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Abstract: We introduce a class of single-chain nano-
particles (SCNPs) that respond to visible light (A=
415 nm) with complete unfolding from their compact
structure into linear chain analogues. The initial folding
is achieved by a simple esterification reaction of the
polymer backbone constituted of acrylic acid and poly-
ethylene glycol carrying monomer units, introducing
bimane moieties, which allow for the photochemical
unfolding, reversing the ester-bond formation. The
compaction and the light driven unfolding proceed
cleanly and are readily followed by size exclusion
chromatography (SEC) and diffusion ordered NMR
spectroscopy (DOSY), monitoring the change in the
hydrodynamic radius (Ry). Importantly, the folding
reaction and the light-induced unfolding are reversible,
supported by the high conversion of the photo cleavage.
As the unfolding reaction occurs in aqueous systems, the
system holds promise for controlling the unfolding of
SCNPs in biological environments. )

Introduction

In the last decade, single-chain nanoparticles (SCNPs) have
evolved into a fascinating research field.!'! Research teams
from all over the world contribute® and design soft-shell
particles with precise control over structure and function-
ality extending the range of SCNPs for application in many
fields including catalysis,”) sensing” or biomedical
applications.”

An emerging field for SCNPs are biomedical applica-
tions, enabled by their similar size (3-20 nm) and structure
compared to proteins. The field benefits from the large
variety of functional SCNPs prepared from water-soluble
and biocompatible polymer precursors, which are typically
designed for uses in drug delivery, target imaging and
enzyme mimicry.”! Previous studies show that the size of the
SCNPs is an important parameter in biomedical applications
as it influences their cellular uptake!”’ and renal clearance®®
in biological systems. Remote control over particle size and
shape would thus provide control over cell interactions and
biodistribution behavior with temporal and spatial resolu-
tion, improving the potential of controlled drug delivery as
well as selective cell labeling and imaging.) Current
approaches for remotely controlled SCNP folding and
unfolding are very rare and are not applicable for biomed-
ical applications as they are incompatible with water!"! or
require the addition of organic solvents as a trigger.""! Due
to its high spatiotemporal control, light is an ideal trigger to
control the unfolding of SCNPs. For biological applications,
visible light is required to minimize photodamage and
enable maximum tissue penetration, which limits the
number of photochemical reactions available."? In addition,
the confined environment within the SCNP has a drastic
effect on the photoreaction kinetics.' [2 +2] photocycload-
ditions, for example, are - within the steric confines of
SCNPs - kinetically more favored than the corresponding
photocycloreversion, preventing photocycloreversion based
unfolding of SCNPs."! Within biological applications, one is
further restricted to visible light to avoid degradation of
biomolecules which consequently limits the number of
options."? A different approach to remotely control bio-
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logical functions was presented by Herrmann and co-work-
ers, who developed a method to reactivate thrombin using
ultrasound to cleave the interactions between polyaptamer
and the enzyme, restoring its catalytic activity.!"”

Herein, we introduce a key SCNP functionality, i.e.
controlling the compaction of defined macromolecules
remotely by visible light. Using bimane as photolabile
linkage points enables the cleavage under mild conditions,
resulting in an unfolded and reusable polymer (Scheme 1).
Initially characterized by Kosower and co-workers as a class
of heterocyclic molecules, bimanes are of specific interest as
fluorescent photocleavable linkers.'” We demonstrate their
utility in the controlled folding and unfolding of a water
soluble single polymer chain. Expanding the potential of
SCNPs towards biocompatibility, we design a water-soluble
system with fluorescent moieties that is suitable for tracing
and imaging.!"”

Results and Discussion

Below we exemplify our strategy for unfolding of SCNPs by
visible light affording the original linear polymer and
allowing subsequent refolding, exploiting fluorescent bimane
moieties as cross-linking units which are photocleavable
under visible light (Scheme 1).

The polymeric backbone was synthesized by reversible
addition fragmentation chain transfer (RAFT) copolymer-
ization of poly(ethylene glycol) methyl ether methacrylate
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Scheme 1. Folding and unfolding of poly(MPEGMA-co-acrylic acid)
utilizing dibromobimane 1 as fluorescent, photoreactive cross-linker. In
the folding reaction, the acrylic acid (AA) units react in a base-mediated
Sn2 reaction with 1. The generated cross-links can be cleaved by visible
light resulting in the original polymer and dihydroxybimane 2.
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(MPEGMA, M, =300 gmol ') and acrylic acid (AA) with a
monomer composition of 16% AA calculated from the
conversion of the monomers during polymerization, moni-
tored by 'H NMR spectroscopy using DMF as reference
(refer to the Supporting Information, section 2.6). Subse-
quently, the RAFT end-groups were hydrolyzed to form
hydroxy groups (refer to the Supporting Information,
section 2.4)"¥ affording poly(MPEGMA-co-AA) (P1, M,=
36.53 10°gmol™!, D=8.534023 10" m’s™', Ry=4.62+
0.13 nm, x5, =16 %). The apparent molecular weight (M,)
was determined by size exclusion chromatography (SEC)
based on the hydrodynamic volume of the polymer in
dimethylacetamide. To support these data, the diffusion
coefficient, D, was determined by diffusion-ordered spectro-
scopy (DOSY) in deuterated chloroform and therefrom the
hydrodynamic radius (Ry;) was calculated using the Stokes—
Einstein equation.

The obtained polymer was folded into SCNPs by an
esterification reaction of the carboxylic acid pendant groups
with dibromobimane 1 in a highly diluted solution in
tetrahydrofuran (THF, 0.2 mgmL ") and cesium carbonate
as base (SCNP1, M,=3134 10°gmol™', D=1.14+0.05
10" m?*s™!, Ry=3.4640.16 nm). During folding, the hydro-
dynamic volume of the polymer decreases, resulting in a
decrease of the apparent molecular weight by 17 % (refer to
SEC, Figure 1), leading to a shift of the SCNP1 SEC
retention time compared to the P1 (red arrow). The folding
was further monitored by the UV/Vis absorption of the
polymer in the SEC trace relative to the refractive index
detection (RID). We find that the absorption at 400 nm
increases linearly over time, evidencing the incorporation of
bimane units within the polymer chain and correlates with
the decrease in apparent molecular weight, demonstrating
that the bimanes act as cross-links. The linear increase of
absorption might occur from the low concentration of
bimane and carboxylic acid pendant groups in THF,
resulting in a concentration independent trend. A higher
bimane ratio would lead to an increased reaction rate, but
also incorporate single bound bimanes which do not
contribute to cross-linking.

Subsequently, the fluorescent SCNP1 was unfolded by
irradiating with 1,,,=415nm in water, cleaving the ester
bonds and releasing dihydroxybimane 2 and the original
polymer with carboxylic acid groups (P1, M,=37.29
10° gmol ™!, D=6.97+0.20 10 "' m’s™!, Ry=35.6540.17 nm).
During irradiation the unfolding of SCNP1 is evidenced by
an increase in the hydrodynamic volume, which concom-
itantly results in an increase in the apparent molecular
weight by 19 % (SEC), which is visually observed by a shift
of the P1’ SEC trace compared to SCNP1 (blue arrow). It
appears that the shift for the unfolding (towards P1’) in the
SEC trace is not as significant as the initial folding, even
though the molecular weight is similar of both polymers (P1,
P1, refer to SEC, Figure 1). The incomplete unfolding is
possibly caused by a small amount of remaining bimane
cross-links along the chain or side reaction occurring during
the photocleavage between bimane units. The small shift
may also be caused by the alteration of the interaction with
the SEC column by a change in functional group density.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Left: Synthetic route for folding poly(MPEGMA-co-acrylic acid) (P1) with dibromobimane 1 in an esterification reaction with AA units and
cesium carbonate as base resulting in SCNP1. The bimane caged esters - functioning as cross-links - can be cleaved by visible light, resulting in the
original polymer and dihydroxybimane 2 as side product. Top middle: Kinetics of the folding of P1 to SCNP1 monitored by UV/Vis absorption at
400 nm and apparent molecular weight by size exclusion chromatography (SEC). The cross-linking of the polymer chain leads to a higher
compaction and consequently to a smaller hydrodynamic volume appearing with a smaller apparent molecular weight in the SEC. Bottom middle:
RID SEC traces of P1 folding to SCNP1. Top right: Kinetics of the unfolding of SCNP1 to P1" by irradiation with visible light monitored by UV/Vis
absorption at 400 nm and apparent molecular weight by SEC. The cleavage of the cross-links leads to unfolding and consequently to a higher
hydrodynamic volume appearing with a higher apparent molecular weight in the SEC. Bottom right: RID SEC traces of SCNP1 unfolding to P1’

compared to P1.

During the unfolding, the UV/Vis absorption of the polymer
in the SEC trace decreases asymptotically to zero with
irradiation time, indicating nearly full cleavage of the
bimane units from the SCNP, correlating with an increase of
the apparent molecular weight. In addition, the release of
the carboxylic acid groups by photocleavage was also
monitored by measuring pH during the unfolding. Similar to
the kinetics monitored using absorption and molecular
weight, the pH decreases rapidly, indicating the release of
the carboxylic acid groups and a full recovery of the original
polymer (refer to the Supporting Information, section 2.5).
Furthermore, we estimated the number of bimane units
per polymer chain by comparing the molar absorption
coefficient of the bimane caged acetate ester (3, exgsom=
5.9140.38 10° Lmol *cm™) (as a close model of the bimane
units in the SCNPs) with the absorption spectra of SCNP1
and P1'. Based on the molecular weight of the polymers
calculated from the conversion of the polymerization of
close to 74 kgmol™', SCNP1 was determined to feature
18.5+£0.6 bimane units per polymer chain. In comparison,
P1’ was estimated to have 3.6+£0.2 bimane units per chain,
which is a decrease of 80 % after 20 min of irradiation (refer
to the Supporting Information, section 2.10.1). A high
degree of unfolding after a cleavage of 80 % bimane units is
supported by a Monte Carlo simulation, modelling the
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probability of single or double bonded bimane units.
Experimental results of the photocleavage of 3 over time
show similar composition of single (4) and double (2)
cleaved bimanes. According to both approaches, only one
quarter of the remaining 20 % bimane units are double
bonded (i.e., representing cross-links), whereas the other
three quarters are cleaved on one side and do not cross-link
the polymer chain anymore (refer to the Supporting
Information, section 2.10.2-3). The folding and unfolding
can be also monitored by 'HNMR spectroscopy of the
bimane resonances compared to the backbone, yet NMR
spectroscopy cannot be used to calculate the exact cross-
linking density due to an enhanced experimental uncer-
tainty. The same applies to the resonances of the cleaved
dihydroxybimane 2 after irradiating SCNP1 for 20 min with
a 415 nm LED in D,O (refer to the Supporting Information,
section 2.9).

The observed changes in the molecular weight were
confirmed by DOSY measurements. The diffusion coeffi-
cient, D, increase by close to 34 % after crosslinking, and
consequently the calculated Ry decreases from 4.62+
0.13nm (P1) to 3.46+0.16 nm (SCNP1, Figure 2). After
irradiation, D decreases by 63.5 % resulting in an increased
Ry of 5.65+£0.17 nm (P1').

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Diffusion coefficients (D) determined by diffusion-ordered
spectroscopy (DOSY) in deuterated chloroform of integrated polymer
resonances for the original polymer P1, the folded SCNP1 and the
unfolded P1'. The defined integrals are compared with the '"H NMR
spectrum of P1 displayed above. The D of the corresponding chemical
shifts is displayed as a colored square (H) within the integral areas.
For each polymer, the arithmetic mean was calculated and displayed as
a colored line (=), wherefrom the hydrodynamic radius (R,;) was
calculated. D increased after folding, correlated with a smaller R, and
decreases after irradiation, indicating an unfolding of the SCNPs.

We hypothesize that the higher Ry is due to a similar
reason as the smaller shift in the SEC trace. Small leftovers
of bimane units lead to a different hydrodynamic volume in
different solvents as dimethylacetamide for SEC compared
to chloroform for DOSY (refer to Supporting Information,
section 5). The fluorescence of the bimane cross-links also
provides a visual indication of the folding and unfolding
showing a strong emission at around 470 nm (/=395 nm)
also visible under a TLC-UV lamp (Figure 3). Compared to
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the SCNPs, the unfolded polymers only display a low
intensity of around 5 % after purification by dialysis, which
is caused by residual bimane moieties (primarily single
bonded according to the Monte Carlo simulation). The
purified SCNP1 and unfolded P1' are showing a similar
fluorescence spectrum as well as the fluorescence spectra of
the bimane derivates obtained in small molecule synthesis
and irradiation experiments (refer to Supporting Informa-
tion, section 2.7 and 2.8). It was also shown that the
dihydroxybimane 2 is stable under irradiation.

A key advantage of our herein introduced system is the
reusability of the obtained polymer (P1’) after unfolding.
We were able to repeat the cycle a second time, after
obtaining the crude polymer by freeze drying, under the
same conditions as employed for the first cycle described in
the Supporting Information, section 2.3 and 2.4. SCNPY’ is
obtained after the second folding cycle and P1” after a
second unfolding, which shows that the carboxylic acid
groups were successfully released and allow for the reuse of
the polymer. The shifts in the SEC retention times during
the second cycle are similar to the shifts in the first cycle,
resulting in alternating molecular weights after folding and
unfolding. Concomitantly, the UV/Vis absorption increases
with every folding and decreases with unfolding, indicating
the release and installation of bimane cross-links.

Conclusion

Driven by the need to design single-chain nanoparticles
(SCNPs) that are able to unfold with mild triggers, we have
herein introduced SCNPs that can be fully unfolded using
visible light. In addition, the reconstituted open polymer
chains can be effectively refolded into SCNPs. Importantly,
the unfolding functions in water under mild conditions
enabling further use in biological applications. We submit
that the current advance in our ability to fold and unfold
SCNPs with a mild external trigger may allow to manipulate
SCNPs in their geometry inside biological systems.
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Figure 3. Folding of poly(MPEGMA-co-acrylic acid) (P1) with dibromobimane 1 and unfolding with visible light in a repetitive fashion. Left: The
second cycle shows a similar shift of the SEC trace compared to the first cycle (Figure 1) resulting in a lower apparent molecular weight for SCNP1’
and increasing apparent molecular weight for P1”. Middle: Depictures the apparent molecular weight and absorption at 400 nm for every step in
the cycle showing alternating values. Right: Fluorescence of SCNP1 and P1 in water under a UV lamp showing a lower intensity after unfolding.
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Bimanes allow the synthesis of water-
soluble single-chain nanoparticles

+ X \ (SCNPs) and enable the effective unfold-
ing with mild visible light from a
compact structure into a linear chain.
The unfolding of the fluorescent nano-
particles is reversible and occurs in
aqueous systems, making it promising
for controlling and tracing the SCNPs in
biological environments.
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