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ABSTRACT: We describe the application of a novel eosin Y
(EY)-derived polymer photocatalyst for the synthesis of polymeric
bioconjugates. The photocatalyst, a copolymer of eosin Y acrylate
and N-isopropylacrylamide, can induce light-mediated reversible-
deactivation radical polymerization in biologically benign con-
ditions. Heating the reaction mixture to 37 °C causes precipitation
of the photocatalyst in a hydrophilic-to-hydrophobic transition,
allowing for simple purification of the polymer—protein conjugates
via filtration without compromising enzyme activity. We discuss
the optimization of the polymerization conditions for imparting
control over molecular weight and reaction kinetics and demonstrate the recyclability of the recovered photocatalyst. Overall, this
strategy will advance bioconjugate manufacturing through facilitated purification and improved sustainability.

B INTRODUCTION

In recent decades, the use of photochemistry in the
interdisciplinary space of polymer chemistry and biomedical
engineerin§ has led to innovations where benign conditions are
essential.”” Harnessing photoexcitable species to capture
energy from photons, instead of thermal energy, allows for
low-temperature reactions for grafting to and from biomacro-
molecules.”* Indeed, the benefits of photochemical reactions
(e.g., ambient reaction temperatures, rapid reaction rates,
enhanced oxygen tolerance, and spatiotemporal control) have
led to mild and efficient methods of polymer—protein
bioconjugate synthesis.”” The advent of photoelectron/energy
transfer reversible addition—fragmentation chain transfer
(PET-RAFT) polymerization expanded the field of controlled
photopolymerization.*”'* Numerous metal ligand and organic
photocatalysts can be used which undergo excitation at distinct
wavelengths.”'*~'* PET-RAFT allows for photoiniferter-type
polymerization directly from functionalized biomacromole-
cules at longer wavelengths (4 > 400 nm) that are less
deleterious to protein structure and cell viability than high-
energy UV light (4 < 380 nm).' The benefits of photo-
chemical reactions have enabled PET-RAFT polymerizations
from biomolecules such as DNA, enzymes, and live cells.'” %!

The photocatalyst eosin Y (EY) has been used extensively in
biological applications because of its activity under low-energy
light, its excellent biocompatibility, and its commercial
availability.'¥**** However, while the bright pink color of
EY makes it an excellent dye, it is detectable in micromolar
quantities and is difficult to remove from macromolecular
species through methods such as dialysis or precipitation.
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Macromolecular photocatalyst enables:
v Simple purification

v Benign reaction conditions

v" Well-controlled polymerizations

Recent research has focused on catalyst systems for PET-
RAFT to specifically address the challenge of catalyst removal
from the reaction mixture; these recyclable and removable
catalysts can be heterogeneous™* ™" or, as a recent report from
our group has shown, homogeneous.”’ Purification of
bioconjugates can be time-consuming, typically involving
precipitation, chromatography, or a combination thereof.
Thus, advanced purification systems that can simplify or
accelerate this process are of significant interest for bio-
logics.”>** Here, we introduce a novel thermoresponsive PET-
RAFT polymerization system based on EY that facilitates
efficient polymerization from proteins with rapid purification.

This work utilizes a stimuli-responsive EY acrylate N-
isopropylacrylamide copolymer photocatalyst p(EY-NIPAAm)
with tunable solubility for grafting polymers from a protein via
PET-RAFT. The system is unique in that p(EY-NIPAAm)
remains in solution throughout the polymerization but can be
readily precipitated simply by heating above its cloud point
temperature.”* The resulting precipitate can be recovered and
recycled. Such an approach provides the benefits of
homogeneous catalysis and heterogeneous purification. Addi-
tionally, the efficacy of biologically benign ascorbic acid
(AscA) to deoxygenate the polymerization solution was
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Figure 1. Results from DMA polymerizations with [DMA]:[CTA]:[p(EY-NIPAAm)]:[DMAP] = 200:1:0.01:1 and varying amounts of ascorbic
acid. (A) Scheme showing the polymerization conditions; (B) size-exclusion chromatography (SEC) traces of polymerizations conducted under an
argon atmosphere showing the effect of ascorbic acid on the molecular weight distribution; (C) plot showing the decrease in monomer conversion
and the increase in polymer dispersity with increasing ascorbic acid, with and without oxygen; (D) plot demonstrating the impact of ascorbic acid
on the molecular weight of the polymer with and without degassing with argon; and (E) plot of number-average molecular weight (M,,) divided by
the theoretical number-average molecular weight, effectively normalizing for conversion.

examined.'®>>™*® Bovine serum albumin (BSA) was then
functionalized with a RAFT chain transfer agent (CTA) to
make a macroCTA, from which polymerizations of both N,N-
dimethylacrylamide (DMA) and 4-acryloylmorpholine
(NMO) monomers were catalyzed by p(EY-NIPAAm).
Crucially, these photopolymerizations were carried out in
homogeneous solutions ensuring uniform light penetration
throughout the reaction mixture. Post-polymerization, the
photocatalyst was precipitated through gentle heating,
removed, and recovered. This report using a thermoresponsive
polymer as a macromolecular photocatalyst demonstrates that
stimuli-responsive polymers may be powerful materials for
bioconjugate synthesis, where the solubility of the catalyst is
easily exploited. Capitalizing on this feature of p(EY-NIPAAm)
can potentially streamline the purification of biological
conjugates, leading to more cost-effective synthetic processes

and industrial relevance.
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B RESULTS AND DISCUSSION

Optimal reaction conditions for the new catalyst system were
determined prior to polymerizations from the BSA protein. To
ensure a biologically benign environment, all polymerizations
were carried out at room temperature in aqueous media at
physiological pH under visible light (425—625 nm) using
p(EY-NIPAAm) (Figures S1—S13). Since higher concentra-
tions of monomers can lead to denaturation of the protein and
loss of activity, the monomer concentration was maintained at
0.5 M in all polymerizations.'”** The trithiocarbonate CTA
1a, 2-(ethylthiocarbonothioylthio)propanoic acid, was chosen
for its water solubility in neutral and basic conditions (Scheme
S1 and Figures S6 and S7).*”*" The CTA was observed to be
hydrolytically stable over 13 h, with no discernible degradation
of the trithiocarbonate moiety at pH 3, 7, or 11, as determined
by UV-—vis spectroscopy (Figures S8 and S9). Additional
considerations included the concentration of the oxygen
scavenger ascorbic acid in polymerization solutions that were
both degassed and not degassed by argon, as well as the
wavelength of light. Photocatalyst recovery and recyclability
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Figure 2. Data from polymerizations carried out under different wavelengths of light. (A) Pseudo-first-order kinetic plot of polymerizations
conducted with blue, green, and yellow light sources. (B) SEC traces of the polymerization mediated with (B) blue, (C) green, and (D) yellow
lights over time; high-molecular-weight shoulders in (B)—(D) arise from residual p(EY-NIPAAm) photocatalyst, which was not fully removed by
filtration. p(EY-NIPAAm) was more prevalent at low monomer conversions as the ratio of polymer to photocatalyst was much lower.

were also explored before polymer—BSA conjugation. After
determining optimal reaction and catalyst removal conditions
without proteins, polymerizations of DMA and NMO were
conducted from the surface of CTA-functionalized BSA.

Methods for chemically or enzymatically limiting oxygen in
aqueous media are an active area of research due to their utility
for small-scale or high-throughput, automated syntheses.**>**
To eliminate degassing of the polymerization solution and
minimize reaction volumes, we employed ascorbic acid to
remove oxygen. > In the presence of a photocatalyst, oxygen
can be excited from the triplet to the singlet state and can
interact with ascorbic acid, generating hydrogen peroxide. This
hydrogen peroxide slowly degrades to hydroxyl radicals,
increasing the radical concentration in the system and initiating
or terminating chains.””***> The effect of ascorbic acid was
investigated under the stringent conditions necessary for
bioconjugation (Figure 1A).>>*” Initial studies focused on
the activity of ascorbic acid with respect to the p(DMA) chain
length with target number-average degrees of polymerization
(DP) of 500, 200, and 100. Polymerizations were carried out
with 2 molar equivalents of ascorbic acid per CTA at reaction
volumes of 120 uL under green light (Figure S14 and Table
S1). While polymerizations targeting lower chain lengths (DP
= 200 and 100) exhibited higher degrees of control and
produced polymers of moderate dispersity (~ 1.3), polymers
synthesized under an argon atmosphere (DP = 100) exhibited
markedly lower dispersity (~1.1). Polymerizations that were
either degassed or not degassed with argon were both tested
with various amounts of ascorbic acid (Figures 14, S15, and
S16 and Tables $2—54).>>* For both systems, the dispersity
of the resulting polymers increased considerably with
increasing amounts of ascorbic acid (Figure 1B,C). Trace
broadening and slight tailing with higher concentrations of
ascorbic acid could be seen in the size-exclusion chromatog-
raphy (SEC) traces (Figure 1B). Higher amounts of ascorbic
acid also resulted in lower conversion (Figure 1C) and a larger
discrepancy between the experimental number-average molec-
ular weight (M,) and the theoretical M,, resulting in higher-
than-expected DPs (Figure 1D,E). These effects were
exacerbated in nondegassed systems.

Because ascorbic acid had an effect on polymerization
control with increasing concentration, even in the absence of
oxygen, other types of ascorbic acid engagement during the
polymerization were apparent. Ascorbic acid is also a strong
reducing agent, which has been hypothesized to participate in
single-electron transfer to reduce excited-state EY.”® In oxygen-
free conditions, the reduced semiquinone of p(EY-NIPAAm)
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could transfer an electron to the CTA, initiating polymer-
ization. Upon returning to the ground state, p(EY-NIPAAm)
could participate in this excitation—reduction cycle again. This
additional reductive pathway of CTA activation at higher
ascorbic acid loading could potentially account for the increase
in polymer dispersity but does not explain the decreasing
monomer conversion and rate of the polymerization with
increasing ascorbic acid. However, a higher proportion of
reduced p(EY-NIPAAm) in solution (due to a higher
concentration of ascorbic acid) may lead to a higher
probability for side reactions, prior to participating in
productive pathways for the polymerization. One degradative
pathway suggested in the literature is radical abstraction by the
photocatalyst, which disrupts the aromaticity and generates a
leuco form of the dye, contributing to solution bleaching."’
Single-electron oxidized ascorbic acid has a labile hydrogen,
which may potentially be abstracted by excited-state eosin Y.
Future studies are needed for a detailed understanding of the
multiple mechanistic pathways of ascorbic acid activity and
their relative contributions to the polymerization,*>*”*%* =
After optimization, an [AscA]:[CTA] molar ratio of 0.5:1 was
chosen as it gave reasonable dispersities, conversion, and
molecular weights.

The wavelength of light for mediating polymerization was a
final consideration. Higher-energy UV light is an excellent
initiating source for photopolymerization but can cause
excitation and degradation of sensitive peptide backbones
and certain amino acids, e.g., cystine (4,, = 250—300 nm),
phenylalanine (4,,, = 240—270 nm), tyrosine (4,,, = 260—290
nm), and tryptophan (A4, = 280—305 nm).'>>"** In this
study, blue (4,,,, = 458 nm, 0.6 mW/cm?), green (A, = 515
nm, 0.5 mW/cm?), and yellow lights (4,,,, = 597 nm, 0.1 mW/
cm®) were employed, as visible light is lower in energy and
unlikely to degrade proteins present in the polymerization
medium (Figures S1 and S17 and Table $5).'%%° The
absorbance of p(EY-NIPAAm) (4., = 534 nm) in the
polymerization solution is slightly red-shifted compared to that
of EY (A, = 520 nm), which could be attributed to the
altered chemical environment of the copolymer stabilizing the
excited state of the dye (Figure S18).”"** Polymerizations of
DMA were conducted with [DMA]:[CTA]:[p(EY-NI-
PAAm)]:[DMAP]:[AscA] = 200:1:0.01:1:0.5. The rate of
polymerization decreased drastically as the light source was
tuned from blue to yellow (Figure 2A).*® Although the
polymerization proceeded briskly under blue light irradiation,
the polymer had a larger dispersity compared to the polymers
produced with green and yellow lights (Figure 2B—D). The
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Figure 3. Removal and recycling of the p(EY-NIPAAm) photocatalyst. (A) Images from left to right: the homogeneous photocatalyst in solution,
the precipitated photocatalyst after heating to 37 °C, the pink photocatalyst solution prior to filtration, and the clear solution after filtration; (B)
UV—vis spectroscopic study showing the solution of p(EY-NIPAAm) in PB pH 7.4 (100 mM) with BSA (0.5 mM) prior to and after heating and
filtration to remove p(EY-NIPAAm). No residual p(EY-NIPAAm) was detectable by UV—vis spectroscopy after filtration; (C) the molecular
weight and dispersity of polymers formed when p(EY-NIPAAm) was recovered by centrifugation and reused; (D) monomer conversion of
polymerizations using recycled p(EY-NIPAAm); and (E) average SEC traces of the polymers formed using recycled p(EY-NIPAAm).

Polymerizations were conducted in triplicate for each cycle.

increased rate and dispersity could be attributed to the CTA
undergoing photolysis under blue light and/or a higher p(EY-
NIPAAm) turnover due to increased light intensity.** Both
scenarios would result in an
concentration. Polymerizations mediated with yellow light
proceeded sluggishly (Figure 2D). While the absorbance of the
p(EY-NIPAAm) photocatalyst was red-shifted compared with
that of EY, the photoexcitation under the lower-intensity
yellow light was insufficient for rapid photoinitiation under
these conditions.

Photobleaching of p(EY-NIPAAm) was observed under blue
and green light irradiations (4 < 515 nm); polymerization
solutions rapidly lost their pink color under blue and green
lights, but yellow light-mediated polymerization solutions
maintained their color (Figure S19). Even though p(EY-
NIPAAm) was photobleached under green and blue
irradiation, the polymerizations were still photomediated; if
the light source was removed, the polymerization rate dropped
to almost zero. A minuscule amount of monomer conversion
was observed during the dark periods, presumably from the
continued slow breakdown of hydrogen peroxide in the system

increased active radical
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and generation of hydroxyl radicals (Figure $20). Upon
introduction of air, the polymerization solutions slowly
recovered most of their pink color, although some irreversible
photobleaching was observed. After considering the different
light sources, the rapid rate of polymerization and the
moderate dispersity of polymers synthesized with green light
made it an excellent choice for polymerizing from the protein.
The monomer 4-acryloylmorpholine (NMO) polymerized
efficiently under green light using the same conditions,
[NMO]:[CTA]:[p(EY-NIPAAm)]:[DMAP]:[AscA]
200:1:0.01:1:0.5 (Scheme S3 and Figure S21).

With polymerization conditions determined, we studied the
solubility and recyclability of p(EY-NIPAAm). The thermor-
esponsive photocatalyst was soluble in water at 25 °C but
precipitated from aqueous solutions above its cloud point
temperature of ~32 °C. Heating to 37 °C for several minutes
allowed for complete precipitation and removal of the
photocatalyst under benign conditions (Figure 3A).>> After
thermally induced precipitation and filtration, UV—vis spec-
troscopy indicated that the p(EY-NIPAAm) photocatalyst was
completely removed from a solution of phosphate buffer and
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Figure S. Grafting DMA from the BSA macroCTA. (A) Scheme showing polymerization conditions of the BSA macroCTA with DMA. (B) SEC
traces of the polymer cleaved from the surface of the protein under basic conditions; there was a clean shift from high to low elution times showing
an increase of molecular weight as a function of polymerization time, indicating control. The high-molecular-weight shoulder between 13 and 14
min arises from the residual p(EY-NIPAAm) photocatalyst, which was not fully removed by filtration. p(EY-NIPAAm) was more prevalent at low
monomer conversions as the ratio of polymer to photocatalyst was much lower. (C) Pseudo-first-order kinetic plot of the polymerization showing
minor termination. (D) Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel showing the evolution of molecular weight
with polymerization time. The protein molecular weight markers from top to bottom are 116, 66.2, 45.0, 35.0, 25.0, 18.4, and 14.4 kDa. (E)
Activity assay for BSA showing a minor loss of activity for the first 120 min of the polymerization prior to plateauing at around 80% retained

activity.

BSA (Figure 3B). To examine the recycling efficiency, the
photocatalyst was precipitated, removed via centrifugation, and
reused in successive polymerization cycles without proteins
(Figure 3C—E, Supporting Information “Photocatalyst Re-
cycling”; Figure S22). Polymerizations were performed in
triplicate ([DMA]:[CTA]:[p(EY-NIPAAm)]:[DMAP]:[AscA]
200:1:0.01:1:0.5), with excellent reproducibility. Impor-
tantly, the SEC traces showed that there was very little residual
photocatalyst present in the polymerization solution after
centrifugation (Figure 3E). Residual photocatalyst was only
detectable by SEC after the third polymerization; this
polymerization went to lower conversion, and since less
polymer formed, there was a lower ratio of polymer product to
p(EY-NIPAAm), which makes the proportion of residual
photocatalyst appear more significant by SEC. The decrease in
monomer conversion with successive cycles indicated partial
activity loss of the photocatalyst in each iteration.

Having determined optimal polymerization and catalyst
removal protocols, a BSA macroCTA was synthesized and
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bioconjugation was explored (Scheme S4 and Figures S23—
S27). CTA 1a was functionalized with a maleimide to make 2-
(((ethylthio)carbonothioyl)thio)propanoate-4-(2-hydroxye-
thylmaleimide) (CTA 1) (Figure 4A). Maleimide linkages
rapidly and readily undergo Michael addition to thiols, which
can be accessed either on free cysteine residues or through
reduction of cystine disulfides on the protein.*”*°~** However,
controlling the pH, reaction time, and stoichiometry of
reactants was necessary to reduce the likelihood of Michael
addition to amines on lysine residues (Table S6). UV—vis
spectroscopy and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-ToF MS) were used
to quantify the number of CTAs attached to the protein. Both
methods suggested that one protein molecule was function-
alized with approximately 1.1 CTAs when the conjugation
reaction was carried out at pH 6.5 for 1 h (Figures 4B and
$28). The protein retained 100% activity after functionaliza-
tion with the CTA (Figure S29). The activity of the protein
was determined by monitoring the ability of BSA to catalyze
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Figure 6. Grafting NMO from the BSA macroCTA. (A) Scheme showing polymerization conditions of the BSA macroCTA with NMO. (B) SEC
traces of the polymer cleaved from the surface of the protein under basic conditions; there was a clean shift from high to low elution times showing
an increase of molecular weight as a function of polymerization time, indicating control. The high-molecular-weight shoulder between 13 and 14
min arises from the residual p(EY-NIPAAm) photocatalyst, which was not fully removed by filtration. p(EY-NIPAAm) was more prevalent at low
monomer conversions as the ratio of polymer to photocatalyst was much lower. (C) Pseudo-first-order kinetic plot of the polymerization showing
minor termination. (D) SDS-PAGE gel showing the evolution of molecular weight with polymerization time. The protein molecular weight markers
from top to bottom are 116, 66.2, 45.0, 35.0, 25.0, 18.4, and 14.4 kDa. (E) Activity assay for BSA showing no statistically relevant loss in activity

upon polymerization.

hydrolysis of 4-nitrophenyl acetate.””®" This esterase behavior
has been correlated with the retention of the tertiary structure
of the protein.’”®® The released 4-nitrophenolate anion
absorbed strongly at 4,,, = 405 nm and was monitored by
UV—vis.

Digestion and mass analysis of the protein fragments
indicated that the predominant amino acid functionalized
with CTA 1 was the free thiol, cysteine S8 (C58, UniProt
sequence P02769), comprising 39% of the functionalized
amino acids (Figure 4C). However, 11 other amino acids also
had detectable functionalization (Figures S30 and S31). Six
additional cysteine residues were tagged with CTA 1, despite
typically being involved in disulfide linkages. Five lysine
residues also underwent Michael addition with CTA 1, even at
pH 6.5. Most interestingly, modification of the lysine K548 was
almost as common as modification of the free thiol, accounting
for 35% of the detected functionalization. Heterogeneity in
amino acid reactivity can often be attributed to differences in
pK, and/or degree of solvent exposure.”’  Computational
analysis of the solvent-exposed surface area using Chimera
indicated that the lysine residues which underwent the highest
percentage functionalization (K$48 with 35% and K437 with
11%) were among the least surface-exposed residues of the
lysines detected.””®* This result may be a function of the
hydrophobicity of CTA 1 as well as differences in the chemical
environment of the lysine residues promoting reactions with
hydrophobic substrates. However, the other lysine residues
(K235 with 3% and K340 with <1%) are solvent-exposed.”>**

Polymers of DMA and NMO were grafted from the BSA
macroCTA using the conditions determined above: [mono-
mer]:[CTA]:[p(EY-NIPAAm)]:[DMAP]:[AscA]
200:1:0.01:1:0.5 under green light at room temperature and
pH 7.4 (Figures SA and 6A). The thermoresponsive properties
of the p(EY-NIPAAm) allowed for simple removal of the
polymeric photocatalyst from the conjugate; post polymer-
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ization, the reaction mixture was heated to 37 °C and filtered.
Afterward, the polymer was cleaved from the protein via ester
hydrolysis under basic conditions. SEC analysis of the cleaved
polymers showed a clear shift in molecular weight as a function
of time during the polymerizations, as expected for a controlled
polymerization (Figures SB and 6B). The pseudo-first-order
kinetic plot was linear for both monomers, indicating a
constant radical flux (Figures SC and 6C). Additionally, the
activity of the protein was monitored by UV—vis spectroscopy
throughout the polymerization (Figures SE and 6E). BSA
retained the ability to catalyze the hydrolysis of 4-nitrophenyl
acetate releasing the 4-nitrophenolate anion (A, = 40S),
indicating retention of its tertiary structure.””*’ For DMA,
there was a slight decrease in the activity of the polymer—
protein conjugate compared to that of the native protein; the
conjugate activity declined slowly over the first 120 min of the
polymerization, plateauing at approximately 80% activity. For
NMO, there was no statistically significant loss of conjugate
activity over the course of the polymerization.

SDS-PAGE indicated that p(DMA) and p(NMO) were
conjugated to the surface of the protein through the
appearance of a dark band at a higher molecular weight
(Figures SD and 6D). Coumassie blue exclusively dyed
proteins in these systems, not unconjugated polymer, so the
appearance of a high-molecular-weight band at 30 min
confirmed the formation of the conjugate. This dark band
shows decreased electrophoretic mobility as a function of
polymerization time, consistent with controlled growth.®>%
There was residual BSA evident on the SDS-PAGE gel, which
could result from either unfunctionalized BSA or incomplete
activation of the CTA due to a sterically crowded environment.
The breadth of the MALDI-ToF spectrum (Figure 4B)
supported the possibility that some of the BSA was never
functionalized with CTA. However, the higher-than-expected
molecular weights and dispersities suggested incomplete
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activation of the CTAs. In fact, the molecular weights achieved
with both DMA and NMO were approximately twice as high
as the molecular weight obtained in the test experiments
without BSA (Figures SB and 6B), which could indicate that
only half of the CTAs were accessible for polymerization.
Interestingly, this correlates well with the limited solvent
accessibility of several of the functionalized amino acids;
computational analysis suggested that about 60% of the CTA
moieties were attached to solvent-buried residues. This
evidence suggests that solvent exposure of the protein is
important not only for CTA placement but also for polymer
growth. Control polymerizations of DMA undertaken with EY
instead of p(EY-NIPAAm) yielded polymers with a similar
molecular weight and dispersity (Figure $32).

B CONCLUSIONS

This work demonstrated the utility of a stimuli-responsive EY-
derived polymer photocatalyst, p(EY-NIPAAm), for catalyzing
polymerizations from the surface of proteins in biologically
benign conditions. Importantly, the thermoresponsive nature
of the macromolecular catalyst, with temperature-dependent
solubility in aqueous media, affords a controlled transition
from a homogeneous reaction solution to heterogeneous, from
which the catalyst can be efficiently and quickly removed. The
polymerization can be mediated with low-energy visible light at
extremely low volumes without the need to sparge the reaction
vessel. The straightforward photocatalyst removal procedure is
essential for the small volume and combinatorial polymer—
protein conjugate synthesis that is requisite for bioconjugate
screening, testing, and drug discovery. Additionally, stream-
lining purification procedures for bioconjugates and decreasing
the cost of purification will help expand business sectors that
are increasingly relying on bioconjugation products.
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