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Protein-polymer bioconjugates via a versatile
oxygen tolerant photoinduced controlled radical
polymerization approach

Alexis Theodorou® !, Evelina Liarou® 2, David M. Haddleton® 2, Iren Georgia Stavrakaki® ',

Panagiotis Skordalidis', Richard Whitfield® 3, Athina Anastasaki® 3** & Kelly Velonia® ™

The immense application potential of amphiphilic protein-polymer conjugates remains largely
unexplored, as established “grafting from"” synthetic protocols involve time-consuming, harsh
and disruptive deoxygenation methods, while “grafting to" approaches result in low yields.
Here we report an oxygen tolerant, photoinduced CRP approach which readily affords
quantitative yields of protein-polymer conjugates within 2h, avoiding damage to the
secondary structure of the protein and providing easily accessible means to produce bio-
macromolecular assemblies. Importantly, our methodology is compatible with multiple pro-
teins (e.g. BSA, HSA, GOx, beta-galactosidase) and monomer classes including acrylates,
methacrylates, styrenics and acrylamides. The polymerizations are conveniently conducted in
plastic syringes and in the absence of any additives or external deoxygenation procedures
using low-organic content media and ppm levels of copper. The robustness of the protocol is
further exemplified by its implementation under UV, blue light or even sunlight irradiation as
well as in buffer, nanopure, tap or even sea water.
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rotein-polymer conjugates are hybrid biomacromolecules

designed to display the wide diversity of functional and

structural characteristics of both their synthetic and biolo-
gical component!~3. In practice, certain native proteins exhibit
reduced stability under non-physiological conditions, are sus-
ceptible to enzymatic degradation, can trigger undesirable
immune responses, cannot penetrate most biological barriers and
are below the kidney filtration threshold3-°. Among other
approaches, protein-polymer conjugates have mostly evolved to
address such limitations and improve the stability, solubility, and
biodistribution, increase circulation half-life and decrease anti-
genicity of such proteins!7:8, In addition, the unlimited chemical
diversity of polymers offers the possibility to convey enhanced
properties to natural biomacromolecules. Since the first genera-
tion of PEGylated proteins several decades ago®-!2, hydrophilic
protein-polymer bioconjugates of remarkable complexity and
diverse functionality have evolved313-19,

To expand the vast application potential of protein-polymer
bioconjugates, a hydrophobic polymer moiety has been incor-
porated to further introduce self-assembling properties to the
resulting amphiphilic bioconjugates. In the pioneering research
introducing Giant Amphiphiles, Nolte and collaborators cova-
lently attached hydrophobic polymers to proteins via diverse
“grafting to” approaches?0-22 demonstrating a variety of self-
assembled nanostructures, which were dependent both on syn-
thetic protocol and molecular structure?3-2>, However, the con-
ventional “grafting to” approach entails independent synthesis of
sizeable orthogonal end-functionalized polymers, which are
subsequently covalently attached to a large protein. Due to the
intrinsic limitations of reactions between macromolecules, this
approach is mostly efficient in bioconjugation with water-soluble
and low molecular weight polymers. The grafting of hydrophobic
polymers to proteins further necessitates use of organic cosol-
vents, which often trigger protein denaturation?® and complicate
purification. Inspired by ground-breaking research on protein-
initiated ATRP by the groups of Lewis2”-25, Matyjaszewski%?, and
Maynard®1819, our lab reported the synthesis of Giant Amphi-
philes based on a “grafting from” approach3%-31. By design, this
synthetic approach enables in situ encapsulation of hydrophilic
(bio)molecules within the vesicular interior of the proteinosomes,
as well as incorporation of hydrophobic compounds within their
membrane, offering a significant advantage over conventional
“grafting to” strategies!+30-3>. Nonetheless, the use of conven-
tional CRP (Controlled Radical Polymerization, also referred to as
RDRP, Reversible Deactivation Radical Polymerization) systems
necessitates deoxygenation that is typically achieved via high-cost,
time-demanding processes such as freeze-pump-thaw and/or
inert gas sparging, which require sophisticated equipment and
can potentially cause protein denaturation or loss of enzymatic
activity®39-38, Recently, seminal work by the groups of Boyer3%:40,
Matyjaszewski*!~43 and others*4~47 led to elegant approaches in
which no external deoxygenation is required for the synthesis of
well-defined polymers. Such systems typically employ enzymes
(e.g, glucose oxidase)*8-30, sacrificial substrates*, and/or
increased concentrations of photocatalysts or reducing agents>1->3
to in situ consume oxygen prior to polymerization. However, the
applicability of such systems in the synthesis of protein-polymer
conjugates is currently limited, since external reducing agents
and/or enzymes may significantly increase the complexity of the
“grafting from” approach, affect protein integrity and render
product isolation tedious.

Herein we present the first oxygen tolerant, additive-free
photoinduced copper-mediated RDRP to graft hydrophobic and
hydrophilic monomers from protein macroinitiators, introducing
a general method for the synthesis of a variety of protein-polymer
bioconjugates in quantitative yields (Fig. 1). Inspired by recent

oxygen tolerant copper-mediated polymerization strategies*®47,
we present a photoinduced polymerization process, which elim-
inates the need for deoxygenation and provides a universal
approach for the synthesis of protein-polymer bioconjugates from
protein macroinitiators. Our methodology avoids damage to the
secondary structure of the protein, is compatible with various
proteins (e.g., BSA, HSA, GOx, beta-galactosidase) and monomer
classes including acrylates, methacrylates, styrene derivatives, and
acrylamides.

Results

Oxygen tolerant, photoinduced grafting of styrene from BSA.
Bovine serum albumin (BSA, 66.5 kDa) was chosen as the model
protein for the purposes of this study, due to its non-bridged
cysteine residue (Cys34), which allows for the specific modifica-
tion with one initiating group per protein®*>°. The biomacroi-
nitiator (BSA-Br, I,,) was synthesized via a bioorthogonal Michael
addition of 2-bromo-2-methyl-propionic acid 2-(2,5-dioxo-2,5-
dihydro-pyrrol-1-yl)-ethyl ester to Cys34 (Supplementary Figs. 1-
6, Supplementary Information)3%3!. Upon bioconjugation, the
product BSA-Br (I,) was enriched by extensive dialysis, char-
acterized and stored at 4 °C (Supplementary Fig. 7).

Based on our previous studies on conventional ATRP grafting
of styrene (monomer, M,;)3%3!, we reasoned that a stable
monomer emulsion would be necessary for quantitative grafting
in terms of macroinitiator consumption. We therefore selected a
feed molar ratio of styrene to BSA-Br (I,,) of 5000/1 as a starting-
point value (Table 1, Entry 1). Importantly, all polymerization
reactions were performed in widely used polypropylene syringes,
where after addition of the reagents, headspace could be easily
eliminated (Figs. 1, 2 and Supplementary Fig. 8). Upon
judiciously optimizing the polymerization conditions, a ratio of
M, /1,/Cull/L = 5000/1/1.5/12 was selected and all reagents were
carefully loaded in a plastic syringe, which was subsequently
exposed to UV irradiation (broad band ~365nm, 36 Watt). The
excess of the ligand Tris[2-(dimethylamino)ethyl]amine (MesT-
REN) with respect to copper is essential for the in situ reduction
of CuBr, to CuBr as previously reported*”->¢. Initially, a minor
amount of organic solvent (DMSO, ~5%) was added to the buffer
solution as this would allow efficient emulsification for cases
where the monomer is solid rather than liquid (total organic
content (OC) = 18%). Under these conditions (Table 1, Entry 1),
the polymerization was allowed to proceed for a total of 3h,
during which the reaction mixture gradually became opaque.
Aliquots were withdrawn by simply pushing the syringe plunger,
thus avoiding disruption to the reaction system by minimizing
oxygen exposure. The product formation (BSA-polystyrene, BSA-
PS) and more specifically the initiator consumption was
monitored by both native polyacrylamide gel electrophoresis
(PAGE) and size exclusion chromatography (SEC). The final
product was enriched by a simple dialysis step.

In native PAGE, biomacromolecule mobility depends on both
the charge and the hydrodynamic size of the protein while, as
observed in previous studies?%-30:43, biomacromolecules with an
overall amphiphilic character do not migrate past the gel front. As
shown in Fig. 2a and Supplementary Fig. 9, during the course of
the reaction the concentration of BSA-Br (I,,) gradually decreased
and a new, non-migrating band, attributed to the produced
amphiphilic bioconjugate, appeared and gradually became
predominant. This result was further supported by SEC
(Supplementary Fig. 9) where after a short lag phase, BSA-Br
was consumed and a product with progressively larger hydro-
dynamic volume was formed. In all cases, Refractive Index (RI)
and UV traces were in good agreement. Nuclear magnetic
resonance (NMR) also confirmed the grafting of polystyrene
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Fig. 1 General scheme and setup for the synthesis of protein-polymer amphiphiles. Top: Conventional ATRP approach and, Bottom: oxygen tolerant,

photoinduced polymerization developed in this study.

Table 1 Optimization of oxygen tolerant photoinduced ATRP grafting of styrene from BSA-Br.

Entry M,/1,/Cu'l/L Cull ppm % OC Rxn time min Mmax M BSA-Br (I,) consumption
1 5000/1/1.5/12 22 182 180 365 Quantitative

2 5000/1/1.5/12 22 13b 180 365 Quantitative

3 5000/1/1.5/12 22 182 n/a 460 Quantitative

4 2000/1/1.5/12 22 ne n/a 365 Quantitative

5 2000/1/1.5/12 22 5b 300 365 Quantitative

6 500/1/1.5/12 22 1b 480 365 Partial reaction

7 50/1/1.5/12 22 0.1° 480 365 No or partial reaction
8 5000/0/1.5/12 22 18b n/a 365 No reaction

9 5000/1/1.5/12 22 18P 480 dark No reaction

10 5000/1/0/0 22 18b 480 365 No reaction

M, monomer (styrene), I, Initiator (BSA-Br), L ligand (MegTREN), OC organic content, Rxn time reaction time.

aReactions in 20 mM phosphate buffer pH 7.4 with DMSO as cosolvent.

bReactions in 20 mM phosphate buffer pH 7.4 without organic cosolvent.

(Supplementary Fig. 10A). Importantly, identical results and full
consumption of the macroinitiator were observed in the absence
of DMSO where the OC in the reaction medium (phosphate
buffer) was limited to the amount of monomer and thus
decreased to 13% (Table 1, Entry 2). The polymerization was
performed under the same conditions using a single UV lamp
(broad band ~365nm, 9 Watt), leading to BSA-PS in high yield
(Supplementary Table 1, Entry 18, Supplementary Fig. 11). UV
light nevertheless might have detrimental effects on certain
proteins via undesired photochemical reactions following diverse
pathways and caused by the UV light excitation of the aromatic
residues (Trp, Tyr, and Phe)*’. For applications in which UV
irradiation needs to be avoided, sunlight and blue light (460 nm)
were also successful in the photoinduced grafting of amphiphilic
bioconjugates in quantitative vyields, highlighting thus the
robustness of our approach to operate under milder conditions
(Supplementary Table 1, Entries 12-15, Supplementary Fig. 11).

To explore the full potential of this system, different initial
loadings of styrene ranging from 50 to 2000 equivalents were
attempted. The reaction was found to proceed quantitatively at a
feed molar ratio of styrene to BSA-Br of 2000/1 (Fig. 2a, b,

Table 1, Entries 4, 5, Supplementary Fig. 12). Importantly, with
this monomer feed the total OC in the reaction mixture was as
low as 5%. It should be mentioned that the total OC is a crucial,
intrinsic parameter that needs to be independently evaluated for
each protein in solution under defined conditions®®>°. According
to previous studies, BSA retains its native structure in the
presence of low concentrations of DMSO (<10%)°°. Partial or no
consumption of the biomacroinitiator was observed when feeding
molar ratios of 500/1 and 50/1 were used (Fig. 2a and
Supplementary Fig. 13, Table 1, Entries 6, 7), underpinning our
initial assumption that a stable emulsion is essential for
quantitative grafting of hydrophobic monomers.

In order to validate these data and confirm the photoinduced
nature of the polymerization, the reactions were systematically
repeated in the absence of every single reagent. In the absence of
either catalyst (copper/ligand) or BSA-Br macroinitiator no
polymerization was detected by SEC or PAGE and the lack of
polymerization was also evident in the dark (Supplementary
Fig. 14, Supplementary Table 1, Entries 1-3). Since a relatively
high ligand loading feed (Cull/L = 1.5/12, Table 1) was selected to
ensure an excess of the tertiary amine would be available to
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Fig. 2 BSA-PS produced via oxygen tolerant photoinduced RDRP grafting from BSA-Br. Schematic representation of the reaction. a Top: SEC

chromatographs of bioconjugates formed during monomer feed ratio optimization, with [styrenel/[BSA-Brl/[Cu''l/[MecTREN] ratios 50,/1/1.5/12, 500/
1/1.5/12, 2000/1/1.5/12, and 5000/1/1.5/12 (Table 1, Entries 2, 5-7); Bottom: Experimental setup and reaction syringes depicting the opaque solutions of
the amphiphilic bioconjugates produced using increasing monomer concentration; b Time course of [styrenel/[BSA-Brl/[Cu'']/[MecTREN] = 2000/1/
1.5/12 reaction (Table 1, Entry 5), Top: SEC traces, Bottom left: Native PAGE lane 1: 5 min, lane 2: 15 min, lane 3: 35 min, lane 4: 45 min, lane 5: 70 min, lane
6: 100 min, lane 7: 130 min, lane 8: 300 min, lane 9: native BSA, lane 10: BSA-Br (I,). Bottom right: Semiquantitative analysis plot of BSA-Br (I,)

consumption during the course of the reaction; ¢ ON/OFF time course of [styrenel/[BSA-Br]l/[Cu''l/[MesTREN] = 2000,/1/1.5/12 reaction (Table 1, Entry
5), Top: SEC traces, Bottom left: Native PAGE lane 1: 35 min ON, lane 2: 2 h OFF, lane 3: 35 min ON, lane 4: overnight (~8 h) OFF, lane 5: 2 h ON, lane 6: 3 h
ON, lane 7: BSA-Br. The electrophoretic gel has been cropped for clarity. Bottom right: Semiquantitative analysis plot of BSA-Br (l,) consumption during the

course of the reaction.

mediate the reduction of the copper complex?’, addition of the
complex caused a slight pH increase, though the final pH (7.66)
did not affect protein stability. In agreement with our initial
hypothesis, when a stoichiometric amount of ligand was used (1/1
Cull/L), the polymerization did not start verifying the necessity to
utilize excess of the ligand (Supplementary Table 1, Entry 17,
Supplementary Fig. 14).

Temporal control. The absence of polymerization in the dark
encouraged us to assess the possibility of activating and deacti-
vating polymerization by exposing the reaction mixture to alter-
nating periods of UV light stimulation and darkness (Fig. 2c). As
can be observed in Fig. 2¢, the formation of BSA-PS rapidly
occurred within the first 35 min of irradiation. However, under a
prolonged period of ~8h of darkness, no further biomacroini-
tiator consumption could be observed by PAGE while SEC
revealed identical traces before and after the dark period.
Importantly, when switching the light back ON, the poly-
merization could be reactivated and progress was monitored in
the reaction. These results clearly indicate that the photoactivated
grafting of monomers from proteins can be temporally controlled
by simply regulating the UV light source toggling the reaction
between ON and OFF states. This is in contrast to previously

reported solution polymerizations, which underwent long-lived
linear growth during dark periods>6:60,

Oxygen consumption. To examine the oxygen consumption
behavior of our system, we employed an in situ oxygen probe
which enabled the online monitoring of the dissolved oxygen
under the following conditions: [BSA-Br]:[Cu(Il)]:[MesTren]=
[1]:[1.5]:[12] in water. Our experiments showed that in the
absence of either the macroinitiator or the catalytic complex
(copper and ligand combined), negligible, if any, oxygen con-
sumption was detected within 2h (Supplementary Fig. 10B). In
contrast, in the presence of both the complex and the macro-
initiator in aqueous solution, the amount of dissolved oxygen was
significantly reduced, although not completely eliminated. The
observed oxygen consumption was attributed to the in situ gen-
erated CuBr which subsequently abstracts the bromine yielding
propagating radicals that may then react with the oxygen. The
exact mechanism is currently under investigation. It is interesting
to note that the polymerization starts before the full elimination
of the oxygen, thus highlighting the oxygen tolerance of our
approach. It should also be noted that the heterogenous nature of
our system (i.e., emulsion) did not allow for oxygen probe mea-
surements in the presence of monomer.
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Fig. 3 Structural characterization of BSA-polymer bioconjugates. a Thermograms of BSA, BSA-Br, and BSA-PS conjugates (N, atmosphere). b CD spectra
of BSA, BSA-Br (l,), and BSA-polymer conjugates. (¢) Thermograms of BSA, BSA-Br, and BSA-PAAm conjugates (N, atmosphere). d Thermograms of BSA,

BSA-Br, and BSA-PDMAEMA conjugates (N, atmosphere).

Structural characterization of BSA-PS giant amphiphiles. Upon
thermogravimetric analysis (TGA, Fig. 3a and Supplementary
Figs. 13, 15), interesting trends were observed for the amphiphiles
synthesized with different initial loadings of styrene. The control
samples BSA and BSA-Br revealed similar behavior, i.e., an initial
denaturation followed by decomposition over the same tem-
perature range®!. The thermograms of different amphiphilic BSA-
PS bioconjugates (Table 1, Entries 2, 5, 6, Fig. 3 and Supple-
mentary Fig. 13) revealed the same pattern at temperatures below
350 °C combined with a second significant steep weight loss at
temperatures over 400 °C, which is attributed to the polystyrene
moiety. Since TGA analysis can be utilized to semi-quantify the
relative weights of the two components of block-copolymers we
illustrate that the BSA-PS samples synthesized using lower initial
loading of styrene (50 and 500 equivalents) led to the production
of lower molecular weight PS while a further increase of PS
content was observed when 2000 equivalents were used. Finally,
the maximum amount of PS grafting was observed with 5000
equivalents while, identical TGA traces could be obtained from
two different batch experiments thus highlighting the reprodu-
cibility of our approach (Supplementary Fig. 15).

To evaluate the effect of this grafting protocol on the protein,
the secondary structure of BSA, BSA-Br, and BSA-PS were
studied by circular dichroism (CD) in the far-UV spectral region
(190-250 nm)©®263, Typically, BSA has a distinctive alpha-helical
CD signature with positive ellipticity at ~193 nm and negative
ellipticity at ~208 nm and 222 nm. As shown in Fig. 3b, BSA-Br

adopts the, distinctive for native BSA, a-helical structure as
exhibited by the negative molar ellipticity at 222 nm and 208 nm,
and the positive at ~193 nm. The helical conformation of the
protein is evident for bioconjugates synthesized using a feed
molar ratio of styrene to BSA-Br (I,) of 2000/1 though a loss of
the negative ellipticity is also observed. It is noteworthy that,
when a feed molar ratio of 5000/1 was used, the loss of the
negative ellipticity was more evident, indicating a decrease in the
helical content. This might be attributed to the increased
molecular weight obtained in the later grafting.

Optimization studies. For all the aforementioned experiments, a
copper concentration of 22 ppm was utilized. However, we were
able to further reduce the copper content to 6 ppm while
achieving quantitative yields in terms of macroinitiator con-
sumption which, to the best of our knowledge, is the lowest
copper level ever reported for protein-polymer conjugates (Sup-
plementary Fig. 12, Supplementary Table 1, Entry 8). A further
decrease of the copper concentration below 6 ppm led to partial
macroinitiator consumption, even after prolonged reaction times.
To our satisfaction, the photoinduced grafting of styrene could
also be quantitatively achieved by replacing the phosphate buffer
reaction medium with either HPLC grade water (EC =3 pS cm™!
at 25 °C), tap water (EC = 442 pS cm~1, pH 8.0 at 25 °C), or even
sea water (EC =47.2mS cm~1, pH 7.9 at 25°C), which further
highlights the robustness of this method (Supplementary Fig. 16,
Supplementary Table 2, Entries 4, 5, 6).
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Fig. 4 Morphological characterization of BSA-polymer bioconjugates. SEM micrographs of BSA-PS uniform spherical assemblies synthesized using molar
feed ratio a [M,1/[1,]=5000/1 and b 2000/1 respectively. ¢, d TEM micrographs of BSA-PDMAEMA spherical assemblies synthesized using molar feed

ratio [M,1/[1,]=2000/1 (samples stained with uranyl acetate).

Monomer range. To address the efficiency of this oxygen tolerant
approach in terms of monomer structure, the grafting of sub-
stituted styrenes, namely the p-methoxy (p-OMe) substituted and
the m-nitro substituted styrene, from BSA-Br was studied at the
optimum experimental conditions, i.e., using feed molar loading
[substituted styrene]/[BSA-Br]/[Cull]/[MesTREN] = 2000/1/1.5/
12. The formation of the amphiphilic protein-polymer hybrids
was successful for both monomers as evidenced from both SEC
and native PAGE (Supplementary Fig. 17). CD spectra (Fig. 2b)
revealed no significant conformation changes for the m-nitro
substituted BSA-PS amphiphiles, with the two o-helix negative
bands being present, whilst exhibiting lower molar ellipticity. For
the p-OMe substituted bioconjugate, the decrease in the negative
molar ellipticity and the partial transition to a single negative
band can be attributed to aggregation phenomena, related to -
sheet content and loss of the helical structure.

To investigate the versatility of this approach, we further
studied the grafting of a range of hydrophilic monomers and
various monomer classes, including an acrylamide (acrylamide,
Am), an acrylate (oligo(ethylene glycol) methyl ether acrylate,
OEOA,g) and a methacrylate (2-(dimethylamino)ethyl metha-
crylate, DMAEMA). In the case of Am, quantitative consumption
of the BSA-Br macroinitiator was observed in PAGE when the
optimized for styrene protocol was used at feed molar ratios
[Am]/[I,] =2000/1 and 1500/1 (Supplementary Figs. 18 and 19).
Traces of unreacted BSA-Br were observed at feed molar ratios
[Am]/[I,] = 1000/1 and 500/1. These findings were supported by
TGA analysis of the products where the thermograms revealed
the denaturation and decomposition of BSA at temperatures
below 350°C and a second significant steep weight loss at
temperatures close to 400°C, which is attributed to PAAm
(Fig. 3¢). Quantitative consumption of the BSA-Br macroinitiator
was observed when the grafting of the acrylate was OEOA 4, at
feed molar ratios [OEOA 440]/[1,] = 2000/1 as evidenced by both
PAGE electrophoresis and SEC (Supplementary Figs. 20 and 21).
No high molecular weight products were observed at lower
monomer feeds. The grafting of the water-soluble methacrylate

DMAEMA followed the trends of the hydrophobic styrene as all
feeds above [DMAEMA]/[I,] =500/1 resulted in quantitative
consumption of the macroinitiator as evidenced by PAGE
(Supplementary Figs. 22 and 23). In fact, a viscous, opaque
solution was gradually formed during polymerization, indicating
that the resulting BSA-PDMAEMA conjugates were amphiphilic
(Supplementary Fig. 24). PDMAEMA is a dually-responsive
polymer with stimuli-responsive properties to pH and tempera-
ture that depend on molecular weight, structure, ionic strength,
ion composition, and concentration®®. These properties were
expressed in the produced BSA-PDMAEMA both during
polymerization and upon purification (Supplementary Fig. 24).
The opaque solution of the enriched product (pH 7.4) became
clear upon acidification with HCI at pH 5.0. In the TGA analysis
of BSA-PDMAEMA, the characteristic weight loss attributed to
the denaturation and decomposition of BSA were accompanied
by weight loss, which could be assigned to the decomposition of
the functional amino groups within the side chains of
PDMAEMA at temperatures (close to 250 °C) and the degrada-
tion of its carbon skeletons (just above 450°C, Fig. 3 and
Supplementary Fig. 23)6°. Interestingly, in contrast to Am and
OEOA 50, DMAEMA grafting from BSA-Br was quantitative
when using as low as 6 ppm of Cull

Self-assembly. Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) studies revealed for all
BSA-PS bioconjugates the formation of the expected?’2° sphe-
rical superstructures with diameters between 80 and 130 nm
which, using this synthetic approach, proved to be extremely
well-defined and uniform (Fig. 4 and Supplementary Fig. 25).
Similar structures were observed for the p-methoxy substituted
styrene grafting products, while interestingly, the structures
stemming from the m-nitro substituted styrene were more irre-
gular and less defined (Supplementary Fig. 18). Spherical struc-
tures with diameters between 50 and 100 nm were visualized for
BSA-PDMAEMA at pH 7.4 (Fig. 4 and Supplementary Fig. 24).
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presence of ferritin.

BSA-PS nanocarriers. Among the advantages of the grafting
from approach for the synthesis of protein-polymer conjugates is
the ability to in situ construct hierarchically assembled nano-
containers. Ferritins are ubiquitous in nature and, due to their
unique structure, a subject of intense research for biotechological
applications in fields varying from nanomedicine to biominer-
alization®®, Iron-loaded ferritin is in fact widely used as a contrast
agent in electron microscopy and MRI. To setup a basis for future
applications, the grafting of styrene from BSA-Br was performed
in the presence of ferritin in the reaction mixture. Upon com-
pletion of the reaction a supplementary precipitation step was
added to remove the non-encapsulated ferritin. The product was
analyzed by SEC, which at 254 nm verified the formation of a new
product with larger hydrodynamic diameter (Fig. 5a). By setting
540 nm as detection wavelength, we directly confirmed ferritin
encapsulation (Fig. 5a) as neither BSA, nor BSA-PS can be traced
at this wavelength. The SEM and TEM micrographs (Fig. 5)
revealed aggregation patterns similar to those observed for the
polymerizations in the absence of ferritin. Both TEM and EDS
analysis of the spherical nanostructures revealed the presence of
ferritin (Supplementary Fig. 26). Since the encapsulation of fer-
ritin during the formation of the biohybrid vesicles is expected to
be statistical, the TEM micrographs revealed the presence of
ferritin populations in both the interior and the membranes of the
vesicles.

BSA-PS esterase-like activity. The effect of the photoinduced
polymerization on the esterase-like activity of BSA was evaluated
by monitoring the absorbance at 400 nm of the liberated p-
nitrophenol produced from the BSA catalyzed hydrolysis of p-
nitrophenyl acetate (pNPA, Supplementary Fig. 27). Both BSA-Br

and BSA-PS (Table 1, Entry 5) were found to retain part of the
BSA esterase-like activity. The reduced activity can most probably
be attributed to a change in the local environment around the
active site upon grafting of the polystyrene or steric hinderance
induced by self-organization. Similar results have been previously
reported for denatured or partially unfolded state BSA®”.

Applicability to other proteins. To further expand the scope of
our approach, the grafting from three more proteins was studied.
Human Serum Albumin (HSA), is the most abundant translo-
cator protein in blood circulation possessing critical physiological
functions such as the maintenance of the colloidal osmotic blood
pressure and the transportation of various endogenous and exo-
genous compounds. It has high structural homology to BSA
(~75%) and bears one free cysteine that allowed to synthesize the
HSA-Br macroinitiator via the bioorthogonal Michael addition of
2-bromo-2-methyl-propionic acid 2-(2,5-dioxo-2,5-dihydro-pyr-
rol-1-yl)-ethyl ester protocol used for BSA (Supplementary
Information, Supplementary Figs. 28 and 29). Grafting of styrene
from the HSA-Br macroinitiator proceeded via the oxygen tol-
erant photoinduced RDRP approach developed for BSA using a
feed ratio of styrene/HSA-Br/Cull/L =2000/1/1.5/12. The for-
mation of HSA-PS was verified by the appearance of a new
product with larger hydrodynamic volume in SEC and of a new,
non-migrating band in PAGE attributed to the produced
amphiphilic bioconjugate (Supplementary Fig. 29). The grafting
of polystyrene under the selected conditions was judged to be
quantitative as no initiator could be detected in SEC or PAGE.
SEM imaging revealed the formation of uniform spherical
superstructures with diameters between 80 and 100 nm for the
HSA-PS bioconjugates (Fig. 6 and Supplementary Fig. 30). The
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HSA-PS amphiphiles could catalyze the hydrolysis of pNPA
following the same trends as BSA (Fig. 6c and Supplementary
Fig. 29).

The beta-galactosidase from Aspergillus oryzae (8-gal, 120.6 kDa)
is a monomeric enzyme that catalyzes the hydrolysis of lactose into
glucose and galactose. Due to its hydrolytic activity on lactose and
transferase activity on galacto-oligosaccharides production, (-
galactosidase is widely used in food industry. The native protein
bears four cysteine residues, none of which is readily available for
bioconjugation. For this reason, we employed a modified literature
protocol®® to non-specifically link the RDRP initiator via NHS-ester
coupling to exposed primary amines of the protein (Supplementary
Fig. 31). Specifically, the biomacroinitiator p-gal-Br was synthesized
via the slow addition of an equimolar quantity of N-hydroxysucci-
nimide-2-bromo-2-methylpropionate to the protein solution (Sup-
plementary Fig. 32). Two different hydrophilic monomers, Am and
DMAEMA were grafted from the protein macroinitiator using
monomer feed ratio monomer/B-gal-Br/Cull/L = 2000/1/1.5/12
under the developed protocol conditions. Electrophoresis verified
the formation of larger molecular weight bioconjugates through the
new bands visualized for the products B-gal-PAAm and [-gal-
PDMAEMA at and past the gel front. $-gal-PAAm was found to
catalyze the hydrolysis of ortho-nitrophenyl-B-galactoside (ONPG)
though with activity lower than the activity of the native enzyme
(Supplementary Fig. 33).

Glucose oxidase from Aspergillus niger (GOx, 160kDa) is a
flavoprotein consisting of two identical subunits containing two
tightly bound flavin adenine dinucleotides (FAD)®”. GOx is a
biologically and industrially important enzyme, widely used in food
processing and gluconic acid production. To attach the RDRP
initiator to GOX we followed the NHS-ester coupling protocol
(Supplementary Figs. 34 and 35)%8. Grafting of styrene from the
GOx-Br macroinitiator proceeded under the developed protocol

conditions using a feed ratio of styrene/GOx-Br/Cull/L = 2000/1/
1.5/12. In SEC a new peak with larger hydrodynamic volume
appeared for the enriched product, while in PAGE a new, non-
migrating band was observed while no biomacroinitiator could be
detected. SEM and TEM imaging revealed the formation of spherical
superstructures with diameters varying from 20 to 100 nm (Fig. 5
and Supplementary Fig. 36). To evaluate the effect of the grafting on
GOx, a recently developed methodology entailing the enzyme
induced formation of Prussian blue nanoparticles was employed as a
simple colorimetric assay’®. Interestingly, the GOx nanoparticles
showed increased activity as compared to that of either the native
GOx or the macroinitiator GOx-Br, suggesting that the grafting
under UV did not affect GOx and, most possibly, the interaction
with the polymer or the assembly itself enhanced protein activity
(Fig. 6f and Supplementary Fig. 37).

In conclusion, using a commercially available, inexpensive UV
light source (365 nm), the grafting of polystyrene from a BSA-
macroinitiator in phosphate buffer reached quantitative conver-
sion using extremely low levels of copper (as low as 6 ppm)
without the need of inert gas sparging, freeze-pump-thaw or
external additives. We developed an efficient polymerization
grafting protocol, optimized in terms of reaction medium, catalyst
concentration, monomer feed and light source and studied three
different model styrenic monomers. Importantly we proved that
during the in situ formation of such uniform, chimeric
nanocontainers, the one-pot hierarchical incorporation of guest
proteins is possible without steps that would interfere with the
protein integrity or the overall architecture of the self-assembled
superstructures. To expand the scope of this study, an acrylamide
(Am), an acrylate (OEOA,g) and a methacrylate (DMAEMA)
were successfully grafted creating amphiphilic, hydrophilic and
responsive protein-polymer bioconjugates. To access the uni-
versality of the approach, the grafting of monomers from three

8 NATURE COMMUNICATIONS | (2020)11:1486 | https://doi.org/10.1038/s41467-020-15259-z | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

more proteins with diverse in structural characteristics and
functions (HSA, B-gal, and GOx) was demonstrated. All products
were found to retain part of the catalytic activity of the native
protein while, the grafting of styrene from GOx-resulted in
increased catalytic activity. The results disclosed herein will
significantly expand the availability of tailored polymer-protein
bioconjugates and pave the way for future opportunities and
directions.

Methods

Oxygen tolerant photoinduced synthesis of BSA-Br. For the oxygen tolerant
photoinduced RDRP grafting of styrene from BSA-Br using molar ratio ([styrene]/
[BSA-Br]/[Cull]/[MesTREN] = 5000/1/1.5/12) in the absence or organic cosolvent,
a solution consisting of styrene (0.25 mL, 2.185 mmol, 5000 equiv.) and nanopure
water (0.3 mL) was initially sonicated for 30 sec to form an emulsion. MesTREN
(14 uL, 52.44 x 10~3 mmol, 120 equiv.) was added to 1 mL of a 1.5 mg/mL solution
of CuBr, (6.55 mmol, 15 equiv.) in nanopure water to form a light blue colored
solution due to the immediate copper-ligand complex formation. 100 uL of the
CuBr,/MesTREN solution (12 equiv. MesTREN and 1.5 equiv.CuBr,, 0.34 mM)
were added to the monomer emulsion and immediately transferred to a 5mL
syringe equipped with a stirring bar, containing a 0.32 mM solution of the BSA-
macroinitiator (BSA-Br, I,) in 20 mM phosphate buffer, pH 7.4 (1.25 mL, 0.437 x
10~3 mmol). Headspace was eliminated to avoid the presence of undissolved
oxygen and the reaction syringe was hermitically capped and placed under the UV
or other light sources for specified amounts of time. Dialysis or removal of the
monomer under reduced pressure preceded chromatography in all aliquots with-
drawn from the reaction vessel for SEC and PAGE analysis.

For the oxygen tolerant photoinduced RDRP grafting of styrene from BSA-Br
using molar ratio ([styrene]/[BSA-Br]/[CuH]/[MeGTREN] =5000/1/1.5/12) using
DMSO as the organic cosolvent, a solution consisting of styrene (0.25 mL, 2.185
mmol, 5000 equiv.), DMSO (0.2 mL), and nanopure water (0.1 mL) was initially
sonicated for 30 sec to form an emulsion. Me,TREN (14 pL, 52.44 x 10~3 mmol,
120 equiv.) was added to 1 mL of a 1.5 mg/mL solution of CuBr, (6.55 mmol, 15
equiv.) in nanopure water to form a light blue colored solution due to the
immediate copper-ligand complex formation. 100 pL of the CuBr,/MesTREN
solution (12 equiv. MegTREN and 1.5 equiv.CuBr,, 0.34 mM) were added to the
monomer emulsion and immediately transferred to a 5 mL syringe equipped with a
stirring bar, containing a 0.32 mM solution of the BSA-macroinitiator (BSA-Br, L,)
in 20 mM phosphate buffer, pH 7.4 (1.25 mL, 0.437 x 103 mmol). Headspace was
eliminated to avoid the presence of undissolved oxygen and the reaction syringe
was hermitically capped and placed under the UV or other light sources for
specified amounts of time. Dialysis or removal of the monomer under reduced
pressure preceded chromatography in all aliquots withdrawn from the reaction
vessel for SEC and PAGE analysis.

For the oxygen tolerant photoinduced RDRP grafting of styrene from BSA-Br
using molar ratio ([styrene]/[BSA-Br]/[Cull]/[Me,TREN] = 5000/1/1.5/12) in the
absence or organic cosolvent, a solution consisting of styrene (0.10 mL, 0.874
mmol, 2000 equiv.) and nanopure water (0.45 mL) was sonicated for 30 sec to form
an emulsion. MegTREN (14 uL, 52.44 x 10~3 mmol, 120 equiv.) was added to 1 mL
of a 1.5 mg/mL solution of CuBr, (6.55 mmol, 15 equiv.) in nanopure water to
form a light blue colored solution due to the immediate copper-ligand complex
formation. 100 pL of the CuBr,/MesTREN solution (12 equiv. MesTREN and 1.5
CuBr, equiv., 0.34 mM) were added to the monomer emulsion and immediately
transferred to a 5 mL syringe equipped with a stirring bar, containing a 0.32 mM
solution of the BSA-macroinitiator (BSA-Br, I,) in 20 mM phosphate buffer, pH
7.4 (1.25 mL, 0.437 x 10~3 mmol). Headspace was eliminated to avoid the presence
of undissolved oxygen and the reaction syringe was hermitically capped and placed
under the UV or other light sources for specified amounts of time. Dialysis or
removal of the monomer under reduced pressure preceded chromatography in all
aliquots withdrawn from the reaction vessel for SEC and PAGE analysis.

All further experimental details and supplementary characterizations are
provided in Supplementary Methods (Supplementary Figs. 1-39).

Data availability

The authors declare that the data supporting the findings of this study are available
within the article and its supplementary information files and from the corresponding
authors upon request.

Received: 17 September 2019; Accepted: 19 February 2020;
Published online: 20 March 2020

References
1.  Duncan, R. The dawning era of polymer therapeutics. Nat. Rev. Drug Discov.
2, 347-360 (2003).

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

28.

29.

30.

Gros, L., Ringsdorf, H. & Schupp, H. Polymeric antitumor agents on a
molecular and on a cellular level? Angew. Chem. Int. Ed. Engl. 20, 305-325
(1981).

Welch, R. P., Lee, H., Luzuriaga, M. A., Brohlin, O. R. & Gassensmith, J. J.
Protein-polymer delivery: chemistry from the cold chain to the clinic.
Bioconjugate Chem. 29, 2867-2883 (2018).

Arakawa, T., Prestrelski, S. J., Kenney, W. C. & Carpenter, J. F. Factors
affecting short-term and long-term stabilities of proteins. Adv. Drug Deliv.
Rev. 46, 307-326 (2001).

Bhaskar, S. & Lim, S. Engineering protein nanocages as carriers for biomedical
applications. NPG Asia Mater. 9, €371 (2017).

Kimchi-Sarfaty, C. et al. Building better drugs: developing and regulating
engineered therapeutic proteins. Trends Pharmacol. Sci. 34, 534-548 (2013).
Caliceti, P. & Veronese, F. M. Pharmacokinetic and biodistribution properties
of poly(ethylene glycol)-protein conjugates. Adv. Drug Deliv. Rev. 55,
1261-1277 (2003).

Heredia, K. L. & Maynard, H. D. Synthesis of protein-polymer conjugates.
Org. Biomol. Chem. 5, 45-53 (2007).

Tam, S. C., Blumenstein, J. & Wong, K. Soluble dextran-hemoglobin complex
as a potential blood substitute. Proc. Natl Acad. Sci. USA 73, 2128-2131
(1976).

Abuchowski, A., Van, Es,T., Palczuk, N. C. & Davis, F. F. Alteration of
immunological properties of bovine serum albumin by covalent attachment of
polyethylene glycol. J. Biol. Chem. 252, 3578-3581 (1977).

Veronese, F. M., Largajolli, R., Bocct, E., Benassi, C. A. & Schiavon, O. Surface
modification of proteins. Activation of monomethoxy-polyethylene glycols by
phenylchloroformates and modification of ribonuclease and superoxide
dismutase. Appl. Biochem. Biotechnol. 11, 141-152 (1985).

Davis, F. F. The origin of pegnology. Adv. Drug Deliv. Rev. 54, 457-458
(2002).

Ko, J. H. & Maynard, H. D. A guide to maximizing the therapeutic potential of
protein—polymer conjugates by rational design. Chem. Soc. Rev. 47, 8998-9014
(2018).

Jia, X., Wang, L. & Du, J. In situ polymerization on biomacromolecules for
nanomedicines. Nano Res. 11, 5028-5048 (2018).

Cobo, I, Li, M, Sumerlin, BS. & Perrier, S. Smart hybrid materials by
conjugation of responsive polymers to biomacromolecules. Nat. Mater. 14,
143-159 (2015).

Hoffman, A. S. & Stayton, P. S. Conjugates of stimuli-responsive polymers and
proteins. Prog. Polym. Sci. 32, 922-932 (2007).

Bontempo, D. & Maynard, H. D. Streptavidin as a macroinitiator for
polymerization: In situ protein-polymer conjugate formation. J. Am. Chem.
Soc. 127, 6508-6509 (2005).

Heredia, K. L. et al. In situ preparation of protein-“smart” polymer conjugates
with retention of bioactivity. J. Am. Chem. Soc. 127, 16955-16960 (2005).
Lele, B. S., Murata, H., Matyjaszewski, K. & Russell, A. J. Synthesis of uniform
protein-polymer conjugates. Biomacromolecules 6, 3380-3387 (2005).
Velonia, K., Rowan, A. E. & Nolte, R. J. M. Lipase polystyrene giant
ampbhiphiles. J. Am. Chem. Soc. 124, 4224-4225 (2002).

Hannink, J. M. et al. Protein-polymer hybrid amphiphiles. Angew. Chem. Int.
Ed. 40, 4732-4734 (2001).

Boerakker, M. J. et al. Giant amphiphiles by cofactor reconstitution. Angew.
Chem. Int. Ed. 41, 4239-4241 (2002).

Le Droumaguet, B., Mantovani, G., Haddleton, D. M. & Velonia, K.
Formation of giant amphiphiles by post-functionalization of hydrophilic
protein-polymer conjugates. J. Mater. Chem. 17, 1916-1922 (2005).

Lee, T. et al. Multi-scale simulation of single crystal hollow turbine blade
manufactured by liquid metal cooling process. Sci. Adv. Mater. 10, 78-84
(2018).

Kim, J. S. et al. Protein-polymer conjugates synthesized using water-soluble
azlactone-functionalized polymers enable receptor-specific cellular uptake
toward targeted drug delivery. Bioconjugate Chem. 30, 1220-1231 (2019).
Cao, Q., He, N, Wang, Y. & Lu, Z. Self-assembled nanostructures from
amphiphilic globular protein-polymer hybrids. Polym. Bull. 75, 2627-2639
(2018).

Lewis, A. L. “Polymer conjugates.” U.S. Patent No. 8,431,113. 30 Apr. 2013. U.
S. Patent No. 8,431,113. Washington, DC: U.S. Patent and Trademark
Office. https://patents.google.com/patent/US20050123501A1/en

Lewis, A. L. & Leppard, S. W. “Conjugation reactions.” U.S. Patent No.
8,053,520. 8 Nov. 2011. U.S. Patent No. 8,053,520. Washington, DC: U.S.
Patent and Trademark Office. https://patents.google.com/patent/
US8053520B2/en

Bhalchandra, S., Murata, L. H., Matyjaszewski, K. & Russell, A. J. Synthesis of
uniform protein—polymer conjugates. Biomacromolecules 6, 3380-3387
(2005).

Le Droumaguet, B. & Velonia, K. In situ ATRP-mediated hierarchical
formation of giant amphiphile bionanoreactors. Angew. Chem. Int. Ed. 47,
6263-6266 (2008).

| (2020)11:1486 | https://doi.org/10.1038/s41467-020-15259-z | www.nature.com/naturecommunications 9


https://patents.google.com/patent/US20050123501A1/en
https://patents.google.com/patent/US8053520B2/en
https://patents.google.com/patent/US8053520B2/en
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Daskalaki, E., Le Droumaguet, B., Gérard, D. & Velonia, K. Multifunctional
giant amphiphiles via simultaneous copper(I)-catalyzed azide-alkyne
cycloaddition and living radical polymerization. Chem. Commun. 48,
1586-1588 (2012).

Cohen-Karni, D. et al. Grafting challenging monomers from proteins using
aqueous ICAR ATRP under bio-relevant conditions. Polym. Chem. 8,
3992-3998 (2017).

Tucker, B. S., Coughlin, M. L., Figg, C. A. & Sumerlin, B. S. Grafting-from
proteins using metal-free PET-RAFT polymerizations under mild visible-light
irradiation. ACS Macro Lett. 6, 452-457 (2017).

Kovaliov, M., Allegrezza, M. L., Richter, B., Konkolewicz, D. & Averick, S.
Synthesis of lipase polymer hybrids with retained or enhanced activity using
the grafting-from strategy. Polymer 137, 338-345 (2018).

Liu, Y. et al. Self-assembling protein-polymer bioconjugates for surfaces with
antifouling features and low nonspecific binding. ACS Appl. Mater. Interfaces
11, 3599-3608 (2019).

Zhang, L. et al. Inert gas deactivates protein activity by aggregation. Sci. Rep. 7,
10176 (2017).

Stathopulos, P. B. et al. Sonication of proteins causes formation of aggregates
that resemble amyloid. Protein Sci. 13, 3017-3027 (2004).

Giilseren, I, Giizey, D., Bruce, B. D. & Weiss, J. Structural and functional
changes in ultrasonicated bovine serum albumin solutions. Ultrason.
Sonochem. 14, 173-183 (2007).

Yeow, J., Chapman, R., Gormleyc, A. J. & Boyer, C. Up in the air: oxygen
tolerance in controlled/living radical polymerization. Chem. Soc. Rev. 47,
4357-4387 (2018).

Xu, J., Jung, K., Atme, A., Shanmugam, S. & Boyer, C. A robust and versatile
photoinduced living polymerization of conjugated and unconjugated
monomers and its oxygen tolerance. J. Am. Chem. Soc. 136, 5508-5519 (2014).
Enciso, A. E. et al. Biocatalytic “oxygen-fueled” atom transfer radical
polymerization. Angew. Chem. Int. Ed. 57, 16157-16161 (2018).

Wang, Y., Fu, L. & Matyjaszewski, K. Enzyme-deoxygenated low parts per
million atom transfer radical polymerization in miniemulsion and ab initio
emulsion. ACS Macro Lett. 7, 1317-1321 (2018).

Enciso, A. E., Fu, L., Russell, A. J. & Matyjaszewski, K. A breathing atom-
transfer radical polymerization: fully oxygen-tolerant polymerization
inspired by aerobic respiration of cells. Angew. Chem. Int. Ed. 57, 933-936
(2018).

Bicak, T. C., Soylemez, S., Buber, E., Toppare, L. & Yagci, Y. Poly(o-
aminophenol) prepared by Cu(II) catalyzed air oxidation and its use as a bio-
sensing architecture. Polym. Chem. 8, 3881-3888 (2017).

Pan, X. et al. Photomediated controlled radical polymerization. Prog. Polym.
Sci. 62, 73-125 (2016).

Liarou, E. et al. Copper-mediated polymerization without external
deoxygenation or oxygen scavengers. Angew. Chem. Int. Ed. 57, 8998-9002
(2018).

Liarou, E. et al. Ultra-low volume oxygen tolerant photoinduced Cu-RDRP.
Polym. Chem. 10, 963-971 (2019).

Chapman, R., Gormley, A. J., Stenzel, M. H. & Stevens, M. M. Combinatorial
low-volume synthesis of well-defined polymers by enzyme degassing. Angew.
Chem. Int. Ed. 55, 4500-4503 (2016).

Liu, Z., Lv, Y. & An, Z. Enzymatic cascade catalysis for the synthesis of
multiblock and ultrahigh-molecular-weight polymers with oxygen tolerance.
Angew. Chem. Int. Ed. 56, 13852-13856 (2017).

Tan, J. et al. Enzyme-assisted photoinitiated polymerization-induced self-
assembly: an oxygen-tolerant method for preparing block copolymer nano-
objects in open vessels and multiwell plates. Macromolecules 50, 5798-5806
(2017).

Yeow, J., Chapman, R., Xu, J. & Boyer, C. Oxygen tolerant
photopolymerization for ultralow volumes. Polym. Chem. 8, 5012-5022
(2017).

Fleischmann, S. & Percec, V. SET-LRP of methyl methacrylate initiated with
CCly in the presence and absence of air. J. Polym. Sci. Part A 48, 2243-2250
(2010).

Reyhani, A., Ranji-Burachaloo, H., McKenzie, T. G., Fu, Q. & Qiao, G. G.
Heterogeneously catalyzed fenton-reversible addition-fragmentation chain
transfer polymerization in the presence of air. Macromolecules 529, 3278-3287
(2019).

Janatova, J., Fuller, J. K. & Hunter, M. J. The heterogeneity of bovine albumin
with respect to sulfhydryl and dimer content. J. Biol. Chem. 243, 3612-3622
(1968).

An, F. F. & Zhang, X. H. Strategies for preparing albumin-based nanoparticles
for multifunctional bioimaging and drug delivery. Theranostics 7, 3667-3689
(2017).

Anastasaki, A. et al. Copper(II)/tertiary amine synergy in photoinduced
living radical polymerization: accelerated synthesis of w-functional and «,
w-heterofunctional poly(acrylates). J. Am. Chem. Soc. 136, 1141-1149
(2014).

57. Neves-Petersen, M. T., Petersen, S. & Gajula G. P. UV light effects on proteins:
from photochemistry to nanomedicine. In Molecular Photochemistry-Various
Aspects (ed. Saha, S.), Vol. 7, 125-158 (IntechOpen, 2012).

58. Klibanov, A. M. Improving enzymes by using them in organic solvents.
Nature 409, 241-246 (2001).

59. Pabbathi, A, Patra, S. & Samanta, A. Structural transformation of bovine
serum albumin induced by dimethyl sulfoxide and probed by fluorescence
correlation spectroscopy and additional methods. ChemPhysChem 14,
2441-2449 (2013).

60. Dolinski, N. D. et al. What happens in the dark? Assessing the temporal
control of photo-mediated controlled radical polymerizations. J. Polym. Sci. A
Polym. Chem. 57, 268-273 (2019).

61. Csach, K. et al. Thermogravimetric study of the decomposition of BSA-coated
magnetic nanoparticles. Acta Phys. Polonica A 121, 1293-1295 (2012).

62. Greenfield, N. J. Using circular dichroism spectra to estimate protein
secondary structure. Nat. Protoc. 1, 2876-2890 (2006).

63. Hirst, J. D. & Brooks, C. L. Helicity, circular dichroism and molecular
dynamics of proteins. J. Mol. Biol. 243, 173-178 (1994).

64. Agut, W., Brilet, A, Schatz, C.,, Taton, D. & Lecommandoux, S. pH and
temperature responsive polymeric micelles and polymersomes by self-
assembly of poly[2-(dimethylamino)ethyl methacrylate]-b-poly(glutamic acid)
double hydrophilic block copolymers. Langmuir 26, 10546-10554 (2010).

65. Yao, H et al. Comb-like temperature-responsive polyhydroxyalkanoate-graft-
poly(2-dimethylamino-ethylmethacrylate) for controllable protein adsorption.
Polym. Chem. 7, 5957-5965 (2016).

66. He, D. & Marles-Wright, J. Ferritin family proteins and their use in
bionanotechnology. N. Biotechnol. 32, 651-657 (2015).

67. Cordova, J., Ryan, J. D., Boonyaratanakornkit, B. B. & Clark, D. S. Esterase
activity of bovine serum albumin up to 160 degrees C: A new benchmark for
biocatalysis. Enzym. Microb. Technol. 42, 278-283 (2008).

68. Zhang, Q. et al. Well-defined protein/peptide—polymer conjugates by aqueous
Cu-LRP: synthesis and controlled self-assembly. J. Am. Chem. Soc. 137,
9344-9353 (2015).

69. Frederick, K. R. et al. Glucose oxidase from Aspergillus niger. Cloning, gene
sequence, secretion from Saccharomyces cerevisiae and kinetic analysis of a
yeast-derived enzyme. J. Biol. Chem. 265, 3793-3802 (1990).

70. Dai, H., Li, Y., Zhang, Q., Fua, Y. & Li, Y. A colorimetric biosensor based on
enzyme-catalysis-induced production of inorganic nanoparticles for sensitive
detection of glucose in white grape wine. RSC Adyv. 8, 33960-33967 (2018).

Acknowledgements

The experimental work was supported by the Special Account for Research Funds of the
University of Crete (KA 4726). The Special Account for Research Funds of the University
of Crete (KA 3650) and Start up funds from ETH Zurich supported publication fees.

Author contributions

K.V. and A.A. conceived the idea and designed the experiments. A.T. conducted the
synthesis of all organic molecules and polymer-protein bioconjugates as well as the vast
majority of the characterization including microscopy, NMR, MALDI, electrophoresis
and GPC. E.L. and D.H. conducted the CD analysis and oxygen-probe measurements
and interpreted the data in collaboration with K.V. E.L. conducted initial microscopy
experiments and interpreted the data in collaboration with K.V. 1.G.S conducted the
TGA measurements. P.S. performed initial experiments for the project together with A.T.
R.W. conducted MALDI-ToF-MS analysis and interpreted the data in collaboration with
K.V. AT, AA, and K.V. analyzed all data with input from E.L. K.V. and A.A. co-wrote
the paper. All authors commented on the manuscript. The overall supervision of the
project was conducted by K.V.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15259-z.

Correspondence and requests for materials should be addressed to A.A. or K.V.

Peer review information Nature Communications thanks Dominik Konkolewicz, Alan
Russell and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

| (2020)11:1486 | https://doi.org/10.1038/s41467-020-15259-z | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-15259-z
https://doi.org/10.1038/s41467-020-15259-z
http://www.nature.com/reprints
www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15259-z

ARTICLE

Open Access This article is licensed under a Creative Commons

3] Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | (2020)11:1486 | https://doi.org/10.1038/s41467-020-15259-z | www.nature.com/naturecommunications

11


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Protein-polymer bioconjugates via a versatile oxygen tolerant photoinduced controlled radical polymerization approach
	Results
	Oxygen tolerant, photoinduced grafting of styrene from BSA
	Temporal control
	Oxygen consumption
	Structural characterization of BSA-PS giant amphiphiles
	Optimization studies
	Monomer range
	Self-assembly
	BSA-PS nanocarriers
	BSA-PS esterase-like activity
	Applicability to other proteins

	Methods
	Oxygen tolerant photoinduced synthesis of BSA-Br

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




