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Nature provides ample examples of dynamic materials in which stimuli-responsive motifs are
paramount to their adaptive functions, inspiring efforts to translate such behaviour into
synthetic systems. Light is a particularly attractive stimulus due to its precise temporal and
spatial controllability and its clean and non-invasive nature. In single-chain polymeric
nanoparticles (SCPNs), light-responsiveness has predominantly been engineered through
covalent photochemistry, leaving the potential of solubility-switching photoswitches largely
unexplored. Therefore, we here introduce light responsiveness into SPCNs by incorporation
of donor-acceptor Stenhouse adducts, spiropyrans and aryl azopyrazolium photoswitches,
each of which undergoes photoisomerization to a more hydrophilic state upon irradiation. This
strategy enables us to probe how a molecular adjustment in hydrophobicity influences the
SCPNS behaviour within their inherently dynamically collapsed conformations. In our strategy
we first study the photophysical properties of the photoswitches within the SCPNs, allowing us
to identify the most robust and stable system. Further, we disentangle global and local effects
by examining the global particle conformation using small-angle X-ray scattering and the
polymer microstructure through pyrene fluorescence. Our results demonstrate that local
microstructure and global conformation can be decouples, highlighting that polarity modulation
does not necessarily induce large-scale structural reorganization. These insights emphasize
the importance of precise polymeric design for future biological applications.
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DOI: 10.1039/x0xx00000x Inspired by nature’s dynamic materials, we here develop photoresponsive single-chain polymeric nanoparticles (SCPNs) that
undergo light-induced changes in their polymeric microenvironment while retaining their global conformation. Stimuli-
responsive SCPNs have been explored, but stable photoswitches that operate through solubility switching in water remain
underdeveloped. We investigate water-soluble SCPNs with three different covalently attached photoswitches that are based
on donor-acceptor Stenhouse adducts (DASAs), spiropyran, or the aryl azopyrazolium ionic photoswitch (AAIP). From the
photophysical studies, we identify AAIP as the most robust photoswitch, displaying excellent photostability, high
photostationary-state fidelity, and minimal fatigue. Using dynamic light scattering (DLS), fluorescence probes, nuclear
magnetic resonance (NMR), and small angle X-ray (SAXS) studies, we elucidate how photoswitching and side-graft design
affect the global SCPN conformation. SAXS reveals compact nanoparticles (Rg = 5-6 nm) for all AAIP functionalized polymers,
and their global conformation is not affected by the E-Z photoisomerization of the AAIP grafts. In contrast, NMR and
fluorescence data indicate a clear shift in microenvironment polarity upon photoisomerization. In addition, cytotoxicity
assays show that the biological response is highly sensitive to subtle structural variations within these polymers. Together,
these findings expand our knowledge of light-responsive SCPNs by introducing a new, stable photoswitch. Our results
demonstrate that local microstructure and global conformation can be decoupled, and highlight the importance of precise
polymer design for future biological applications.
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Introduction

Nature provides examples of dynamic and
responsive materials, inspiring the development of smarter
synthetic systems with enhanced functionalities.® Over recent
decades, the design of stimuli-responsive materials has
emerged as a central theme, leading to systems responsive to
diverse triggers, such as pH?3, temperature*®, metal ions®7,
small molecules®® and light'%11, Among these stimuli, the use of
light is particularly attractive due to its precise temporal and
spatial controllability and its clean and non-invasive nature.
Furthermore, when operating in the visible range, it is largely
non-destructive. Consequently, light-responsive moieties,
photoswitches, have been widely integrated into functional
materials.

A broad variety of photoswitches is available, including
azobenzenes!?, spiropyrans®® and donor-acceptor Stenhouse
adducts (DASAs)™. Although their photochemical mechanisms
differ, photoisomerization in each case typically introduces
changes in polarity, hydrophilicity and molecular geometry. In
aqueous environments, these changes provide a means to

numerous
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systems.

Azobenzenes represent one of the most extensively studied
classes of photoswitches.>'¢ Upon UV irradiation they undergo
an isomerization from the stable E to metastable Z-isomer. The
metastable Z-isomer subsequently isomerizes back to the E-
isomer, a process which can be accelerated using light of a
specific wavelength. The dipole moment of the Z-isomer is
significantly larger than that of the E-isomer, resulting in the Z-
being more polar and hydrophilic.?” Classical
azobenzenes exhibit excellent photostability with minimal
fatigue, yet they are challenged by relatively short Z-isomer
lifetimes and limited water solubility.’® These drawbacks have
led to the development of heteroaryl azo dyes such as aryl
azopyrazoles.!® Recent work by Venkataramani and coworkers
further advanced this class by quarternizing the pyrazole ring,
yielding aryl azopyrazolium ionic photoswitches (AAIP) with
enhanced water solubility, excellent switching performance,
and markedly slower thermal relaxation.?®

To the best of our knowledge, AAIPs have not yet been applied
to control conformational changes within macromolecular
systems. In contrast, aryl azopyrazoles have been successfully
used to modulate the conformation of well-designed
architectures. For example, Manna et al. incorporated aryl
azopyrazole side chains into a poly(ethylene glycol
methacrylate)-b-poly(aryl azopyrazole methacrylate)
copolymer, demonstrating that photoinduced E-Z isomerization

isomer
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Scheme 1 A) Visual representation of a random heterograft amphiphilic polymer decorated with a photoresponsive motif and its collapse in agueous environments. B) General

structures of common photoswitches DASA, SP and AAIP and their characteristics.

leads to a pronounced deformation of spherical polymeric
micelles.?! Furthermore, Laschewsky and coworkers employed
an aryl azopyrazole moiety to impart thermo- and
photoresponsive behaviour to water-soluble acrylamide
copolymers, enabling reversible tuning of the LCST phase
transition through E-Z isomerization.??

In contrast to the E-Z isomerization of azobenzene derivatives,
spiropyrans shift between a neutral hydrophobic spiropyran
(SP) isomer and a highly polar zwitterionic merocyanine (MC)
isomer. This isomerization is accompanied by a substantial
increase in dipole moment and a corresponding decrease in
hydrophobicity.1323 These properties have been exploited to
modulate hydrophilicity in soft materials, for example in
hydrogels, as demonstrated by Li et a/.?* Kohane and coworkers
further used spiropyrans to control nanoparticle conformation,
observing reversible size changes from 150 to 40 nm upon
photoisomerization.?> Furthermore, spiropyran functionalized
hyperbranched polyglycerols were engineered to regulate
polymer micelle assembly and disassembly via the
photoisomerization process.2°

Both azobenzenes and spiropyrans typically require UV light for
activation. To enhance tissue penetration and hereby reduce
potential phototoxicity effects in biological application, Read de
Alaniz and co-workers applied DASAs, which respond to visible
light.2” DASAs consist of a donor-acceptor framework
connected by a triene bridge, enabling reversible switching
between the elongated, strongly coloured triene isomer and the
colourless, polar cyclopentenone isomer. This loss of color,
named negative photochromism, improves light penetration by
reducing absorption in already activated regions. Moreover, the
isomerization is accompanied by a significant difference in
solubility parameters.?® These characteristics have been

2| J. Name., 2012, 00, 1-3

employed in a micellar drug delivery vehicle, showing the
potential of DASA in biomedical applications.?® Additionally,
DASA incorporation was used to tune the permeability of
polymersome membranes, leading to control over substrate
diffusion.30

Inspired by examples, photo-
responsiveness into single-chain polymeric nanoparticles
(SCPNs) by introducing DASA, spiropyran or AAIP grafts. SCPNs
are widely studied and show promising applications in
biosensing3!, drug delivery3233 and green343> and bio-
orthogonal catalysis.3® SCPNs form by the spontaneous
collapse/folding of a single, amphiphilic heterograft polymeric
chain in water, creating a nanoparticle with protein-like
characteristics.3738 This collapse can be driven by covalent
crosslinking,3® H-bonding units,*%41 metal coordination*>43 or
hydrophobic effects.** Interestingly, light-responsive
crosslinking strategies have been reported as a means to
control chain conformation of SCPNs. Our group has shown that
coumarin photo-dimerization enables pathway-dependent
SCPN morphologies, obtaining control over the compactness
and size of the resulting SCPNs.#> Building on this concept, the
crosslinking and fluorescence reporting function was unified in
one motif using the nitrile imine-mediated tetrazole-ene
cycloaddition (NITEC) reaction.*® Similarly, Barner-Kowollik and
coworkers used the metal coordinating functionality of a
spiropyran functionalized PEGMEMA to induce a light-triggered
collapse of the polymeric chain.*”

In the present study, we use SCPNs comprising a random
heterograft amphiphilic polymer relying on the hydrophobic
effect for particle formation (Scheme 1). Herein, the
hydrophobic side-grafts drive the collapse of the polymeric
chain, while hydrophilic side-grafts ensure the water solubility

these we introduce

This journal is © The Royal Society of Chemistry 20xx
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of the nanoparticle. As the solubility characteristics of
photoswitches vary greatly between photoisomers, grafting
such moieties covalently onto the amphiphilic polymeric
backbone is expected to influence the SCPN morphology in
aqueous environments. We therefore investigate the influence
of DASA, spiropyran and AAIP photoswitches on SCPN
morphology. We further explore how the photoisomerization
process modulates the SCPN conformation and assess how this
impacts the biological applicability of the resulting systems.

Results and Discussion
Polymeric design and synthesis

To study the influence of covalent side-grafting of
photoresponsive moieties on SCPNs, we designed a series of
random heterograft polymers inspired by architectures
previously developed in our group.*® By systematically varying
the photoswitch, hydrophilic component and overall
composition, we create distinct polymer microstructures that
enable us to probe the photoisomerization effects across
multiple polymeric environments. The compositions of the
photoresponsive polymers P1-P5 are summarized in Table 1.

P1-P5 were synthesized analogous to the previously reported
post-functionalization approach (synthetic details in ESI).*° First,
a RAFT-polymerized poly(pentafluorophenyl acrylate)
homopolymer (pPFPA) was synthesized, which was
subsequently decorated with n-dodecylamine side-grafts to
induce hydrophobic collapse and either Jeffamine M1000 or
glucosamine to impart water solubility. Propargylamine was
introduced as an additional graft to function as click-handle for
the later photoswitch addition (Chart 1). Several polymer
compositions were designed. For Jeffamine M1000-decorated
SCPNs, 80 mol% Jeffamine, 10 mol% n-dodecyl-amine and 10
mol% propargylamine were used. These ratios were chosen
based on prior work showing that 20 mol% n-dodecylamine and
80 mol% Jeffamine resulted in well-collapsed particles.>° In
addition, the amount of functional alkyne was kept below 10
mol% as we anticipated that a higher amount of photoswitch
(see below) may lead to changes in global conformation as a
result of charge repulsion®! or lead to cytotoxicity effects in
cellular media®2. For glucose-based SCPNs P4 and P5, the
hydrophilic content was slightly increased to 85 mol% to
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Chart 1 Chemical structures of the studied amphiphilic polymers P1-P9.

compensate for the smaller size of the glucose moiety. P4 and
P5 contain the same monomeric components but differ in their
composition. P4 incorporates 10 mol% n-dodecylamine and 5
mol% propargylamine, whereas P5 contains 5 mol% n-
dodecylamine and 10 mol% propargylamine, maintaining a
constant total hydrophobic content of 15 mol%.

All amphiphilic polymers were subsequently conjugated to a
photoswitch - DASA, SP, or AAIP - via CUAAC chemistry, yielding
polymers P1-P5 (Chart 1, Table 1).53 The photoswitches were all
synthesized following literature procedures, modified to
include an azide functionality to ensure compatibility with the
CuAAC reaction and a Cl1l1 or C12 hydrophobic spacer to
enhance the hydrophobic effect (synthetic details in ESI, Figure
S1—552).

These synthetic efforts resulted in a focused polymer library.
The Jeffamine M1000 decorated polymers P1-P3 bearing the
three different photoswitches allow direct comparison of
photophysical behaviour. The AAIP functionalized polymers P3-
P5 further enable us to examine how polymer microstructure
influences photoswitch performance. To support these
comparisons, several control polymers were included: P6 and
P7, the respective precursors to P4 and P5, contain only the
propargyl functionalized backbone; P8, comprising 20 mol% n-
dodecylamine and 80 mol% Jeffamine M1000, represents our
established benchmark for Jeffamine M1000 based SCPNs and
P9 is a fully hydrophilic polymer bearing 100 mol% glucose side
chains.

Table 1 Overview of the amphiphilic copolymer composition, theoretical number averaged molecular weight (M,) and molar mass dispersity (P) of P1-P9

Polymer X y R: z R. DP? M,.,th"(kE/moI) 24
P1 0.10 0.80 Jeff 0.10 DASA 194 186 1.47¢
P2 0.11 0.82 Jeff 0.07 SP 200 188 1.91¢
P3 0.10 0.80 Jeff 0.10 AAIP 194 180 1.29¢
P4 0.10 0.86 Glu 0.04 AAIP 173 42 1.95f
P5 0.06 0.86 Glu 0.08 AAIP 173 44 -8
P6 0.10 0.86 Glu 0.04 Propargyl 173 40 1.87f
P7 0.06 0.86 Glu 0.08 Propargyl 173 44 1.84f
P8 0.20 0.80 Jeff 0 - 194 178 1.38¢
P9 0 1.0 Glu 0 - 173 38 1.36f

x,y and z were determined by °F-NMR. 2Determined from conversion calculated from **F-NMR. M+, was calculated from DP and the composition. °© was measured by
SEC. e DMF with 10 mM LiBr, relative to poly(ethylene oxide standards). fPBS (pH=7.4), relative to poly(ethylene oxide standards). eCould not be determined.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 A) Chemical structures of the photoresponsive side-grafts and their photoisomerization. B) Thermal stability in dark conditions of P1-P3 in Milli-Q under dark
conditions. Absorption spectra are evaluated at the absorption maximum with P1a at 551 nm, P2a at 540 nm, P3a at 345 nm and P3b at 426 nm. C) lllumination kinetics
of P1-P3 in Milli-Q. P1a is illuminated with 530 nm light, P2a and P3a with 365 nm light. P1a is evaluated at 559 nm, P2a at 551 nm and P3a at 345 nm. In-situ absorbance
spectrum in Milli-Q under illumination conditions of D) P1a illuminated with 530 nm light, E) P2a illuminated with 365 nm light and F) P3a illuminated with 365 nm light.

[Polymer] = 1 mg/mL.

All polymers were fully characterized using *H-NMR and GPC
(Table 1, Figure S53-S83). The successful incorporation of the
photoresponsive moieties was confirmed using *H-NMR, where
in all polymers characteristic peaks for the photoswitches were
visible, albeit too small to accurately quantify. The efficiency of
the CuAAC reaction was therefore quantified via UV-
absorbance of P3 and was found to be >95% (Figure S84). Due
to insolubility of the DASA and SP photoswitch in water, this
analysis was not performed for P1 and P2, but we assume a
similar efficiency.

Photophysical characterization of photoswitch-functionalized
polymers

4| J. Name., 2012, 00, 1-3

To compare the behaviour of different photoswitches within a
consistent polymeric environment, we evaluated the
photophysical properties of P1-P3, in which DASA, SP, and AAIP
photoswitches, respectively, are grafted onto the Jeffamine
M1000 based SCPN scaffold. This polymer architecture serves
as our benchmark for assessing photoswitch performance in
aqueous media. First, we assessed the thermal stability of the
photoswitches when covalently attached to the SCPN
backbone. Especially DASA and SP photoswitches are known to
potentially exist in equilibria between their respective isomeric
states, depending on the local environment (Figure 1A).28 Figure
1B therefore represents the normalized absorbance at the
characteristic wavelength of the more hydrophobic isomer

This journal is © The Royal Society of Chemistry 20xx
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(Figure 1A), allowing us to monitor thermal isomerization over
time. P1, containing the DASA photoswitch, exhibits a
pronounced decrease in absorbance at 551 nm, corresponding
to the open Plaisomer. This decline reflects thermal conversion
to the zwitterionic P1b form, with a measured half-life of 1.3 h.
The system ultimately reaches a photostationary state (PSS)
with a P1a:P1b ratio of 38:62. Similarly, P2 gradually transitions
from the closed spiropyran (P2a) to the merocyanine (P2b)
form, evidenced by an increase in absorbance around 550 nm
over 15 h (Figure 1B, S85-86). These transitions are also visually
apparent: the vibrant purple of isomer P1la in P1 fades over
time, while P2 develops a pink hue indicative of the
merocyanine (P2b) species.

In contrast, P3, functionalized with AAIP, is extremely
photostable in its thermodynamically favoured E-isomer (P3a,
Figure 1A). No significant changes are observed in the
absorbance bands at 345 nm (rt-it*) and 436 nm (n-1t*) over the
same time period (Figure 1B, S87A,B).

Upon irradiation with the appropriate wavelength, P1-P3 all
undergo photoisomerization, though with markedly different
kinetics (Figure 1C). P1 responds slowly to 530 nm light, showing
a 90% reduction in the 559 nm absorption band over 120 min
(Figure 1D). Interestingly, partial thermal recovery (~20%)
occurs overnight, contrasting with the typical irreversible
switching of first-generation DASAs in water (Figure S88).
Similar effects have been observed for sterically congested
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DASA.5* P2 undergoes rapid photoisomerization, from P23, te
P2b upon illumination with 365 nm lightQré8eRMEOMEBIAYam
absorbance at 551 nm within ~1.5 min (Figure 1E). However,
continued illumination leads to photobleaching, as indicated by
the upward trend in Figure 1C. The merocyanine form also
thermally relaxes back to spiropyran with a half-life of 25 min
(Figure S89). P3 demonstrates the fastest and most robust
switching behaviour from P3a to P3b. E-Z isomerization occurs
within 30 s upon 365 nm light irradiation, with no
photobleaching observed (Figure 1F). The Z-isomer (P3b)
remains highly stable, retaining 91% of its absorbance at 432 nm
over 15 h (Figure 1B). Reversible Z-E isomerization is efficiently
induced by 450 nm light, enabling precise control (Figure S87C).
Over three switching cycles, P3 maintains 99% of its
absorbance, indicating minimal fatigue (Figure S87D). Polymers
P4 and P5, also functionalized with AAIP, exhibit analogous
photophysical behavior (see S90-92). Importantly, P4 shows
switching within one minute under 25-fold reduced light
intensity, supporting their suitability for biologically relevant
applications (Figure S91C).

Together, these results show that while all photoswitches
undergo light-induced isomerization when incorporated into
SCPNs, their stability and reversibility differ markedly. The
pronounced thermal relaxation observed for DASA and SP likely
arises from the dynamic, loosely packed nature of SCPNs, which
resemble intrinsically disordered proteins rather than compact

B)
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Figure 2 SAXS analysis of P3-P5 in Milli-Q. A) Kratky plots, B) Fractal dimension analysis of P3a-P5a in water performed at high g power law regimes. SAXS curves are off-
set for clarity. C) SAXS curves of P3a-P5a in water and the form factor fit of flexible cylinder for P3a and core-shell ellipsoid for P4a and P5a. [P3] = 2.5 mg/mL, [P4-5] = 2
mg/mL. SAXS curves are off-set for clarity. D) SAXS curves of P4 in water pristine (P4a) and after illumination with 365 nm light (P4b). [P4] = 1 mg/mL.
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hydrophobic domains.>® This structural softness may limit the
shielding of the photoswitch from water, in contrast to more
rigid assemblies such as polymersomes, where hydrophobic
confinement stabilizes apolar isomers.3°

Given the requirements of this study, i.e. precise control over
photoisomerization and long term stability on timescales
relevant for conformational and biological experiments, we
focus subsequent investigations on AAIP functionalized SCPNs.

Global conformations in AAIP-based polymers

With the development of SCPNs functionalized with the highly
controllable and stable photoswitch AAIP, our aim is to
investigate their conformational properties in aqueous solution.
Previous studies demonstrated the profound influence of side-
graft composition on particle conformation, influencing
parameters such as size, shape, compactness and aggregation
propensity.*150 Here, we introduce a positively charged side-
graft and evaluate how this modification affects the collapsed
conformation of the resulting SCPNs. We determine whether
our newly designed SCPNs remain collapsed in water and
characterize their compactness, size and shape. To this end, we
employ small-angle x-ray scattering (SAXS), dynamic light
scattering (DLS) and both proton- and diffusion-ordered
spectroscopy- (DOSY) NMR spectroscopy.>®

Polymers P3a-P5a were first evaluated in Milli-Q in their pristine
E-isomer using SAXS. Collapse of the SCPNs was assessed using
Kratky analysis (Figure 2A). All polymers displayed a peak in the
Kratky plot, consistent with a collapsed structure. P4a and P5a
exhibited a sharper peak than P3a, indicating a more
pronounced collapsed and compact structure. These
observations align with previous results where a Jeffamine
M1000-based SCPNs resemble an intrinsically disordered
protein in Kratky analysis and glucose-based SCPNs obtain a
more collapsed conformation.5%3> The control polymer P9,
containing 100% glucose side-grafts, showed an increasing,
featureless Kratky plot, characteristic of an unfolded
conformation (Figure S93). These finding are corroborated by
1H-NMR spectroscopy. Hydrophobic collapse was assessed by
comparing spectra for P3a in CDCl; and D0 and P4a and P5a in
DMSO-dg and D,0. In organic solvents, all side-graft signals were
well resolved for P3a-P5a. In contrast, in D,O, significant peak
broadening and signal reduction was observed for n-dodecyl
and AAIP side-grafts, consistent with reduced T2 relaxation

MolecularSystems Design & Engineering

times. This effect is indicative of confinement of the pratonsef
interest due to particle formation (Figure 887 58,635 658806957
Furthermore, DOSY-NMR shows that P4a and P5a diffuse more
rapidly than the non-collapsed P9, confirming their collapsed
structure (Table S1).

Having confirmed their collapsed nature, we next studied the
size of the SCPNs. The radius of gyration (Rs) was determined
using Guinier analysis. For P3a-P5a, the extracted Rg values fall
within the same order of magnitude, ranging from 5-6 nm
(Table 2). The R of 5.6 nm of P3a is consistent with the SCPN
size range.>® Given the much smaller size of polymers P4a and
P5a, smaller Rs values were expected for a single chain
nanoparticle. Furthermore, previous MD simulations revealed
that the structure of a multichain aggregate of 3 chains agrees
better with the experimental SAXS data for glucose-based
polymeric nanoparticles.>® Therefore, we hypothesize here that
P4a and P5a consist out of small amphiphilic polymeric
nanoparticles comprising multiple chains. Additionally, P3 also
contains a small fraction of larger aggregates as evident by the
upturn at low g-range in the Guinier plot (Figure S94). From DLS
analysis, the hydrodynamic radii were obtained. Here, P3a
demonstrates a monomodal size distribution with a Ry = 6.5
nm. P4a and P5a form particles of Ry =5.3+0.6 nmand Ry =6.3
+ 0.6 nm respectively. The ratio Rg/Ry, also called the shape
factor p, provides information on the particle morphology. For
all systems, p exceeds 0.77, which is inconsistent with a
homogeneous solid sphere (p = 0.775) and suggests an
elongated or anisotropic conformation. All samples exhibit
smooth particle surfaces, as evidenced by the high g-range of
the SAXS profiles, which yield fractal dimensions (Dhigh) close to
4, an indication of smooth surfaced particles. In contrast,
control polymer P9 has a fractal dimension of 1.7, exactly in
agreement with the value for a well-solvated polymer with
excluded volume (Figure 2B, Table 2, S3).

Further insight into the shape of the SCPNs is obtained using
form factor fitting. From the different shapes of the 1D SAXS
curves of P3a-P5a, we can immediately conclude that all
designed SCPNs have a different structure (Figure 2C). For P3a
a smooth curve with little features is obtained, in line with
previous Jeffamine M1000 polymers studied in our group and
suggests a worm-like structure. We could indeed successfully fit
the curve of P3a with a flexible cylinder model, obtaining a
length of 42 nm and radius of 2.2 nm. The fitted length is
significantly reduced compared to the theoretical contour
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Figure 3 Dynamic light scattering correlogram curves for A) P3, B) P4 and C) P5 at 90° in Milli-Q before (P3a-P5a) and after illumination with 365 nm (P3b-P5b). [P3] = 1

mg/mL, [P4-5] = 0.3 mg/mL
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Table 2 Rs from the Guinier analysis, Ry from DLS analysis, fractal dimension analysis in the high g region (Drign) and the Py-ratios for P3-P5.

View Article Online
DOI-101039/D6MEQQQOS7FE

Polymer Rs (nm)? Ry (nm) Dhigh® Py-E Py-Z
P3 56+0.3 6.5° 4.0+0.1 0.8 1.5
P4 59+0.4 5.3+0.6¢ 45+0.1 1.4 2.0
P5 5.0£0.4 6.3 +0.6¢ 4.1+0.1 1.2 1.7

aAveraged over all measured concentrations PResult of one measurement. ‘Average of 4 measurements. 9Average of 2 measurements.

length of 85 nm, indicating a significant collapse of the structure
(Table S4). This is somewhat unexpected for a Jeffamine based
polymer, but in line with the small Rg obtained from the Guinier
analysis and the small diffusion coefficient in DOSY. P4a and P5a
display a clear plateau at low g with an oscillatory feature at g =
1-2 nm™. This feature indicates the presence of two domains in
the polymer structure and could be interpreted as a core-shell
structure. For P5a the oscillatory feature is smoothened out,
suggesting a less defined core-shell structure. Given these
characteristics, we fit P4a and P5a with a core-shell ellipsoid
model (Table S5). For both polymers a prolate structure is
obtained with a minor radius of 2.8 and 2.3 nm for P4a and P5a
respectively and an aspect ratio of 4.9 and 2.5 nm respectively,
suggesting that P4a adopts a more pronounced prolate
structure than P5a. For all fits the low x? value is indicative of a
good fit and the anisotropy of the form factor models is in line
with the asymmetry observed in the pair distance distribution
functions for all polymers (Figure S95).

Influence of AAIP side-graft on SCPN conformation With the
general structure of the photoresponsive SCPNs elucidated, we
next examined the extent to which the photoswitch side-graft
influences their overall conformation. To this end, SAXS analysis
was also performed on the precursor polymers, i.e. the
amphiphilic random heterograft polymers with only the click-
handle present, P6 and P7. For P3, an analogous amphiphilic
polymer P8 with 20 mol% n-dodecyl side-grafts and 80 mol%
Jeffamine M1000 side-grafts served as reference. Interestingly,
the overall shape of the 1D SAXS curves remains unchanged
upon introducing the AAIP moiety for all polymers studied
(Figure S96). For P3, previous work has shown that the SCPN
conformation is primarily governed by the Jeffamine M1000
side-grafts, and these results are consistent with that.>0 In the
case of P4 and P5, the collapsed structure appears to be
dictated mainly by the proportion of n-dodecylamine side-grafts
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on the polymer backbone. Addition of the photoswitch unit
does not alter the conformation, even though the AAIP moiety
includes a C11 alkyl linker that might have been expected to
introduce further hydrophobic interactions. These findings are
also consistent with DOSY-NMR measurements, which likewise
reveal no structural differences (Table S1).

Influence of photoisomerization upon SCPN conformation
Next, we investigated whether photoisomerization of the AAIP
photoswitch affects the global conformation of the SCPNs. As
outlined above, the E-Z isomerization is associated with a
change in dipole moment,
determine whether this molecular switch perturbs the
collapsed structure of these inherently dynamic SCPNs. For this
purpose, SCPN solutions were irradiated with 365 nm light and
subsequently analysed by SAXS.

Curiously, photoisomerization does not induce any change in
global conformation for any of the photoresponsive systems
studied (Figure 2D and Figure S97). The SAXS profiles of the E
and Z rich SCPNs are fully overlapping, demonstrating that the
overall particle morphology remains unchanged. DOSY-NMR
measurements corroborate this observation, as no significant
differences in diffusion behavior are detected between the two
isomers (Table S1).

Interestingly, however, more subtle microstructural effects
appear to be present. In dynamic light scattering, P4b shows a
slight change in the correlogram upon irradiation, while P5b
exhibits a pronounced change; in contrast, P3b remains
unaffected (Figure 3). Consistent with this, the H-NMR
spectrum of P5b displays increasingly sharp proton peaks after
illumination (Figure S72). Although these observations are
indirect and not highly specific, they might point to a
reorganization within the polymer microenvironment upon
photoisomerization despite the overall conformation remaining
constant.

and we therefore aimed to
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Figure 4 CCK-8 cytotoxicity assay of Hela cells incubated for 24 h with A) P4 and B) P5 at various concentrations. Error bars represent the standard deviation of 3

measurements.
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Influence of photoisomerization on SCPN microenvironment
As the global conformation of the polymeric nanoparticles does
not change, we decided to also investigate the polymer
microenvironment using a polarity probe. A well-known
technique to detect the formation of hydrophobic
compartments, is the addition of a fluorescent probe such as
pyrene. Pyrene has distinct vibronic bands at 373 and 383 nmin
its fluorescence spectrum, whose ratio (Py-ratio) is indicative of
the polarity of the environment. A higher ratio indicates a more
polar environment. P3a-P5a all demonstrate a reduced Py-ratio
(0.8-1.2) compared to pure water (1.7), indicating the presence
of hydrophobic domains in water (Table 2, Figures S98-99).
Interestingly, upon photoisomerization, for all three polymers
P3b-P5b a significant increase to higher Py-ratios is observed,
demonstrating that pyrene feels a more polar environment,
suggesting less well-defined hydrophobic compartments
present (Table 2, Figures S99-100). A control experiment
probing molecularly dissolved AAIP in water shows no change
in Py-ratio upon photoisomerization, suggesting that the
observed effect originates from photoinduced modifications in
the polymeric microstructure (Figure S101). This increase in
polarity aligns with the NMR results where the increasingly
sharp proton peaks upon illumination indicate increased proton
mobility (Figure S72). These results demonstrate that despite
the presence of a permanent positive charge, AAIP
photoswitches can affect the local polarity of SCPNs.

To summarize, we obtain control over the microenvironment in
the SCPNs while maintaining the global conformation. This
phenomenon is commonly observed in literature as well. Voets
et al. demonstrated that the addition of DMSO to lysozymes
disrupts the internal microstructure before a global
denaturation was observed in the neutron scattering signal.>®
Similarly, the work of Bruns and coworkers employing DASA
photoswitches in polymersomes membranes demonstrates
that the change in permeability of the membrane is not
accompanied by a change in membrane morphology.3°

Exploring biocompatibility

Finally, the potential for biological applications was evaluated
by performing an exploratory cytotoxicity assay on Hela cells.
Although positive charges are known to facilitate cytosolic
delivery of SCPNs, an excessive cationic character can also
induce premature cell death.>® Both P4 and P5 were introduced
to the cells in their E and Z isomeric forms. The Z-isomers (P4b
and P5b) were generated by illuminating the polymers prior to
cell exposure, ensuring that light treatment itself did not
influence cell viability and allowing us to isolate the effect of
isomerization. Across all measurements, no difference in cell
viability was observed between the E and Z forms, indicating
that isomerization does not affect cytotoxicity. In contrast, clear
differences emerged between P4 and P5 (Figure 4). For P4a, cell
viability remained excellent across all tested concentrations
(0.05-1 mg/mL). P5a, however, displayed significant
cytotoxicity, reducing viability to 63% already at 0.1 mg/mL.
Because P5a contains twice the amount of AAIP compared to

8| J. Name., 2012, 00, 1-3
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P4a, the increased toxicity initially appears linked,tg, jts.higher
positive charge density. However, even RihdR - WEPARAITERZOFAF
total charge, P5a remains substantially more cytotoxic. For
instance, at 0.5 mg/mL P4a, the solution contains ~60 uM AAIP
while maintaining 99% viability, whereas at only 0.21 mg/mL
P5a, corresponding to ~48 uM AAIP, cell viability drops to 38%
(Figure S102). These results suggest that cytotoxicity cannot be
attributed solely to overall cationic charge concentration. In
P5a, a larger number of positive charges is concentrated on a
single polymer chain, creating a locally high charge density that
may induce multivalent-like effects. Furthermore, structural
differences between the two SCPNs likely influence how the
charges are presented at the nanoparticle-cell interface and
might lead to a different biological interaction. Prior work from
Stenzel and coworkers has shown that even subtle variations in
SCPN composition can lead to pronounced differences in
biological behaviour, due to their strong impact on properties
such as compactness and solubility.®° This trend is also reflected
in our SAXS analysis: although P4a and P5a differ only slightly in
composition, their structural signatures are distinct (Figure 2C).
These variations likely contribute to the divergent biological
responses observed.

Overall, while both polymers share similar chemical building
blocks, their differing nanoscale structures appear to play a key
role in determining cytotoxicity. Further in depth cellular
studies are underway to clarify the precise mechanisms
governing their biological interactions.

Conclusions

In  conclusion, we have demonstrated the successful
development of photoresponsive SCPNs by incorporation of
three different photoswitches; DASA, SP and AAIP. Thermal
stability limitations of DASA and SP hampered the effective use
of these photoswitches, leading to the exploration of
conformation of AAIP functionalized SCPNs. SAXS analysis
confirmed that differences in hydrophilic side-graft chemistry
strongly influence particle conformation: P3, bearing Jeffamine
M1000 side-grafts, forms flexible worm like cylindrical particles,
whereas P4 and P5, equipped with glucose-based grafts, adopt
core-shell ellipsoidal structures. Importantly, at photoswitch
loadings up to and below 10 mol%, the global particle
conformation remains unaffected by the introduction of a
positively charged side-graft photoswitch. Furthermore,
photoisomerization does not disrupt the global SCPN
morphology.

While the macroscopic conformation is preserved, we achieve
clear control over the particle microstructure. The E-Z
isomerization of the AAIP directs the local environment toward
increased polarity as reflected by the elevated Py-ratio. This
decoupling of global structure from microstructural
responsiveness represents a meaningful design handle for
tuning internal organization.

Simultaneously, this study underscores how small molecular
design changes can produce significant and largely
unpredictable biological responses — illustrated by the notably
higher cytotoxicity of PS5 compared to P4. These outcomes

This journal is © The Royal Society of Chemistry 20xx
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highlight the difficulty of navigating the SCPN design space,
where side-graft character and composition play a central but
complex role in governing structure-interaction relationships.
Ultimately, our findings show that microstructure can be
selectively modulated without altering overall particle
morphology, offering opportunities in applications such as
catalysis, where substrate accessibility and catalyst
performance are highly sensitive to SCPN microstructure. As
previously demonstrated, compartmentalized SCPNs can
selectively take up hydrophobic substrates due to their
persistent hydrophobic interior.?® The present system could
work complementary as the switchable polarity of the
microstructure could allow the uptake of more polar substrates,
all while maintaining the global structural integrity.
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