100 nm). Emission spectra of IQB@NPs (d) in the pH range 8.0-6.0; (e) at pH 6.8

within 15 min (E, = 430 nm).

polymer pK,. At pH 6.8, the time-dependent emission spectrum
demonstrated the transition of IQB@NPs over a 15-minute
incubation period (Fig. 3e). Above this pH, the internal envi-
ronment of the nanoparticles showed only a minor change in
polarity within one hour, whereas, below pH 6.8, the particles
were observed to transition completely within 1 minute repre-
senting greater than an order of magnitude rate enhancement
(Fig. s21). The change in kinetics of this hydrophobic-to-
hydrophilic transition aligns with the pK, of the charge-
shifting polymers within this system, with intermediate
kinetics close to this transition point (pH 6.8). This point can be
easily regulated by changing the monomers and their propor-
tions as shown in our previous research.” Importantly, this
study infers that protonation and therefore changes in the
polarity leading to variation in structural and internal particle
chemistry occurred well in advance of particle disassembly—an
intermediate transition that has not been clearly identified in

22938 | Chem. Sci, 2025, 16, 22933-22943

similar polymeric nanocarriers. Direct tracking of this process
by the inclusion of the novel IQB into the core polymer repre-
sents the first example of such a study.

Assembly and characterization of pH-responsive
nanoparticles loaded with IQB labelled peptides (Pep@NPs)

Peptide-based drugs have been identified as a potential new
generation of therapeutic molecules as they have many advan-
tages over synthetic drugs, such as better biocompatibility,
lower cytotoxicity and higher selectivity.*”** To date, there are
more than 50 peptide-based drugs that have reached the
market, and hundreds are in active clinical trials and nonclin-
ical studies.*** However, a non-negligible flaw in the applica-
tion of peptide-based therapeutics is their poor metabolic
stability, which is severely limited by the fact that they can be
degraded by a myriad of proteases inside the biological envi-
ronment. Thus, there is considerable interest in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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development of delivery systems that facilitate the encapsula-
tion and protection of peptides before their controlled release at
targeted sites.

Currently, most research focuses on the release profile of
drug delivery systems, but limited attention is given to the
cargo's distribution within the carrier during the encapsulation
or understanding the kinetics of drug release. To understand all
stages of encapsulation and release of peptide cargo, a betaine
peptide was designed and incorporated into the nanoparticle
system. The carboxylic acid derivative IQB-2 was attached to
a model peptide (Suc-Gly-Gly-Phe-pNA) through amidation, and
the product was confirmed by mass, 'H NMR and '°F NMR
spectroscopy (Fig. S11 and S12). Then, IQB-peptide cargos were
encapsulated within pH-responsive nanoparticles through
nanoprecipitation (Fig. 4a). The purification of obtained
Pep@NPs followed the same procedure as described for
IQB@NPs above. It is worth noting that, given the model
peptide contains only four amino acids and approximately half
of the mass of the IQB-peptide conjugate is attributed to the
fluorescent dye, the behavior of this IQB-peptide is likely to be
strongly influenced by the IQB physical properties. A more
systematic study involving different biomacromolecules is
currently underway.
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Similar to IQB@NPs, Pep@NPs were characterized using
DLS, Cryo-EM and fluorescence spectroscopy (Fig. 5). The
average size of Pep@NPs slightly increased as the pH decreased
according to DLS data (Fig. 5a), ranging from approximately
180 nm at pH 8.0 to around 210 nm at pH 6.2, these values being
slightly larger in comparison to IQB@NPs. The particle disas-
sembly point (pH 6.0) and the consistently low values of PDI
(below 0.2) suggested no discernible influence attributable to
cargo encapsulation. The representative image of Cryo-EM
revealed well-defined spherical shapes with an approximate
diameter of 110 nm (Fig. 5b). Following dialysis, Pep@NPs
showed the characteristic absorption/emission spectra of IQBs
(Fig. S22), indicating the encapsulation of these modified
biomolecules into the nanoparticles. The emission spectrum
was subsequently used to analyze the drug distribution within
the nanoparticles before acidification. Pep@NPs displayed the
most intense emission signal at pH 8.0, with the peak reaching
its maximum around 545 nm (Fig. 5c). This observation aligns
with the spectrum obtained from the hydrophobic core of the
nanoparticles, as discussed earlier. This result supports the
hypothesis that IQB-peptides were located within the hydro-
phobic pocket, rather than at the interface or attached to shell
polymers. The absence of the '°F signal in the NMR spectrum at
pH 8.0 which reappears after disassembly at lower pH values

Water influx

Disassembly and
drug release

Fig. 4 Graphical representation of the composition of peptide-encapsulated pH-responsive nanoparticles (Pep@NPs) and the proposed
mechanism for pH-induced disassembly. Schematic diagram of (a) the formation of Pep@NPs; and (b) three stages of Pep@NPs in response to
acidification (cargo-loaded stage, structural rearrangement stage, and drug release stage).
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Fig. 5 Properties and morphology of peptide-encapsulated pH-responsive nanoparticles. (a) Mean diameter (circles) and polydispersity
(squares) of Pep@NPs in the pH range 8.0-5.8. (b) Cryo-EM images of Pep@NPs at pH 8.0 (scar bar =100 nm). Emission spectra of IQB@NPs (c)

in the pH range 8.0-6.0; and (d) at pH 6.6 within 15 min (E, = 430 nm).

also supports this conclusion. The inner hydrophobic region of
nanoparticles is dense and isolated from the deuterated solvent,
leading to significantly shorter spin-spin relaxation times (T2)
and the loss of signals in NMR (Fig. S23).°* Collectively, these
results demonstrated that utilizing IQB for cargo labeling
provides a straightforward approach to validate successful
encapsulation and investigate cargo distribution within the
carriers (hydrophobic core or hydrophilic shell) at the initial
stage through the corresponding emission spectrum.

As previously explained, the acidification process induced
a progressive transformation in the internal environment of
these pH-responsive nanoparticles, transitioning from hydro-
phobic to hydrophilic and ultimately leading to complete
disassembly at pH 6.0. The emission spectrum of Pep@NPs
demonstrated a similar trend to that observed in IQB@NPs,
characterized by a substantial decrease in intensity and a bath-
ochromic shift corresponding to increased polarity (positive
solvatofluorochromism) (Fig. 5c). However, despite the iden-
tical framework formulations of these two nanoparticles and no
variation in the pH of complete disassembly, there was a slight
difference in the transition point of the emission spectrum for
these two nanoparticles. In contrast to IQB attached to CP
through covalent bonds (IQB-CP), the emission spectrum
showed that the loaded IQB-peptides were in a polar

22940 | Chem. Sci., 2025, 16, 22933-22943

environment at pH 6.6 instead of pH 6.8. The whole trans-
formation process was completed within 15 minutes, charac-
terized by a 10 nm peak shift (from 555 nm to 565 nm) and
approximately a 50% decrease in emission intensity (Fig. 5d).
Based on these results, it is suggested that there is a polarity
switch within the nanoparticle interior before the carriers di-
sassembled (Fig. 4b). However, no notable emission difference
was observed between this intermediate state and complete
disassembly, suggesting that peptides were fully exposed to the
buffer solution after the transition point. Thus, further inves-
tigation into the drug release profile is essential to determine
whether peptides were prematurely released from this delivery
system at pH values higher than 6.0.

Stability and peptide release tests of Pep@NPs

Prior to conducting the peptide release test, stability assess-
ments of the carriers were undertaken through four hours of
DLS measurements. The polydispersity of Pep@NPs at different
pH levels remained stable, consistently below 0.2 throughout
the duration, indicating there was no evident structural rear-
rangement (swelling/aggregation) within these carriers (Fig. 6a).
In terms of the mean size of the nanoparticles, pH 6.6 exhibited
relatively larger sizes compared to pH 7.4 and pH 8.0, aligning
with hydrophobic-to-hydrophilic transition discussed earlier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Stability tests of Pep@NPs at pH 8.0, pH 7.4 and pH 6.6 for 4 h
measured by DLS. (a) Mean diameter (circles) and polydispersity
(squares); (b) relative light scattering intensity.

However, no substantial fluctuations were observed for all
three samples when maintained at a specific pH, indicative of
strong colloidal stability across the pH range from 8.0 to 6.6.
Beyond size and polydispersity, the recorded parameter of light
scattering intensity was employed to demonstrate changes in
nanoparticle concentrations. The intensity of the scattered light
is dependent on the size and concentration of analytes.>*
Considering the absence of significant size changes across all
samples, the decrease in intensity can be attributed to the loss
of nanoparticles in solution. Pep@NPs at pH 8.0 maintained
nearly 100% relative intensity after 4 hours of incubation,
whereas Pep@NPs at lower pH values exhibited a gradual
decline in nanoparticle concentration, approximately 17% for
PH 7.4 and 25% for pH 6.6 (Fig. 6b). This decline is attributed to
the charge-shifting nature of DPAEMA and DEAEMA mono-
mers, reducing the hydrophobicity of CPs after being partially
protonated and thereby compromising the stability of nano-
particles formed through hydrophobic interactions. Based on
this data, it is reasonable to assert that Pep@NPs would exhibit
sufficient stability in a solution with a pH above 6.6, enabling
the investigation of the drug release profile.

Peptide release behavior was examined under simulated
biological conditions utilizing the dialysis method.”® A 5 kDa
molecular weight cut-off dialysis tube was employed for
a duration of 3 hours, with the buffer being changed every half
hour, facilitating the unrestricted diffusion of IQB-peptides
(Mw 1 kDa). In contrast to the emission spectrum, which
exhibited sensitivity to alterations in surrounding solution
polarity, the absorption spectra of IQBs and IQB-modified
materials did not show discernible differences in terms of
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Fig. 7 Model cargo release profile of Pep@NPs at four different pH
values (8.0, 7.4, 6.6 and 5.8) measured using UV-vis absorption
spectroscopy.

intensity across various solvents (Fig. S24). Hence, the decrease
in intensity signified the release of IQB-peptides, transitioning
from the nanoparticles to the buffer solution outside the dial-
ysis bag.

As a control, approximately 6% of IQB-peptides were
released after 180 minutes at the initial condition (pH 8.0),
demonstrating the good stability of Pep@NPs before the
protonation of the amine group (Fig. 7). In the corresponding
timeframe, approximately 45% of model peptides were lost
from nanoparticles at pH 7.4 and pH 6.6, while around 80% of
model peptides were released at pH 5.8. It is noteworthy that,
despite the pronounced change in the emission spectrum
observed at pH 6.6, indicative of buffer influx and hydrophilic
transition, this did not lead to a more substantial cargo leakage
compared to Pep@NPs at pH 7.4. This suggests that for the size
of this cargo the increased hydrophilicity and size of the poly-
mer matrix as a result did not allow for efficient release, this is
likely to change with size of cargo or variations in polarity.
However, it underscores the challenges with the non-covalent
loading of cargo within a polar matrix. Interestingly, the
complete release of IQB-peptides was not observed even at pH
5.8. This can be attributed to the partial entrapment of peptides
through association with the hydrophobic backbone of poly-
mers, whose molecular weight (~27 kDa) surpasses the cut-off
limit of the dialysis bags (5 kDa).

Conclusions

In summary, we have developed pH-responsive IQB-containing
nanoparticles, showcasing the capacity for internal structural
rearrangement and real-time monitoring of drug release. The
newly developed multifunctional fluorophores exhibit environ-
mental sensitivity that allows them to be used to study nano-
particle formation and disassembly, the loading and
distribution of drug molecules, and the responsive release of
drugs. The pH-responsive nanoparticles in this study were
formed by nanoprecipitation, demonstrating pH-induced
disassembly observed through DLS. The solvatochromic prop-
erties of IQB-labelled CP revealed a gradual hydrophobic to

Chem. Sci., 2025, 16, 22933-22943 | 22941
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hydrophilic transformation within the nanoparticles. A transi-
tion point at pH 6.8 indicated a rapid transition to a highly polar
environment. This is attributed to tertiary amine protonation
during charge balancing, causing buffer solution uptake within
the nanoparticles. Moreover, a model peptide was modified
with IQB-2 and loaded into pH-responsive nanoparticles
(Pep@NPs). The emission spectra demonstrated successful
encapsulation and offered insights into cargo distribution and
the change of internal environment. The Pep@NPs experienced
an internal hydrophilic transition at pH 6.6, prior to their
complete disassembly at pH 6.0. In the following drug release
assessment, a retention rate exceeding 90% was observed at pH
8.0, while more than 75% of model peptides were released at pH
5.8, indicating promising capability for pH dependent targeted
delivery. Notably, despite the notable emission spectrum shift
at pH 6.6 indicating hydrophilic transition, it did not result in
a considerably greater cargo leakage compared to Pep@NPs at
pH 7.4, with approximately 45% of model peptides being
released from the nanoparticles at both pH levels. In conclu-
sion, this study presents a versatile fluorescent sensing plat-
form based on polarity-sensitive IQB derivatives for probing
nanoparticle structural transitions and in vitro drug release
behaviours under acidic conditions. While designed as a proof-
of-concept, this system lays the groundwork for future optimi-
zation toward real-time monitoring and enhanced under-
standing of environmentally responsive drug delivery systems.
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