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We pioneer the photochemical generation of single chain nano-
particles (SCNPs) at the to-date mildest reported wavelength of
625 nm by exploiting the photochemical uncaging of methylene
blue protected amines. The protected amines are tethered to
polymers prepared via reversible addition—fragmentation chain
transfer (RAFT) polymerisation, and subsequently undergo intra-
chain crosslinking by amide formation.

Single chain nanoparticles (SCNPs) take inspiration from the
control over sequence and 3D architecture observed in their
natural analogues, e.g. enzymes and proteins.' ™ Early SCNP
systems consisted of homopolymers with pendant functionalities
randomly dispersed along the chain, which were subsequently
utilised to form crosslinks—either by reacting with each other or
via the aid of an added crosslinker—thus leading to a macro-
molecule with a more compact structure. While the field is still far
from achieving the fine control over sequence and folding seen in
polypeptides and proteins, SCNPs have evolved significantly over
the last decade to include reversibly folded structures,”® multiple
sequentially controlled folding moieties,” " embedded catalysts
at their core™™* or featuring fluorescent properties.®*>®
Photoreactions have been extensively utilised for the con-
trolled folding of single polymer chains in recent years, due to
the powerful spatiotemporal control afforded by light.'%'7~>°
A significant disadvantage of photoreactions is that many of
them require high energy UV light activation, making them
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non-viable to be used with biological tissues or for applications
that require large penetration depths. Some reactions, includ-
ing the [2+2] photocycloadditions of styrylpyrene and pyrene
chalcone,”** have been shown to function efficiently in the
visible range. Our team recently reported the pyridinepyrene
unit, a new chromophore undergoing [2+2] photocycloaddition
with orange light (Apnax = 590 nm) at low pH within single
polymer chains—perhaps the longest reported wavelength to
trigger photocycloadditions.*®

However, photocleavage reactions have a potentially even
wider range of trigger wavelengths, from the UV light triggered
ortho-nitrobenzyl and photoenol reaction® to Near Infrared
(NIR) triggered Photoactivatable Protecting Groups (PPGs).>>?°
PPGs have been widely employed in light-induced ligations by
caging and subsequent photo-uncaging of a reactive function
e.g., thiol or amine for rapid thermal ligation.>”*® While many
cycloadditions have been constrained to higher energy wave-
lengths, photo-induced ligations using PPGs have been success-
fully performed with long wavelength visible (green and red)
light to date.*>?®?%> However, to the best of our knowledge,
none of these visible-light induced reactions have been
employed in single chain nanoparticle folding. Herein, we
demonstrate the folding of SCNPs induced by red light (Amax =
625 nm), which is the longest wavelength utilised to date.

We caged 3-aminopropyl methacrylate with methylene blue,
affording a protected monomer (MB-MMA) that is capable of
undergoing reversible deactivation radical polymerisation
(RDRP). Here, the protection of the amine prevents its inter-
ference with the RAFT agent (Scheme 1).>® The methylene blue
solution has an intense blue colour, while its reduced form, the
leuco-methylene blue that was used as the caged moiety, is
colourless;*”° thus, the caged amine monomer solution in
acetonitrile is nearly colourless—its UV-Vis absorbance only
displays a small absorption band at 650 nm (Fig. 1).

While UV-Vis spectra were commonly used to determine the
photoreactivity of chromophores, our group has discovered
that the reactivity maxima do not necessarily overlap with the
absorption maxima, and the two are often offset by tens of
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Scheme 1 Schematic representation of the one-pot folding reaction, where the methylene blue groups are initially cleaved by irradiation with a red light
LED (Zmax = 625 nm). The newly free amine groups constitute the folding points for intrachain crosslinking via an external glutaric acid based crosslinker,

in the second step catalysed by DMAP.
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Fig. 1 Action plot of MB-MMA in acetonitrile-d3 at a concentration of
1.1 mmol L%, irradiated with 630 pmol of photons at each wavelength.

nanometres.> An action plot, wherein a tuneable laser is
employed to produce monochromatic light at a range of selected
wavelengths, enables the determination of the actual wavelength-
dependent reactivity of the chromophore. When recording an
action plot, the number of photons is identical at all wavelengths
along with concentrations, solvent, and temperature. Thus, we
initially probed the wavelength-dependent reactivity of MB-MMA
in acetonitrile across a range of wavelengths from 560 to 700 nm.
All samples featured a concentration of 1.1 mmol L™ " in deuter-
ated acetonitrile and were irradiated with 630 pmol of photons at
each wavelength. The conversion of the photocleavage reaction
was recorded via 'H NMR spectroscopy against an internal
standard of 1,3,5-trimethoxybenzene dissolved at an equimolar
concentration with MB-MMA.

The photochemical characteristics of MB-MMA were deter-
mined by UV-vis absorption spectroscopy and an action plot
analysis,> which - jointly - show the wavelength resolved
reactivity of the MB-MMA from 580 nm up to 700 nm (Fig. 1).
The action plot demonstrates that the photocleavage of the
monomer was most efficient at 640 nm, yet can be initiated
by light up to 680 nm. While most action plots of photocyclo-
additions display a pronounced bathochromic shift of the peak
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reactivity compared to the Z., of the absorption spectrum,>
this phenomenon has so far not been observed for photo-
cleavable protecting groups.*®*!

MB-MMA was subsequently irradiated with red light from an
LED (Zmax = 625 nm) for 1.5 h and analysed by hyphenated
liquid chromatography-mass spectrometry (LC-MS). Here, the
methylene group was observed to successfully cleave, generating
a free amine (ESLf Fig. S17) for the subsequent coupling
reaction. The solution turned from colourless to deep blue
post-irradiation (Fig. 1), which suggests the presence of free
methylene blue after photocleavage.

To exploit the amine groups released upon low energy
visible light irradiation of the caged amine, an external cross-
linker capable of efficiently binding amine groups on both ends
to fold the polymer is required. Thus, we synthesised a glutaric
acid based crosslinker that was capped on both ends with
pentafluorophenol ester (ESI,+ M2, Fig. S13). Pentafluorophenol
(PFP) is an efficient leaving group that is stable for long-term
storage and efficiently reacts with amines to form amide
adducts.”” To determine the efficacy of the crosslinker, we tested
its reaction with butylamine, catalysed by DMAP. The product
was subsequently analysed via 'H NMR spectroscopy (ESLT
Fig. S16). The reaction was found to successfully establish amide
bonds at both ends of the crosslinker, deeming it suitable for use
with unprotected MB-MMA.

We subsequently copolymerised the functional monomer
(MB-MMA) with methyl methacrylate (MMA) via RAFT poly-
merisation. The polymer was isolated via precipitation and
characterised via NMR spectroscopy and size exclusion chro-
matography (SEC) (P1 M, = 19.6 kg mol '|P = 1.2; ESL, Fig. S8).

The polymer was estimated, by integration of 'H NMR
spectrum, to have 13 methylene blue units per polymer chain
on average (9.8 wt%). In a one-pot reaction, we dissolved
polymer P1 (0.25 mg mL™'), M2, and DMAP catalyst in ACN,
and irradiated the mixture for 1.5 h with a red light LED (Aax =
625 nm) under stirring in the dark for 3 days at ambient
conditions, before precipitating the polymer in diethyl ether
and characterization (P1”).

The SEC of P1” shows a clear shift towards longer elution times
compared to the parent polymer P1, which suggests the polymer
compacted successfully after the photodeprotection, resulting in
the formation of SCNPs, via the external crosslinker (Fig. 2B(I)).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (A) 'H NMR spectrum of the polymer P1 before and after irradiation
(P1') in deuterated chloroform at 600 MHz showing the loss of aromatic
resonances related to methylene blue after irradiation. (B) SEC in THF
comparing the parent polymers (P1 and P2) with their SCNPs (P1” and P2”),
indicating longer elution times of the SCNP compared to the linear
polymer, suggesting a smaller hydrodynamic radius. The structure of the
folded polymer is shown in the center.

Comparison of the peak molecular weights, M, showed an
apparent compaction of 15.5% and 29.4% for P1’ (photodepro-
tected polymer) and P1” (SCNP), respectively, relative to the
parent polymer P1. P1” displayed an apparent compaction of
16.5% relative to P1’. The successful photodeprotection was
further substantiated via "H NMR spectroscopy of the purified
deprotected polymer compared to the parent linear polymer.
The deprotected polymer lacked the aromatic resonances (6 =

This journal is © The Royal Society of Chemistry 2022
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6.5-7.5 ppm) and the resonance at 6 = 2.92 ppm from the
methyl groups of MB-MMA observed in the parent polymer
(Fig. 24A).

To ensure the robustness and repeatability of our one-pot
visible light SCNP folding system, we synthesised a second
polymer P2 (M, = 11.7 kg mol '|P = 1.3) featuring close to 6
MB-MMA units on average per polymer (ESLT Fig. S12). The
comparison of the SEC traces of P2, P2, and P2” indicate
increasing elution times after the photodeprotection and the
subsequent folding, respectively (Fig. 2B(II)). Comparison of
the M, values showed an apparent compaction of 5.1% and
27.6% for P2’ and P2, respectively, compared to the parent
polymer P2 (ESI, Table S4). P2” features an apparent compac-
tion of 27.7% relative to P2’.

Longer wavelengths allow for deeper penetration, especially
through biological tissues. In particular, light within the bio-
logical window of 4 = 650 to 1350 nm**>** has been established
to have the best penetration into live tissue. Thus, we sought to
establish the effectiveness of our MB-folding system with the
interception of a barrier between the light source and the
chromophore sample.

Initially, a single layer of 80 gsm bright white paper
was wrapped around the sample vial, which contained P1
(0.25 mg mL ™, in ACN) and was irradiated with a red light
LED (Amax = 625 nm) for 6 h before comparing the SEC trace of
the resultant polymer with the parent polymer (ESIL,} Fig. S19).
The reaction was successful as the red light was able to
penetrate through the paper to reach the sample (ESLT
Fig. S18) and the SCNP formed had an apparent compaction
of 38.9% relative to P1 (ESI,f Table S5). A longer irradiation
time was used to compensate for the scattering of photons as
the light passed through a barrier. To replicate the penetration
of light through biological tissue, we subsequently used a single
slice of chicken breast (1.1 mm thick) (ESL Fig. S20) in place of
the paper and repeated the irradiation experiment. Analysis of
the SEC traces showed that the folding was successful and the
resultant SCNP had an apparent compaction of 38.5% com-
pared to P1, and 27.2% compared to P1’ based on the M, values
(ESL 1 Table S6), thus further substantiating the claim that red
light penetrates through biological tissues.

In summary, we introduce a methylene blue based chromo-
phore, which acts as a photolabile protecting group for primary
amines. Upon incorporation into a copolymer, red light induced
the photodeprotection of pendant amines, which readily under-
went intramacromolecular crosslinking in the presence of biva-
lent active esters to form SCNPs. Seizing the penetration depth of
such low-energy light, we further demonstrate that the photo-
induced folding occurs successfully through a paper and a
biological tissue barrier. The action plot shows that the mono-
mer is capable of undergoing photocleavage triggered by light up
to 4 = 680 nm, which is advantageous for future biological
applications, for example in photodynamic therapy and light-
mediated conjugation of bioactive components deep within the
tissue.>”*>
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