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To avoid the use of metal catalysts used in conventional approaches, an Eosin Y/TEMED mediated, photoinduced polymerization of vinyl monomers was 

optimized for the synthesis of protein-polymer conjugates. This oxygen tolerant, photoinduced approach allowed to graft a series of hydrophobic, hydrophilic 

and responsive polymers with quantitative protein macroinitiator consumption. CALB bioconjugates were also synthesized and found to retain part of the 

parent protein activity for extended periods of time. Notably, when BSA was used in the absence of initiator, protein-coated nanoparticles were shown to 

form during emulsion polymerization.

Introduction 

Protein-polymer conjugates are hybrid macromolecules aiming 

to combine the unique functions and properties encoded in 

biomolecules with the limitless physicochemical and functional 

adaptability of synthetic polymers. As such, they have been 

systematically pursued over several decades.1-3 The vast range 

of potential applications of protein-polymer conjugates was 

first demonstrated  with the synthesis of dextran-hemoglobin 

hybrids4 and the PEGylation of bovine serum albumin (BSA).5-7 

The increased biocompatibility, stability and in vivo half-life of 

the first hybrid biomolecules sparked numerous investigations 

which have resulted in quite a few approved therapeutics by the 

United States Food and Drug Administration (FDA),8-10 and 

systems designed to address scientific goals in drug delivery,11-

16 gated transport,17 sensing and detection,18 and catalysis.19-21 

Recent advances in polymer synthesis also fostered significant 

progress in polymer bioconjugate synthesis. In the early 

synthesis of protein-polymer conjugates, most reports 

employed grafting-to approaches involving amino acid-specific 

or random couplings of prefunctionalized polymers to the 

protein22-24 or bioaffinity couplings.25-27 More recently, by 

capitalizing on the ability to synthesize polymers in rapid, 

efficient, and precise manners,28 numerous new methodologies 

have emerged for the synthesis of protein-polymer 

conjugates.2, 29-33 These are mostly grafting-from 

methodologies involving controlled radical polymerization 

(CRP) approaches such as atom transfer radical polymerization 

(ATRP),34-41 Cu(0)-mediated radical polymerization,42-43 and 

ring-opening polymerization,44-45 as well as reversible addition-

fragmentation chain transfer (RAFT)46-48 polymerization 

approaches and chain growth polymerization techniques.   

Very recent reports on the synthesis of protein-polymer 

conjugates focus on oxygen tolerant49-52 and photomediated 

metal catalyzed approaches.39, 51, 53 A significant advantage of 

photochemical approaches is that they offer temporal and 

spatial control under mild reaction conditions while oxygen 

tolerance is fundamental for the development of sustainable 

applications.54-57 However, several of these approaches require 

metal-based catalysts and metal contamination is a limiting 

factor when aiming at biomedical applications. For this reason, 

the metal-free organocatalyzed ATRP (O-ATRP)58-61 mediated 

synthesis of protein-polymer conjugates recently reported in 

seminal works by the groups of Sumerlin,62-63 Matyjaszewski,58, 

64 and Boyer59, 65 provides a new, powerful tool in the realms of 

oxygen tolerant bioconjugation. In this respect, the commonly 

used xanthene electron acceptor derivative, Eosin Y (ΕΥ), has 

been used as the organocatalyst as it is known to mediate 

photoinduced polymerization of several families of monomers 

in conjunction with alkyl halides and amines.66-68 EY is cheap, 

commercially available, displays excellent biocompatibility and 

has therefore been widely used in biological applications.69-70 

Taking these beneficial characteristics into account, Sumerlin 

and collaborators were the first to employ EY-catalyzed 

PET−RAFT for the synthesis of polymer-protein conjugates in 

the presence of a tertiary amine and under visible-light 

irradiation.64, 66 Following this grafting-from approach, rapid 

synthesis of water soluble biohybrids over a range of targeted 

molecular weights was possible. In a more recent contribution, 

Eosin Y acrylate was copolymerized with N-isopropylacrylamide 

(NIPAM) to afford a polymeric photocatalyst with temperature 

dependent hydrophilic-to-hydrophobic transition which 

enabled easy purification of the bioconjugates post 

polymerization and recovery of the catalyst.62 Importantly 

ascorbic acid (AscA) was shown to efficiently deoxygenate the 

polymerization solution. Matyjaszewski and collaborators, 

developed green-light-induced dual catalysis ATRP, i.e., using EY 

in combination with a copper complex which enabled rapid and 

well-controlled polymerization in water without the need for 

deoxygenation.71-72 Following this approach,  hydrophilic 

acrylate-based protein-polymer hybrids were also synthesized 

under ambient conditions.63 Finally, Boyer and collaborators,64 
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developed a photo-RAFT system allowing the synthesis of 

protein-polymer conjugates with excellent oxygen tolerance. 

During this study, the photocatalyst EY was combined with the 

reactive oxygen species (ROS) generating cocatalysts AscA and 

triethanolamine (TEOA). Evaluation of the impact of the ROS on 

model proteins led to selection of EY/TEOA as the optimal 

photo-RAFT initiating system for preserving enzymatic activity.  

 

Inspired by these reports, we developed an oxygen tolerant, EY 

photocatalyzed, grafting-from approach for the synthesis of 

protein-polymer conjugates in the absence of metal cocatalysts 

and targeted quantitative macroinitiator consumption. The 

latter is essential to avoid tedious purification that might render 

the approach difficult to scale-up for applications. We further 

reasoned that the strong adsorption of EY on proteins73 or/and 

its potential entrapment in the assemblies would enable direct 

imaging of the bioconjugates via fluorescence offering in 

addition one pot synthesis and labeling for studies using 

advanced microscopy. Following this approach we present 

herein, the synthesis of hydrophilic, amphiphilic, and responsive 

bioconjugates under mild blue light irradiation and with 

quantitative macroinitiator consumption attained in the 

presence of a tertiary amine cocatalyst.64 To this end, BSA was 

selected as model protein since it offers valuable characteristics 

to biohybrid systems including lack of cytotoxicity, high stability, 

and ability to evade interactions with blood serum 

components.74 Styrene, methacrylates, acrylates, and 

acrylamides were used as monomers. Expanding biohybrid 

scope to enzymes, catalytically active biohybrids were also 

synthesized using the lipase B from Candida antarctica and 

were imaged with fluorescence microscopy. Considering that 

the tertiary amines act as co-initiators,63, 75 the polymerization 

was studied in depth revealing tandem formation of polymeric 

by-products. To valorize these polymers, emulsion 

polymerization was employed in the presence of native proteins 

yielding protein-coated polymer nanoparticles. 

Results and discussion  

To access the oxygen tolerant, photoinduced, organocatalyzed 

grafting of hydrophobic polymers from ATRP protein 

macroinitiators we implemented an emulsion-based 

polymerization protocol.41 EY was used as the photoredox 

catalyst (Figure S1) and styrene as the model monomer for the 

synthesis of amphiphilic bioconjugates. The use of BSA is 

widespread in bioconjugation studies due to its accessible free 

thiol enabling specific functionalization and, on this basis, it 

selected as model protein. The biomacroinitiator BSA-Br (Io) was 

synthesized following an established protocol i.e., Michael 

addition of 2-bromo-2-methyl-propionic acid 2-(2,5-dioxo-2,5-

dihydro-pyrrol-1-yl)-ethyl ester to the accessible cysteine 

residue (Cys-34) of the protein (Scheme S1, Figure S2).35 To 

evaluate the feasibility of this metal-free photoinduced 

approach, all reactions were studied at physiological pH (7.4), 

ambient temperature and under blue LED irradiation unless 

otherwise stated. A feed molar ratio of styrene/BSA-Br (Io) = 

4000/1, ensuring the formation of a stable emulsion was initially 

evaluated in the presence of 0.02 to 1 molar equivalents of EY 

(Table 1, Entries 1-4) without adding either an oxygen scavenger 

or a sacrificial electron donor. It is important to note that all 

reactions were performed by simply eliminating the headspace 

from the reaction vessel without applying any deoxygenation 

means and that a ventilator was used to avoid temperature 

increase during the reaction (near ambient temperatures 

varying between 25 and 32 °C were measured in the reactor). 

Polyacrylamide gel electrophoresis (PAGE) and aqueous Size 

Exclusion Chromatography (SEC) were employed to monitor the 

consumption of the macroinitiator and detect the formation of 

products. Formation of amphiphilic bioconjugates was 

observed for all feed molar ratios used under these conditions 

yet, without quantitative macroinitiator consumption (Table 1, 

Entries 1-3, Figure 1, Figure S3, Figure S4). A new band, not 

migrating past the stacking gel was observed and attributed to 

the amphiphilic BSA-poly(styrene) biohybrid nanoparticles 

which were eluted with lower retention times than the 

macroinitiator in aqueous SEC.37, 41 All biohybrids were 

characterized by Infrared Spectroscopy (FT-IR, Figure 1). Lower 

or no macroinitiator consumption was seen when lowering the 

catalyst concentration to as low as 0.02 molar equivalents 

(Table 1, Entry 4, Figure S3, Figure S4).  

Table 1. Optimization of the oxygen tolerant, photoredox grafting of styrene from BSA-Br 

(Io). 

Entry 
 

Styrene/BSA-Br, Io/EY 
 

Reaction 
Time (min) 

BSA-Br (Io) 
Consumption 

1 4000/1/1 120 Near quantitative  
2 4000/1/0.5 120 Partial 
3 4000/1/0.2 120 Partial 
4 4000/1/0.02 120 Low 
5 4000/1/0 120 No reaction 
6 4000/1/1a 120 No reaction 
7 4000/0/1 120 n.a.b 

 
 

Styrene/BSA-Br, Io/EY/AscA 
 

Reaction 
Time (min) 

BSA-Br (Io) 
Consumption 

8 4000/1/1/0.5 120 High 

  
 

Styrene/BSA-Br, Io/EY/TEMED 
 

Reaction 
Time (min) 

BSA-Br (Io) 
Consumption 

9 4000/1/1/10 10-15 Quantitative 
10 4000/1/0.5/5 30-45 Quantitative 
11 4000/1/0.2/2 120 Near quantitative 
12 4000/1/0.02/0.2 240 or 480 Very low 
13 4000/0/1/10 240 n.a.b 
14 4000/0/0.2/2 240 n.a.b 

a Without irradiation. b Formation of polystyrene nanoparticles. 
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Figure 1. Optimization of BSA-poly(styrene) synthesized via oxygen tolerant, 

organocatalyzed ATRP. A. Native PAGE, lanes 1-4 and 7-10: BSA-poly(styrene) lane 1: 

Styrene/BSA-Br, Io/EY=4000/1/0.02 (Table 1, Entry 4), lane 2: Styrene/BSA-Br, 

Io/EY=4000/1/0.2 (Table 1, Entry 3), lane 3: Styrene/BSA-Br, Io/EY=4000/1/0.5 (Table 1, 

Entry 2), lane 4: Styrene/BSA-Br, Io/EY = 4000/1/1 (Table 1, Entry 1), lane 5: BSA-Br (Io), 

lane 6: native BSA, lane 7: Styrene/BSA-Br, Io/EY/TEMED=4000/1/0.02/0.2 (Table 1, Entry 

12), lane 8: Styrene/BSA-Br, Io/EY/TEMED=4000/1/0.2/2 (Table 1, Entry 11), lane 9: 

Styrene/BSA-Br, Io/EY/TEMED=4000/1/0.5/5 (Table 1, Entry 10), lane 10: Styrene/BSA-

Br, Io/EY/TEMED=4000/1/1/10 (Table 1, Entry 9), lane 11: polystyrene (Table 1, Entry 7). 

B. ON/OFF time course experiment using feed molar ratio styrene/BSA-Br, 

Io/EY/TEMED=4000/1/1/10 (Table 1, entry 9), lanes 1-9: samples were withdrawn every 

2 minutes of alternating blue LED ON and OFF periods, lane 10: native BSA, lane 11: BSA-

Br (Io). C. ON/OFF time course experiment using feed molar ratio styrene/BSA-Br, 

Io/EY/TEMED=4000/1/0.5/5 (Table 1, entry 10), lanes 1-9: samples were withdrawn 

every 3 minutes of alternating blue LED ON and OFF periods, lane 10: BSA-Br (Io), lane 

11: native BSA. D. SEC chromatographs of BSA-Br (Io) and BSA-poly(styrene) synthesized 

under different conditions (Table 1, Entries 1,2,9,10). C. FT-IR spectra of native BSA (light 

grey), BSA-Br (Io, grey) and, BSA-poly(styrene) (pink, Table 1, Entry 10) showing the amide 

carbonyl group at 1652 cm−1 and the amide N-H bending at 1542 cm−1 of the protein 

moiety as well as the C-H bending of the aromatic ring of poly(styrene) at 690.7 cm-1.  

When control experiments were performed in the absence of a 

selected reaction component such as the catalyst (Table 1, Entry 

5), the monomer or irradiation (Table 1, Entry 6, Figure S3), 

biohybrid formation could not be detected while in all cases, the 

macroinitiator was recovered unaffected. On the other hand, 

polystyrene nanoparticles were formed when styrene was 

subjected to emulsion polymerization conditions in the absence 

of the protein macroinitiator BSA-Br (Io) (Table 1, Entry 7, Figure 

2). The produced polystyrene was isolated and characterized 

with 1H-NMR spectroscopy (Figure S5).  

Throughout this study, quantitative macroinitiator 

consumption was targeted as it minimizes the effort required to 

isolate the biohybrids by rendering only a simple dialysis step 

necessary. We evaluated grafting in the presence of AscA since 

it was elegantly employed in recent protocols as means to 

deoxygenate the reaction mixtures.66, 68 Under the conditions 

used herein, grafting of styrene was found to proceed yet, 

without quantitative macroinitiator consumption (Table 1, 

Entry 8, Figures S3 and S7). On the other hand, when N,N,N′,N′-

tetramethylethylenediamine (TEMED) was added as sacrificial 

electron donor,50 quantitative macroinitiator consumption 

could be attained after merely 10 to 15 minutes of irradiation 

under blue LED at feed molar ratio of styrene/BSA-Br, 

Io/EY/TEMED = 4000/1/1/10 (Figure 1, Table 1, Entry 9, Figures 

S3 and S8). When reduced EY feed molar ratio was used, 

quantitative macroinitiator consumption could again be 

achieved albeit, at increased irradiation times (between 30 

minutes and 2 hours depending on the photoredox catalyst 

loading, Table 1, Entries 10-12, Figure S8).  

Imaging of the products (Table 1, Entry 9) with FE-SEM revealed 

two distinct populations of spherical nanoparticles with defined 

diameters between 100 and 130 nm and between 10 and 30 nm 

(Figure 2A and B). Poly(styrene) formed in the absence of 

macroinitiator was imaged as polydisperse spherical 

nanoparticles with significantly smaller diameters between 10 

and 40 nm (Figure 2C, Table 1, Entries 13 and 14, Figure S5). 

Hence, the spherical assemblies imaged in FE-SEM can be most 

possibly attributed to hybrid polymer/bioconjugate 

nanoparticles (Figure 2A and B). 

Figure 2. A. FE-SEM micrographs and B. TEM micrographs of BSA-poly(styrene) (Table 1, 

Entry 9) imaged as two distinct populations of spherical nanoparticles with diameters 

between 100 and 130 nm and between 20 and 40 nm; C. FE-SEM micrographs of 

poly(styrene) (Table 1, Entry 13) imaged as spherical nanoparticles with diameters 

between 20 and 50 nm; D. FE-SEM micrographs of BSA coated poly(styrene) 

nanoparticles with diameters between 20 and 50 nm.  

Next intermittent light exposure was investigated to assess the 

possibility of activating and deactivating polymerization. Rapid 

macroinitiator consumption was observed after 2 minutes 

irradiation time as can be observed in Figure 1B (styrene/BSA-

Br, Io/EY/TEMED = 4000/1/1/10, Table 1, Entry 9, Figure S9). 

Under these conditions, the polymerization could be activated 

and deactivated by switching on and off the irradiation source 

until fully consuming BSA-Br (after 10 minutes of total ON 

irradiation time) nevertheless, temporal control was poor. To 

attain better temporal control, we lowered the concentration 

of the catalyst i.e., styrene/BSA-Br, Io/EY/TEMED= 4000/1/0.5/5 

(Table 1, Entry 10, Figure 1C). The reaction could be again 
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triggered or halted by turning the blue LEDs on and off with 

improved temporal control.      

 

Monomer Scope 

To expand monomer scope, the EY mediated, photoinduced 

ATRP grafting of a series of acrylates, methacrylates and 

acrylamides from BSA-Br (Io) was evaluated under the oxygen 

tolerant conditions established for styrene. For all hydrophobic 

monomers emulsion polymerization conditions were pursued 

i.e., formation of stable monomer emulsions prior to subjecting 

the monomer to polymerization. As seen in Figure 3 (Table 2), 

hydrophobic acrylates, methacrylates and acrylamides could be 

successfully grafted from BSA-Br (Io) and for most monomers, 

quantitative macroinitiator consumption could be achieved 

through optimization of the feed molar ratio of the reactants. 

More specifically, the optimal feed molar ratio for the grafting 

of methyl acrylate (MA) was MA/BSA-Br/EY/TEMED = 

4000/1/1/10, i.e., same as the optimum feed ratio identified for 

styrene (Figures S10 and S11). In the case of methyl 

methacrylate (MMA), quantitative macroinitiator consumption 

at the same feed molar ratio could only be achieved in the 

presence of 5 % v/v toluene presumably stabilizing the 

monomer emulsion (Figures S12 and S13). In all cases the 

amphiphilic bioconjugates were found to assemble into hybrid 

polymer/biopolymer spherical nanostructures (Figure 3E).  

Table 2. Oxygen tolerant, photoredox ATRP for the grafting of diverse monomers from 

BSA-Br (Io). 

Entry 
 

Monomer 
 

Monomer/BSA-Br, Io/EY 
 

BSA-Br (Io) 
Consumption 

1 MA 4000/1/1/10 Quantitative 
2 MMA 4000/1/1/10 a Quantitative 
3 VAc 8000/1/5/50 High 
4 VP 4000/1/0.5/5 Quantitative 
5 NAM 4000/1/1/10 Near Quantitative 
6 HEA 4000/1/1/10 Quantitative 
7 HEMA 4000/1/1/10 Quantitative 
8 NIPAM 1000/1/1/10 Quantitative 
9 NIPAM 1000/1/0.2/10 Quantitative 

10 NIPAM 100/1/0.2/10 Quantitative 
11 DMAEMA 4000/1/0.2/10 Quantitative 
12 DPA 4000/1/0.2/10 Quantitative 

a Addition of 5 % v/v toluene 

 

  

Figure 3. Characterization of amphiphilic, hydrophilic, and responsive protein-polymer conjugates. A. IR spectra of the bioconjugates. B. 1H-NMR spectra acquired for hydrophilic 

BSA-polymer conjugates. C. Transmittance vs. time curve at different temperatures showing the rapid response of BSA-poly(NIPAM). D. Transmittance vs. pH curves of BSA-poly(DPA). 

Two cycles are shown for the same sample in which the response was induced by changing the pH with the addition of HCl (pH decrease) or NaOH (pH increase). E.  SEM and FE-SEM 

micrographs of amphiphilic protein-polymer conjugate nanoparticles. 
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As seen with styrene, several other monomers used in this study 

(MMA, DPA and NIPAM vide infra) were also shown to 

polymerize in the absence of macroinitiator (Figure S6).  

Grafting of the less activated monomer vinyl acetate (VAc) 

proved to be more demanding. In general, ATRP of VAc is 

considered highly challenging because the homolytic bond 

dissociation energy of the dormant poly(VAc) chains makes 

reactivation difficult while at the same time the VAc 

propagating radical is not stabilized either.76-77 Indeed neither 

addition of an organic cosolvent nor increased catalyst loadings 

or grafting times could significantly increase biomacroinitiator 

consumption. The lowest amount of unreacted macroinitiator 

was detected at a feed molar ratio VAc/BSA-Br, Io/EY/TEMED = 

8000/1/5/10 (Figure S14 and Figure 3E).   

We also sought to graft hydrophilic monomers from BSA-Br (Io) 

and for this reason vinyl pyrrolidone (VP), N-acryloyl 

morpholine (NAM) and 2-hydroxyethyl acrylate (HEA) were 

selected since all produce polymers useful in a variety of 

pharmaceutical and biomedical applications (Figure 3).78-79 

1H-NMR spectroscopy provided additional means to 

characterize hydrophilic protein-polymer conjugates while 

dialysis was sufficient to remove both unreacted monomers and 

the produced polymers from the bioconjugate solution. It 

should be noted that for hydrophilic monomers, the optimum 

conditions of emulsion polymerization did not result in 

macroinitiator consumption which was more difficult to attain. 

Feed molar ratio VP/BSA-Br, Io/EY/TEMED = 4000/1/0.5/5 was 

found sufficient to yield BSA-poly(vinyl pyrrolidone) biohybrids 

(Figure 3, Figure S15).  For the synthesis of BSA-poly(N-acryloyl 

morpholine), near quantitative macroinitiator consumption was 

observed after optimization with NAM/BSA-Br/EY/TEMED = 

4000/1/1/10, Figure 3, Figure S16). At the same molar loading 

both 2-hydroxyethyl acrylate (HEA) and 2-hydroxyethyl 

methacrylate (HEMA) led to the formation of BSA-poly(HEA) 

(Figure 3, Figure S187) and BSA-poly(HEMA) (Figure 3, Figure 

S18) respectively.  

Targeting the synthesis of responsive bioconjugates, N-

isopropylacrylamide (NIPAM), 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) and 2-(diisopropylamino)ethyl 

methacrylate (DPA) were grafted from the protein 

macroinitiator BSA-Br (Figure 3). The conditions identified for 

full macroinitiator consumption are summarized in Table 2 

(Figures S19-S24). To get insight on the kinetics of this oxygen-

tolerant approach, the photoinduced grafting of NIPAM from 

BSA-Br (Io) was further studied. In time course experiments 

performed under the conditions identified to be optimal 

(NIPAM/BSA-Br, Io/EY/TEMED = 2000/1/0.2/10, Figure S19), the 

formation of biohybrids was apparent within the first 5 minutes 

of irradiation and full macroinitiator consumption could be 

achieved within 30 minutes. Importantly, when samples of the 

reaction mixture were withdrawn at fixed time points and 

studied with 1H-NMR spectroscopy without purification, full 

monomer consumption was detected after 60 minutes (Figure 

S19). The lower critical solution temperature (LCST) of BSA-

poly(NIPAM) was determined to be between 32.8 and 33 °C at 

sufficiently dilute concentrations and was found to be reversible 

(Figure 3, Figure S20). The spherical assemblies formed at 

temperatures higher than the LCST were imaged by SEM (Figure 

S20). Τhe response of BSA-poly(DPA) was also found to be 

reversible with turning point determined to be at pH 5.8 (Figure 

3, Figure S21). 80 Taking advantage of their response, both BSA-

poly(NIPAM) and BSA-poly(DPA) could be effectively isolated 

from independently formed polymer chains i.e., by performing 

dialysis after phase transition while retaining the conditions 

required for the biopolymer to be hydrophilic (at 20 °C for BSA-

poly(NIPAM) and at pH below 5.8 for BSA-poly(DPA)). BSA-

poly(DPA) was analyzed with PAGE and before and after dialysis 

performed at 5.5. The dialysate was collected and the released 

polymer isolated and characterized with 1H-NMR spectroscopy 

(Figure S22).  Similar trends were observed in the synthesis of 

BSA-poly(DMAEMA) (Figures S23 and S24). 

 

Grafting multiple monomers  

To capitalize on the unlimited chemical versatility of polymers 

we investigated the possibility to graft two different monomers 

from the protein initiator via this oxygen tolerant, metal-free, 

photocatalysis. A random BSA-poly(NIPAM-co-DPA) 

bioconjugate was synthesized by grafting both monomers 

together (Figure S25). To explore the livingness of this 

approach, we then proceeded to consecutively graft two 

different monomers.  To achieve this, full consumption of both 

the macroinitiator and the monomer were targeted for the first 

step. Quantitative consumption of the macroinitiator was 

confirmed by PAGE electrophoresis, and full monomer 

consumption was confirmed by 1H-NMR spectroscopy for the 

synthesis of BSA-poly(NIPAM) at feed molar ratio NIPAM/BSA-

Br, Io/EY/TEMED = 100/1/0.2/10. After the first monomer, 

NIPAM, was fully consumed, styrene, EY and TEMED were 

added to the reaction mixture (styrene/BSA-Br, Io /EY/TEMED = 

4000/1/0.2/10) and the reaction was allowed to proceed for 

another hour under blue LED. The formation of BSA-

poly(NIPAM)-b-poly(styrene) was verified through the FT-IR 

spectrum of the biohybrid exhibiting all the characteristic 

vibrations of the protein and both polymer moieties (Figure 

S26). Under the same conditions, the responsive BSA-

poly(NIPAM)-b-poly(VP) was also synthesized (Figure S27).  

 

 

Protein-coated polymer nanoparticles 

An underlying goal of this study was to develop a facile, easy to 

implement and rapid protocol which would allow to easily tailor 

hybrid nanocarriers for diverse imaging applications given that 

EY strongly attaches to proteins. Key element to the 

implementation of such nanocarriers as drug or signal delivery 

systems is to attain mechanistic insights on internalization 

pathways and membrane/organelle interactions using 

fluorescent microscopy.81-83 Since several of the monomers 

used in this study polymerize under the conditions of this 

oxygen tolerant photoinduced polymerization to form polymer 

nanoparticles (vide supra), we envisioned that this approach 
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could be used to construct protein-coated polymer 

nanoparticles. We reasoned that during emulsion 

polymerization, a native protein could act as surfactant further 

stabilizing the monomer emulsion. In such a case, protein-

coated nanoparticles would be formed during ΕΥ mediated 

photopolymerization of styrene and stabilized through 

hydrophobic interactions.  

We therefore performed styrene polymerization in the 

presence of native BSA (i.e. without ATRP initiator). In PAGE 

electrophoresis, a band not-migrating past the stacking gel 

front, was predominant upon completion of the reaction while 

native BSA could also be detected (Figure S28). After the dialysis 

step, the presence of both BSA and poly(styrene) was confirmed 

in the product mixture with FT-IR. The nanoparticles were 

visualized via FE-SEM imaging to be spherical with diameters 

varying between 20 and 50 nm (Figure 2D). Despite numerous 

efforts, the protein could not be fully detached from the 

nanoparticles by simple means that would allow further 

characterization post polymerization. We therefore proceeded 

to synthesize responsive poly(DPA) nanoparticles in the 

presence of native BSA (Figure 4, Figure S23). To determine the 

nature of the produced nanoparticles, the product was 

characterized after synthesis and was then subjected to dialysis 

against phosphate buffer, pH 5.0 i.e., below the turning point 

(5.8, Figure 3). Both the product and the dialysate were 

characterized. As seen in native PAGE analyses of the samples 

collected before and after the phase transition, native BSA (pI 

4.8-5.0) was liberated leaving no trace of the band attributed to 

the nanocarrier (Figure S22). Our initial assumption was further 

supported through the detection of poly(DPA) obtained by 

acquiring a 1H-NMR spectrum of the dialysate (Figure S22). 

Figure 4. Proposed pathways for the production of BSA-polymer and BSA-coated polymer 

nanoparticles.  

 
Imaging with fluorescence microscopy 

EY has an emission peak at 516.5 nm and is detectable in 

fluorescence microscopy. As previously reported, EY strongly 

attaches to proteins which could be advantageous for the 

purposes of biomedical research imaging since EY is 

biocompatible and non-toxic. The protein-coated poly(styrene) 

nanoparticles were imaged with total internal reflection 

fluorescence (TIRF) microscopy and detected in the green 

channel (Figure 5, Figures S28 and S29). 

 

Protein scope – Synthesis of CALB-poly(styrene) 

To further explore the versatility of this oxygen tolerant 

photoinduced organocatalysis, the lipase B from Candida 

antarctica (CALB) was employed. To synthesize a CALB initiator,  

N-hydroxysuccinimide-2-bromo-2-methylpropionate was non-

specifically linked via NHS-ester coupling to the exposed 

primary amines of the protein (Figure S30). Upon isolating and 

characterizing the macroinitiator, the grafting of styrene was 

endeavored at feed molar ratio styrene/CALB-Br, Io/EY/TEMED 

= 4000/1/1/10. The formation of CALB-poly(styrene) was 

verified via SDS PAGE and FT-IR (Figure S31). More specifically, 

a new non-migrating band was observed for the product in SDS 

PAGE which was pleasingly combined with the absence of the 

band corresponding to the macroinitiator. Consistent with what 

was seen with BSA, two populations of assembled nanoparticles 

were imaged in SEM with the ones which were larger in 

diameter (100-150 nm) having spherical and distorted spherical 

architectures. The FT-IR spectrum of the product verified the 

presence of all the characteristic vibrations of CALB-Br and 

poly(styrene) (Figure S31).   

CALB catalyzes the hydrolysis of esters converting triglycerides 

into glycerol and fatty acids, while being also one of the most 

used enzymes in biocatalysis with widespread applications.84 5-

(6)-carboxyfluorescein diacetate (CFDA) was used to test in vitro 

the catalytic activity of the CALB-poly(styrene) biohybrids by 

monitoring the formation of the hydrolysis product carboxyl 

fluorescein (CF) at 453 nm. The biohybrids were shown to retain 

part of the catalytic activity of the parent enzyme.  

Figure 5. A. Left: Imaging of BSA coated poly(styrene) with internal reflection 

fluorescence (TIRF) microscopy. Right: 3D intensity plot of one nanoparticle. B. Activity 

of CALB-poly(styrene), polystyrene nanoparticles coated with CALB and native CALB. The 

graph depicts the slopes of the activity kinetics recorded in 20, 25 and 37 °C. The activity 

traces are included in the Supporting Information.   

CALB-coated polystyrene nanoparticles 

Poly(styrene) nanoparticles were synthesized in the presence of 

native CALB (1 equiv.) using feed molar ratio styrene/EY/TEMED 

= 4000/1/10 under blue LED for one hour. The nanoparticles 

were imaged with FE-SEM while the product was characterized 

with PAGE electrophoresis and FT-IR (Figure S5).  

The CALB-coated polystyrene nanoparticles were also found to 

retain part of the esterase activity of native CALB (Figure 5). 

Notably, the coated nanoparticles were proven to be 

remarkably stable as they retained their activity one year after 

storing at 4 °C (data not shown).  To the best of our knowledge 
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this is the first time that such significant stability of such 

nanocarriers is being reported. 

Experimental 

Materials and methods 

Chemicals were purchased from commercial sources and were 

used as received, unless otherwise stated. Bovine serum 

albumin (BSA) was purchased from Sigma (> 99%). The 

purification of CALB was performed according to literature.85 

Dialysis bags (Spectra/Por® Biotech Regenerated Cellulose 

Dialysis Membranes, MWCO 10, 25, and 50 kDa) were 

purchased from Spectrum Labs. The synthesis of the 

biomacroinitiators was performed using established 

protocols.34,38 Full experimental details and characterization are 

included in the Supplementary information.   

 

General Polymerization protocol for the oxygen tolerant, 

EY/TEMED mediated grafting of monomers from protein 

macroinitiators 

A solution of EY was prepared by dissolving 1 mg EY (1.54 μmol) 

in 1 mL, 20 mM phosphate buffer pH 7.4 with the aid of 

sonication. 0.21 M and 0.1 M TEMED stock solutions were 

prepared by dissolving 3.3 μL (22 μmol) in 100 μL nanopure 

water or 1.5 μL (10 μmol) in 98.5 μL nanopure water. 2.8 μL - 

141.5 μL (0.044-0.218 μmol) of the stock solution of EY and the 

corresponding volume of the appropriate TEMED stock solution 

were dissolved in nanopure water to afford a solution with fixed 

total volume (460 μL). The emulsion of the monomer was 

formed by adding the hydrophobic monomer (872 μmol, 4000 

equiv.) and sonicating for ca. 5 minutes. The volume of the 

water was adjusted for each feed molar ratio to retain a stable 

volume. The resulting emulsion was immediately transferred to 

a 6 mL polypropylene syringe equipped with a stirring bar, 

containing 0.625 mL of a 0.35 mM solution of the protein 

macroinitiator (Io) in 20 mM phosphate buffer, pH 7.4 (0.218 

μmol, 1 equiv.). Headspace was eliminated to avoid the 

presence of undissolved oxygen and the reaction syringe was 

capped and placed under blue LED irradiation for specified 

amounts of time (varying from 5 minutes to 9 hours) with 

moderate stirring. A ventilator was used to avoid temperature 

increase maintaining the temperature between 25 and 32 °C. 

The reaction mixture was then dialyzed using a 10 kDa MWCO 

regenerated cellulose dialysis membrane initially against a 

mixture of 5 mM phosphate buffer, pH 7.4, 1 % DMSO, then 

against 5 mM phosphate buffer, pH 7.4, and finally against 20 

mM phosphate buffer, pH 7.4. The product solutions were 

analyzed by means of native or SDS PAGE electrophoresis, SEC, 

and FT-IR spectroscopy. 1H-NMR spectra were acquired for 

hydrophilic products. Dilute suspensions of the products in 

nanopure water were imaged with SEM or FE-SEM.  All products 

were stored at 7 °C until further use.  

Conclusions 

A comparative study of a robust EY/TEMED photocatalyzed, 

oxygen tolerant protocol that enables the synthesis of protein-

polymer conjugates is presented. For the purposes of this study, 

we optimized photocatalysis and used it as a rapid and easy to 

implement protocol to graft diverse monomers from a protein 

macroinitiator while targeting at complete macroinitiator 

consumption in order to attain at the same time easy isolation 

means. In this manner, amphiphilic, hydrophilic and responsive 

bioconjugates were synthesized and characterized. Expanding 

the scope of this protocol, triblock biohybrids could also be 

easily obtained. The EY mediated oxygen tolerant ATRP was also 

successfully applied to CALB, yielding biohybrids that retained 

part of the parent enzyme activity. Taking advantage of the 

ability of EY/TEMED to mediate free radical polymerization of 

vinyl monomers in emulsion, we studied the in situ formation 

and protein-coating of polymer nanoparticles. Both BSA and 

CALB were used to coat poly(styrene) and poly(DPA) 

nanoparticles. Interestingly, the CALB-coated poly(styrene) 

nanoparticles were found to be active after being stored for 

over a year at 4 °C. Nanoparticle protein coronas are 

spontaneously formed when they enter biological systems as 

part of their defence mechanisms. Our current studies are 

focusing on this extremely interesting feature of the EY 

mediated approach which provides the means to synthesize 

polymer nanoparticles coated with a defined protein corona to 

explore whether this can in turn dictate the biophysical and 

chemical identity of the nanoparticle.    
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