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ABSTRACT: In this study, we compare poly(glycerol mono-
methacrylate) (PGMA) of different chain lengths and architectures
(linear and two-arm) with poly(poly(ethylene glycol) methyl ether
methacrylate) (PPEGMA) as an alternative polymer platform for
the synthesis of a new generation of protein−polymer conjugates.
Mono- and two-arm functional atom-transfer radical polymer-
ization (ATRP) initiators were designed and selectively attached to
lysozyme at the N-terminus via reductive amination. Site-specific,
grafting from activator regenerated by electron transfer (ARGET)
ATRP was carried out in phosphate buffer, and the reaction
parameters were optimized to obtain polymer conjugates with
predetermined molar mass and topology. The activity preservation under proteolytic and high-temperature conditions showed a
clear dependence on the structure of the repeating unit and on the macromolecular architecture. These results highlighted the
potential of PGMA as a poly(ethylene glycol) (PEG) alternative for the half-life extension of biotherapeutics. Moreover, this
synthetic approach may inspire the design of a new class of protein−polymer conjugates through an optimal combination of
macromolecular composition and topology.

■ INTRODUCTION
Protein−polymer conjugates are currently employed in
numerous applications in the field of bioengineering,
biotechnology, and medicine.1−4 Different strategies have
been proposed in the past decades to graft polymers to active
proteins (enzymes, therapeutic proteins), aiming to improve
their stability in different environmental conditions.4−6 Poly-
(ethylene glycol) (PEG) attachment (PEGylation) is presum-
ably the best-known procedure, as several PEG−protein
hybrids have been approved for clinical uses.3,7,8 In fact, the
covalent modification of therapeutic proteins with PEG
provides steric shielding against immune activation and
proteolytic degradation, while the increase in the molar mass
reduces clearance by the kidneys, thus extending circulation
half-life.9,10 Although PEGylated proteins are widely used in
clinics, significant limitations have recently emerged, which are
mainly associated with PEG nondegradability,11,12 antibody
induction, and other immunogenic reactions.13−15 Other
synthetic polymers (including vinyl polymers,16−18 polyglycer-
ol,7 polyoxazolines,19 polyphosphoesters20,21) as well as natural
and synthetic polysaccharides (such as polysialic acid,22

trehalose glycopolymers,23 alginate,24 hyaluronic acid,25

hydroxyethyl starch26) have been investigated as an alternative

to PEG for half-life extension, exploring different syntheses and
grafting methods.3 Polymers are mainly conjugated using
either a grafting-to or a grafting-from approach. In the grafting-
to approach, a covalent bond is formed between reactive
polymers and specific functional groups of a protein.1,3,4,27

Different protein sites can be targeted, including the ε-amino
groups of lysines, the N-terminal α-amino group of proteins,
the thiol of cysteine residues, and the hydroxyl group of a
serine or threonine.3,4,27 This grafting-to strategy is typically
characterized by low conversion due to the low concentration
and the steric hindrance of the reactive groups, thus an
additional purification step is required to remove the excess of
the unreacted polymer.28,29 Moreover, a random distribution
of polymer chains grafted to multiple protein sites can be
obtained if the conjugation conditions are not optimized, and
this generally leads to a remarkable loss of activity.4 The

Received: April 16, 2022
Revised: June 8, 2022
Published: June 27, 2022

Articlepubs.acs.org/Macromolecules

© 2022 The Authors. Published by
American Chemical Society

7454
https://doi.org/10.1021/acs.macromol.2c00783

Macromolecules 2022, 55, 7454−7468

D
ow

nl
oa

de
d 

vi
a 

PO
L

IT
E

C
N

IC
O

 D
I 

M
IL

A
N

O
 o

n 
Se

pt
em

be
r 

21
, 2

02
2 

at
 1

4:
42

:3
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filippo+Moncalvo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+Lacroce"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Franzoni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandra+Altomare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+Fasoli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giancarlo+Aldini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Sacchetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Sacchetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Cellesi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.2c00783&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00783?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00783?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00783?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00783?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00783?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/55/17?ref=pdf
https://pubs.acs.org/toc/mamobx/55/17?ref=pdf
https://pubs.acs.org/toc/mamobx/55/17?ref=pdf
https://pubs.acs.org/toc/mamobx/55/17?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


grafting-from approach is based on polymerization, which
initiates directly from a specific protein site.30 A functional
initiator is first attached to the protein via bioconjugation. A
high yield of conjugation can be obtained due to the limited
steric hindrance of this molecule,31,32 and the final removal of
the lower molar mass reagents is less challenging.33,34 The
main limitations are related to the control of polymerization
under biorelevant conditions. Controlled-living polymerization
techniques such as atom-transfer radical polymerization
(ATRP), reversible addition−fragmentation chain-transfer
polymerization (RAFT), and ring-opening metathesis polymer-
ization (ROMP) have been recently investigated for site-
specific polymer growth.1,35−38 Aqueous-phase ATRP has been
recently explored to obtain polymer−protein conjugates
through the polymerization of poly(ethylene glycol) methyl
ether methacrylate (PEGMA) macromonomers, grafted from
recombinant hGH31 and trypsin.39 Activator regenerated by
electron transfer (ARGET) ATRP in aqueous solutions has
shown encouraging results for conjugation of therapeutic
proteins,40 achieving narrow molar mass distributions. Each
grafting method presents advantages and limitations, thus no
universal protein−polymer conjugation exists that could
guarantee high stability while maintaining full activity for any
class of proteins.41

A deeper understanding of the relation between the polymer
physicochemical properties and ligand/biomolecule binding is
needed to enhance the performance of these protein
hybrids.42−44 Therefore, the rational design of a protein−
polymer conjugate for a specific application will be based on
the appropriate selection of polymer type, its molar mass, and
architecture, together with the selection of the optimized
conjugation method and proper analytical characterization.

In this work, a new approach for protein−polymer
conjugation was investigated to obtain site-specific grafting of
hydrophilic biocompatible polymers with predetermined molar
mass and topology.

To control the macromolecular architecture as well as the
selectivity of the grafting site, different mono- and two-arm
ATRP initiators functionalized with an aldehyde group were
synthesized and attached to the proteins at the N-terminus via
reductive amination to initiate polymerization at a protein site,
which is not involved with the active domain (Figure 1). The
reactions parameters were optimized by selecting lysozyme
(LYS) as a model protein. ARGET ATRP was performed on
these protein initiators in phosphate buffer to obtain
macromolecules with stealth properties and high functionality.
In terms of monomers and final polymer composition, glycerol
monomethacrylate (GMA) was polymerized as well as
PEGMA, and the effects of these two repeating units on
protein activity and stability were investigated.

PGMA is a hydrophilic synthetic polymer, which has
received high interest in biomedical research as alternative to
PEG45−51 since it presents low toxicity47 and very limited
interactions with proteins.45,46,48 The two hydroxy groups per
monomeric unit provide high hydrophilicity, minimize
immune recognition, and can be easily functionalized to
obtain different bioconjugated polymers.50−52

Different lysozyme−PPEGMA and lysozyme−PGMA con-
jugates were synthesized and characterized in terms of
topology (linear, two-arm) and molar mass. Their enzymatic
activity and stability in human serum and trypsin solution, as
well as their thermal stability, were finally evaluated to identify
optimal combinations of macromolecular composition and
architecture for biopharmaceutical applications.

■ MATERIALS AND METHODS
Reagents and solvents, Amicon Ultra-15 Centrifugal Filters (cut off 3,
30 kDa), a lysozyme activity kit, a bicinchoninic acid (BCA) protein
assay kit (Pierce), human serum (AB type), and trypsin from porcine
pancreas (1000−2000 BAEE units/mg solid) were purchased from
Sigma-Aldrich (Merck). N,N-Dimethylacetamide was purchased from
Fisher Scientific and glycerol monomethacrylate was purchased from

Figure 1. Synthesis and characterization of lysozyme−PGMA and lysozyme−PPEGMA conjugates.
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Polysciences Europe. Deionized water was obtained from the
Millipore Milli-Q purification unit.

Analytical Techniques. 1H and 13C NMR analyses were recorded
on a Bruker Avance 400 MHz spectrometer at 298 K, using D2O or
CDCl3 as solvents. Chemical shifts (δ) are reported in ppm downfield
from the deuterated solvent as an internal standard, and coupling
constants (J) are in Hz. Size exclusion chromatography (SEC)
analyses were carried out with a JASCO instrument (2055
autosampler; RI-2031 refractive index detector; CO-2060 plus oven
column; PU-2080 pump; three GRAM 300 mm × 8 mm (10 μm
particle size) (1000, 100, 30 A) column; and a GRAM 50 mm × 8
mm (10 μm particle size) guard) using dimethylacetamide (DMAc)
(30 mM LiBr) as an eluent at 1 mL/min at 40 °C. Samples were
dissolved in DMAc at a concentration of 4 mg/mL. The average
molar mass and dispersity were determined by standard calibration
using linear PEG standards (Mn = 339 000, 197 000, 75 800, 30 700,
14 900, 6170, 1840, 560, 232 Da) (Sigma-Fluka).

Aqueous SEC was carried out on hydrolyzed polymers to
determine their molar mass distributions. Dried polymers were
dissolved in a 0.05 M Na2SO4 water/acetonitrile 80/20 v/v solution
to obtain a concentration of 4 mg/mL and filtered through a 0.45 μm
pore-size nylon membrane. The samples were analyzed using a Jasco
2000 system at a flow rate of 1 mL/min at 35 °C using 0.05 M
Na2SO4 water/acetonitrile 80:20 v/v as an eluent, with a guard
column and three Suprema columns (Polymer Standards Service;
particle size 10 μm, pore sizes of 100, 1000, and 3000 Å). PEG
standards (Mn = 232−339 000 Da, as reported above) were employed
for the standard calibration.

Electrospray ionization mass spectrometry (ESI-MS) data for the
characterization of the initiators were obtained using a Bruker Esquire
3000 PLUS (ESI Ion Trap LC/MS System), with an ESI source and a
quadrupole ion trap detector (QIT) (needle 4.5 kV, N2 flow rate 10
L/h, cone voltage 40 V) with a 13 000 (m/z) s−1 scan resolution over
a mass range of m/z 35−500, by direct infusion of the methanol
solution of analytes at 4 μL/min.

Synthesis of Aldehyde Functional Initiators. 2-(2-
Oxoethoxy)ethyl 2-bromo-2-methylpropanoate (L1). L1 was
synthesized according to a procedure described in previous work.53

The steps of synthesis and the characterization of each precursor and
the final product are reported in the Supporting Information.
Synthesis of 2-(2-Oxoethoxy)propane-1,3-diyl bis(2-bromo-2-

methylpropanoate) (L2). Step 1. Synthesis of 5-(2,2-Dimethox-
yethoxy)-2-phenyl-1,3-dioxane. 2-Phenyl-1,3-dioxan-5-ol (600 mg,
3.33 mmol, 1 equiv) was dissolved in 5 mL of N,N-dimethylforma-
mide (DMF) and then NaH (60% dispersed in mineral oil) (266.4
mg, 6.66 mmol, 2 equiv) was added into microwave vial. The mixture
was left under stirring for 20 min. Afterward, tetrabutylammonium
bromide (53.67 mg, 0.1665 mmol, 0.05 equiv) dissolved in 1 mL of
DMF was transferred into the reaction flask. Finally, bromoacetalde-
hyde diethyl acetal (751 μL, 4.99 mmol, 1.5 equiv) was dropped in
and the reaction continued in the microwave (Biotage) for 2.5 h at 80
°C.

The mixture was then transferred in a separatory funnel and
extracted with water. The aqueous solution was washed twice with
diethyl ether. The organic phase was washed with brine and then
dried with sodium sulfate. The purified product was dried under
reduced pressure and further purified through a silica column using an
eluent constituted by 70% hexane and 30% ethyl acetate. Yield: 70%

1H NMR (400 MHz, CDCl3) δ = 7.5 (dd, J = 7.7,1.19 Hz 2H,
CH−Ar), 7.33 (d, J = 7.3 Hz 3H,CH−Ar), 5.5 (s, 1H, Ar−
CH(OCH2)2), 4.69 (t, J = 5.2 Hz, 1H, CH(OCH2CH3)2), 4.33 (m,
2H, OCH2CH), 4.02 (m, 2H, OCH2CH), 3.83−3.68 (m, 2H,
CHCH2O), 3.67−3.52 (m, 4H, CH(OCH2CH3)2), 3.42 (s, 1H), 1.23
(t, J = 5.3 Hz, 6H, CH(OCH2CH3)2)

13C NMR (100.59 MHz, CDCl3, 298 K) δ = 138.3 (1C, Ar), 128.9
(1C, Ar), 128.3 (2C, Ar), 126.2 (2C, Ar), 102.2 (1C, CH-
(OCH2CH3)2), 101.3 (1C, (CH2O)2CHC(CHCH)2CH), 71.4 (1C,
CH(CH2O)2), 70.0 (1C, CHCH2O), 69.2 (2C, CH(CH2O)2), 63.2
(2C, CH3CH2O), 15.5 (2C, CH3CH2O).

Step 2. Synthesis of 2-(2,2-Diethoxyethoxy)propane-1,3-diol. 5-
(2,2-Dimethoxyethoxy)-2-phenyl-1,3-dioxane (230 mg, 0.7 mmol,1
equiv), 50 mL of tetrahydrofuran (THF), and palladium hydroxide on
carbon (30 mg, 0.21 mmol, 0.3 equiv) were added in a two-neck flask.
Three vacuum/hydrogen cycles were performed, and the mixture was
left under a hydrogen atmosphere without stirring. The reaction
continued under stirring for 4 h. Then, THF was removed under
reduced pressure and the mixture was filtered through a Büchner
funnel to remove palladium. The product was finally dried under
reduced pressure. Yield: 78%.

1H NMR (400 MHz, CDCl3) δ = 4.58 (m, 1H, CH(OCH2CH3)),
3.72−3.44 (m, 11H, (OHCH2)2CHOCH2, CH(OCH2CH3)2), 1.21−
1.10 (t, J = 5.3 Hz, 6H, CH(OCH2CH3)).

13C NMR (100.59 MHz, CDCl3, 298 K) δ = 101.3 (1C,
CH(OCH2CH3)2), 81.8 (1C, CH(CH2OH)2), 70.6 (1C,
CHCH2O), 62.7 (2C, CH3CH2O), 62.2 (2C, CH(CH2OH)2), 15.5
(2C, CH3CH2O).
Step 3. Synthesis of 2-(2,2-Diethoxyethoxy)propane-1,3-diyl

bis(2-bromo-2-methylpropanoate). 2-(2,2-Diethoxyethoxy)-
propane-1,3-diol (300 mg, 1.56 mmol, 1 equiv) was weighed in a
reaction flask. Then, 10 mL of THF and triethylamine (TEA) (652
μL, 4.68 mmol, 3 equiv) were added and the reactor was cooled in an
ice bath. Then, α-bromoisobutyryl bromide (482 μL, 3.9 mmol, 2.5
equiv) was slowly dropped into the flask. After ice bath removal, the
reaction continued overnight at room temperature. Afterward, THF
was removed under reduced pressure and the mixture was transferred
in a separatory funnel using ethyl acetate. The organic phase was
extracted three times using a 1 M HCl solution to remove unreacted
TEA and salts, and it was anhydrified with sodium sulfate. After
filtration, the product was dried under reduced pressure and further
purified with an automatic Biotage Selekt Systems with a silica
column, using hexane for two elutions and then a gradient eluent until
80% hexane and 20% ethyl acetate. The purified product was finally
dried under reduced pressure. Yield: 77%

1H NMR (400 MHz, CDCl3) δ = 4.62 (t, J = 5.1 Hz 1H
CH(OCH2CH3), 4.36−4.31 (m, 2H, CH2O), 4.30−4.26 (m, 2H,
CH2O), 4.03−3.87 (m, 1H, CHCH2O), 3.77−3.66 (m, 4H,
CH(OCH2CH3)2)), 3.61−3.55 (m, 2H, OCH2CH), 1.97 (s, 12H,
(CH3)2CBr), 1.23 (t, J = 5.3 Hz, 6H, CH(OCH2CH3)).

13C NMR (100.59 MHz, CDCl3) δ = 171.3 (2C, (OCOC-
(CH3)2Br)2), 101.3 (1C, CH (OCH2CH3)2), 75.9 (1C, CH-
(CH2O)2), 71.6 (1C, CHCH2O), 64.6 (2C, (CHCH2O)2), 62.7
(2C, CH3CH2O), 55.6 (2C, ((CH3)2CBr)2), 30.7 (4C,
((CH3)2CBr)2), 15.5 (2C, CH3CH2O).
Step 4. Synthesis of 2-(2-Oxoethoxy)propane-1,3-diyl bis(2-

bromo-2-methylpropanoate) (L2). A total of 60 mg of 2-(2,2-
diethoxyethoxy)propane-1,3-diyl bis(2-bromo-2-methylpropanoate)
(0.12 mmol) was dissolved in 2 mL of dichloromethane (DCM)
and 2 mL of trifluoroacetic acid (TFA). The suspension was stirred at
room temperature for 4 h and then 1 mL of Et2O was added to
remove TFA. The product was finally dried under reduced pressure.
Yield: 96%

1H NMR (400 MHz, CDCl3) δ = 9.64 (s, 1H, CH2CHO), 4.35
(dd, J = 11.8, 4.4 Hz, 2H, CH2COH), 4.27−4.22 (m, 4H,
CH(CH2O)2), 3.91−3.84 (m, 1H, CH2CH(CH2)2), 1.88 (s, 12H,
((CH3)2CBr)2).

13C NMR (101 MHz, CDCl3) δ = 199.7 (1C, CH2CHO), 171.3
(2C, (OCOC(CH3)2Br)2), 76.3 (1C, CH2COH), 75.9 (1C, CH2CH-
(CH2)2), 64.3 (2C, (CHCH2O)2), 55.3 (2C, ((CH3)2CBr)2), 30.7
(4C, ((CH3)2CBr)2).
m/z: 487.1 [M + MeOH + K]+, 1319.1 [3M + MeOH + K]+.
Synthesis of 4-Formylphenyl 2-bromo-2-methylpropanoate

(A1). 4-Hydroxybenzaldelhyde (1 g, 8.18 mmol, 1 equiv) was added
to a two-neck flask and then 15 mL of THF was added, followed by
triethylamine (TEA, 1.86 g, 18.4 mmol, 2.25 equiv). Then, the flask
was cooled in an ice bath, and after 5 min, α-bromoisobutyrylbromide
(2.82 g, 12.2 mmol, 1.5 equiv) was dissolved in 10 mL of THF with a
dropping funnel. After the addition of 5 mL of THF to wash the
funnel, the reaction continued overnight at room temperature.
Afterward, THF was removed under reduced pressure, and the
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sample was dissolved in ethyl acetate and extracted three times using a
1 M HCl solution to remove unreacted TEA and salts. The product
was anhydrified with sodium sulfate, filtered, and dried under reduced
pressure.

The product was further purified through a silica column using an
eluent constituted of 80% hexane and 20% ethyl acetate. The product
A1 was finally collected and dried under reduced pressure. Yield: 86%.

1H NMR (400 MHz, CDCl3) δ = 10.01 (s, 1H, CHO), 7.97−7.93
(m, 2H, Ar), 7.34−7.30 (m, 2H, Ar), 2.08 (s, 6H, (CH3)2CBr).

13C NMR (101 MHz, CDCl3) δ = 190.8 (1C, CHO), 169.6 (1C,
COOC), 155.4 (1C, Ar), 134.3 (1C, Ar), 131.3 (2C, Ar), 121.9 (2C,
Ar), 54.9 (1C, (CH3)2CBr), 30.7 (2C, (CH3)2CBr).
m/z: 270.9 [M + H]+, 294.9 [M + Na] +, 324.9 [M + MeOH +

Na]+, 340.9 [M + MeOH + K]+.
Synthesis of 4-Formyl-1,2 phenylene bis(2-bromo-2-methylpro-

panoate) (A2). 3,4-Dihydroxybenzaldelhyde (1 g, 7.24 mmol, 1
equiv) was added into a two-neck flask and then 20 mL of THF,
followed by TEA (3.23 g, 32 mmol, 4.5 equiv). Then, the flask was
cooled in an ice bath, and after 5 min, α-bromoisobutyryl bromide
(4.98 g, 21.7 mmol, 3 equiv) dissolved in 10 mL of THF was added
through a dropping funnel. Then, 3 mL of THF was also added to
wash the funnel. The flask was removed from the ice and the reaction
was continued overnight at room temperature. Afterward, THF was
removed under reduced pressure, the sample was dissolved in ethyl
acetate, and extracted three times using a 1 M HCl solution to remove
unreacted TEA and salts. The product was anhydrified with sodium
sulfate, filtered, and dried under reduced pressure. The product was
further purified through a silica column using 90% hexane and 10%
ethyl acetate as an eluent. The purified compound A2 was collected
and dried under reduced pressure. Yield: 90%.

1H NMR (400 MHz, CDCl3) δ = 10.00 (s, 1H, CCHO), 7.84−
7.79 (m, 2H, Ar), 7.45 (d, J = 8.1 Hz 1H, Ar), 2.07 (s, 12H,
((CH3)2CBr)2).

13C NMR (101 MHz, CDCl3) δ = 189.8 (1C, CHO), 168.8 (1C,
COOC(CH3)2Br), 168.5 (1C, COOC(CH3)2Br), 146.9 (1C, Ar),
142.8 (1C, Ar), 135.1 (1C, Ar), 128.5 (1C, Ar), 123.9 (1C, Ar), 123.8
(1C Ar), 54.6 (1C, (CH3)2CBr), 54.6 (1C, (CH3)2CBr), 30.7 (1C,
(CH3)2CBr), 30.6 (1C, (CH3)2CBr).
m/z: 435.8 [M + H]+, 450.9 [M + Na] +, 474.8 [M + K]+, 4.91 [M

+ MeOH + Na]+.
Synthesis of ((4-Formylphenyl)azanediyl)bis(ethane-2,1-diyl)

bis(2-bromo-2-methylpropanoate) (N2) . 4-[N ,N-Bis(2-
hydroxyethyl)amino]benzaldehyde (400 mg, 1.912 mmol, 1 equiv)
was dissolved with 9 mL of THF in a neck bottom flask and (580 mg,
5.7 mmol, 3 equiv) TEA was added. Then, the flask was cooled in an
ice bath and 1.1 g of α-bromoisobutyryl bromide (4.78 mmol, 2.5
equiv) dissolved in 1 mL of THF was slowly dropped in. The flask
was removed from ice and the reaction was continued overnight at
room temperature.

Afterward, THF was removed under reduced pressure, the sample
was dissolved in ethyl acetate, and extracted three times using a 1 M
HCl solution to remove unreacted TEA and salts. The product was
anhydrified with sodium sulfate, filtered, and dried under reduced
pressure. The product was further purified through a silica column
using 50% hexane and 50% ethyl acetate as an eluent. The purified
compound N2 was collected and dried under reduced pressure. Yield:
87%.

1H NMR (400 MHz, CDCl3) δ = 9.70 (s, 1H, CHO), 7.71−7.67
(m, 2H, Ar), 6.80−6.76 (m, 2H, Ar), 4.33 (t, J = 6,0 Hz, 4H,
(NCH2CH2O)2), 3.76 (t, J = 6,0 Hz 4H, (NCH2CH2O)2), 1.83 (s,
12H, ((CH3)2CBr)2).

13C NMR (101 MHz, CDCl3) δ = 190.2 (1C, CHO), 171.6 (2C,
(CH2COO)2), 151.9 (1C, Ar), 132.2 (1C, Ar), 126.5 (2C, Ar), 111.5
(2C, Ar), 62.7 (2C, (NCH2CH2O)2), 55.3 (2C, ((CH3)2CBr)2), 49.1
(2C, (NCH2CH2O)2), 30.7 (4C, ((CH3)2CBr)2).
m/z: 508.2 [M + H]+, 530.2 [M + Na] +, 1036.4 [2M + Na]+.
Synthesis of PPEGMA. The polymerization of PEGMA generally

followed this procedure ([M] = 0.33 mol/L, ascorbic acid feeding rate
(FRAA) = 8 nmol/min, phosphate-buffered saline (PBS) 100 mM,
CuBr2 = 9.8 × 10−5 mol/L): 50 mL of PBS 100 mM was added in a

Schlenk tube, three cycles of vacuum/nitrogen were performed, and
then nitrogen was flushed for 15 min. PEGMA (1.25 g, 2.5 mmol)
was added in another Schlenk tube and three cycles of vacuum/
nitrogen were carried out before adding 7.6 mL of purged PBS buffer.
A total of 100 μL of an initiator (either 2-hydroxyethyl 2-
bromoisobutyrate (HEBIB), A1, A2, L1, L2, or N2, 0.01 mmol for
targeted degree of polymerization (DP) = 250 or 0.02 mmol for
targeted DP = 125) from a stock solution in dimethyl sulfoxide
(DMSO) (100 mM), 30 μL of CuBr2 (0.17 mg, 0.76 μmol, 0.076
equiv), and tris(2-pyridylmethyl)amine (TPMA, 1.7 mg, 6 μmol, 0.6
equiv) from a stock solution (CuBr2 25 mM, TPMA 200 mM in
buffer (PBS 100 mM)) were added to the Schlenk tube, which
contained PEGMA, and the solution was purged for further 5 min.
Next, 15 μL of an 8 mM ascorbic acid solution was added every 15
min to achieve an average rate of 8 nmol/min. The polymerization
was performed at 25 °C. A total of 100 μL of the sample was collected
from the reaction mixture at fixed time points for 1H NMR and SEC
analyses.

Synthesis of PGMA. The polymerization of GMA generally
followed this procedure ([M] = 0.165 mol/L, FRAA = 8 nmol/min,
PBS 100 mM, CuCl2 = 9.8 × 10−5 mol/L): 50 mL of PBS 100 mM
was added in a Schlenk tube where, three vacuum/nitrogen cycles
were carried out before flushing N2 for 15 min. GMA (0.2 g, 1.25
mmol, 250 equiv) was added in another Schlenk tube and three
vacuum/nitrogen cycles were carried out before adding 7.6 mL of
purged PBS. A total of 50 μL of an initiator (either HEBiB, A1, A2,
L1, L2, or N2, 0.005 mmol for targeted DP = 250 or 0.01 mmol for
targeted DP = 125) from a DMSO stock solution (100 mM), 30 μL
of CuCl

d2
(0.1 mg, 0.76 μmol, 0.076 equiv), and TPMA (1.7 mg, 6

μmol, 0.6 equiv) from a CuCl2/TPMA stock solution (CuCl2 25 mM,
TPMA 200 mM in buffer (PBS 100 mM)) were added to the Schlenk
tube, which contained GMA, and the solution was purged for 5 min.
A total of 15 μL of an 8 mM ascorbic acid solution was added every
15 min to achieve an average rate of 8 nmol/min. The polymerization
was performed at 25 °C. Then, 150 μL of the sample was collected
from the reaction mixture at fixed time points for 1H NMR and SEC
analyses.

Procedure for Lysozyme-Initiator Conjugation. Hen egg-
white (HEW) lysozyme (29.6 mg, 2.1 μmol,) and 2-methylpyridine
borane (6.63 mg, 62 μmol) were added into a vial and dissolved in 10
mL of a solvent (PO3

− 0.05M NaCl 0.1 M) adjusting the pH with 1
M HCl and 0.5 M NaOH to obtain the following pH values: 5.8, 6.1,
6.3, and 6.5. The aldehyde functional initiator (either A1, A2, L1, L2,
or N2, 10.3 μmol) was added from a 500 mM stock solution in
DMSO. The reaction proceeded at 35 °C under constant stirring.
Then, 200 μL of the sample was collected at different time points (1−
4 h) and stored at −20 °C before purification and high-performance
liquid chromatography (HPLC)/ESI-MS analysis53 (see the Support-
ing Information).

Polymerization from Lysozyme Initiators. Conditions for
PEGMA Polymerization. A total of 12 mg of a lysozyme initiator
(0.83 μmol, 1 equiv) dissolved in buffer at pH 6.3 (PO3

− 0.05, NaCl
0.1 M) was purified using a 3 kDa cutoff Amicon filter and washed
with 100 mM PBS. Afterward, the sample was concentrated to a final
volume of 0.6 mL and transferred into a 3 mL Schlenk tube. Then,
103 mg of PEGMA (206 μmol, 250 equiv) was added, and three
vacuum/nitrogen cycles were carried out under stirring. Then, 2.48
μL of a CuBr2/TPMA solution (CuBr2 25 mM, TPMA 200 mM) was
added to the mixture, which was cooled in a water−ice bath while
degassing for 10 min. The reaction proceeded at a constant
temperature (25 °C) while adding 1.25 μL of an ascorbic acid
solution (1.41 mg/mL) every 15 min.
Conditions for PGMA Polymerization. A total of 6 mg of a

lysozyme initiator (0.415 μmol, 1 equiv) dissolved in buffer at pH 6.3
(PO3

− 0.05 M, NaCl 0.1 M) was purified using a 3 kDa cutoff Amicon
filter and washed with 100 mM PBS. The sample was concentrated to
a final volume of 0.6 mL and transferred into a small Schlenk tube.
Then, 16.6 mg of GMA (103 μmol, 250 equiv) was added, and three
vacuum/nitrogen cycles were carried out under stirring. A total of
2.48 μL of a CuCl2/TPMA solution (CuCl2 25 mM, TPMA 200 mM)
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was added to the mixture, which was cooled in a water−ice bath and
degassed for 10 min. The reaction proceeded at 25 °C while adding
1.25 μL of an ascorbic acid solution (1.41 mg/mL) every 15 min.
Purification and Analysis. A total of 100 μL of the final sample

was purified by ultracentrifugation using an Amicon filter (30 kDa
cutoff, 10 washing steps with 2 mL of deionized water to remove
unreacted lysozyme, ATRP monomer, reagents, and salts). The waste
was analyzed via ultraviolet−visible (UV−vis) spectroscopy (using a
Jasco V-630 spectrophotometer, optical density measured at λ = 280
nm, using quartz cuvettes (Hellma QS) in a wavelength range of
200−2500 nm, optical path length 10 mm, 2.5 mL volume) to
monitor the complete removal of unreacted lysozyme (Figure S14,
Supporting Information), while the protein concentration achieved
after purification was quantified by BCA assay.
Procedure for Kinetics Analysis. A total of 72.8 mg (0.005 mmol, 1

equiv) of protein initiator LYS−L1 in solution was centrifuged,
concentrated, and lyophilized directly into a Schlenk tube. Then, 3.8
mL of degassed 100 mM PBS and 619 μL of PEGMA (625 mg, 1.25
mmol, 250 equiv) were added and three vacuum/nitrogen cycles were
carried out under stirring. A total of 15 μL of a CuBr2/TPMA stock
solution (CuBr2 25 mM, TPMA 200 mM) was added. Further, 7.5 μL
of an ascorbic acid solution (1.41 mg/mL) was dropped every 15 min
and the reaction was performed at 25 °C until reaching the desired
conversion. Then, 50 μL of the sample was taken at fixed time points
for NMR and SEC analyses. For comparison, polymerizations from
the initiators L1 and HEBIBB (0.005 mmol) were also carried out
under the same experimental conditions.
Chain Extension. A total of 0.6 mL of 100 mM PBS containing

0.83 μmol (1 equiv) of PEGMA 100 L1 (see Table 2 for details) was
transferred into a 3 mL Schlenk tube. Then, 52 mg of PEGMA (03

μmol, 125 equiv) was added and three vacuum/nitrogen cycles were
carried out under stirring. Next, 2.48 μL of a CuBr2/TPMA solution
(CuBr2 25 mM, TPMA 200 mM) was added to the Schlenk reactor.
The ARGET ATRP was carried out according to the method reported
above, and the final product was isolated and characterized according
to the procedures used for the other lysozyme−polymer conjugates.

The hydrolysis of protein−polymer conjugates was obtained
according to a procedure adapted from a previously published
method53 and is described in the Supporting Information.

Gel electrophoresis (sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS−PAGE)) was performed as previously
described53 (Supporting Information).

The enzymatic activity of lysozyme−polymer conjugates in water,
trypsin, and serum was evaluated using a lysozyme activity kit (Sigma-
Aldrich) based on the Micrococcus Lysodeikticus test53 (Supporting
Information).

Thermal Stability. Lysozyme−protein conjugates or native
lysozyme dissolved in ultrapure water at a concentration of 0.4 mg/
mL were incubated at 90 °C for 30 min, 1, and 2 h. After cooling to
room temperature, each solution was diluted to a concentration of
0.01 mg/mL, and the enzymatic activity was measured, according to
the M. Lysodeikticus test. Data were presented as mean ± standard
deviation of three different replicates and analyzed for statistical
significance by unpaired two-tailed Student’s t-test.

■ RESULTS AND DISCUSSION
Synthesis of Functional Initiators. A library of mono-

and difunctional ATRP initiators containing an aliphatic or
aromatic aldehyde was synthesized to evaluate their reactivity

Scheme 1. Synthetic Routes of the Functional Initiators
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and selectivity toward the protein N-terminus, as well as their
capability to generate single or two-arm methacrylic polymers.
Structures, nomenclature, and synthetic routes are reported in
Scheme 1 and Figure 2. α-aldehyde monofunctional initiator
L1 was first selected and obtained as recently reported in the
literature.53,55 The difunctional initiator L2 was synthesized by
conjugating 2-phenyl-1,3-dioxan-5-ol with bromoacetaldehyde
diethyl acetal to form 5-(2,2-dimethoxyethoxy)-2-phenyl-1,3-
dioxane, followed by deprotection of the two hydroxyl groups
and esterification with α-bromoisobutyryl bromide, and finally
acetal deprotection to give the aldehyde. The monofunctional
initiator A1 was designed to obtain a benzaldehyde moiety
while simplifying the synthetic procedure since this 4-
formylphenyl 2-bromo-2-methylpropanoate was achieved by
single-step esterification of 4-hydroxylbenzaldehyde with α-
bromoisobutyryl bromide. Similarly, esterification of 3,4-
dihydroxybenzaldehyde was carried out to synthesize the
difunctional initiator A2 (4-formyl-1,2 phenylene bis(2-bromo-
2-methylpropanoate)). To obtain a benzaldehyde without the
two sterically hindered 2-bromoisobutyrates in the ortho
position, the difunctional initiator N2 was also synthesized
through esterification of 4-[N,N-bis(2-hydroxyethyl)amino]-
benzaldehyde.

ARGET ATRP Optimization. Aqueous ARGET ATRP of
PEGMA was first tested on each functional initiator, in the
absence of protein, according to a protocol previously
optimized.40 The reaction was performed at 25 °C in 100
mM PBS with slow feeding (8 nmol/min) of ascorbic acid in
the presence of a CuBr2 catalyst (ratio Cu/monomer 300
ppm) with a tris(2-pyridylmethyl)amine (TPMA) ligand,
PEGMA monomer concentration [M] = 0.33 M, and the
functional initiator (L1, L2, A1, A2, N2) to obtain a maximum
target degree of polymerization (DP) of 250. The control of
the polymerization was confirmed by the semilogarithmic
kinetic plot, which presented a linear trend after an induction

period of ∼1 h, with no marked difference between the use of
functional initiators and that of the commercial 2-hydroxyethyl
2-bromoisobutyrate (HEBIB) (Figure 3A). The polymers
presented a relatively low dispersity (1.2−1.4) at conversions
up to 90% (Figure 3B).

Under these reaction conditions, polymerization of GMA
showed high levels of dispersity (1.5−1.7) (Figure S11,
Supporting Information), which indicated a partial loss of
control of the polymerization. ARGET ATRP of GMA was
successfully improved by halving the molar concentration of
the monomer and substituting the copper salt CuBr2 with
CuCl2 since the lower reactivity of chloride led to higher
control of the polymerization.56 Under these conditions, the
linear increase in the molar mass with conversion confirmed
the first-order kinetics after an induction period of ∼2 h, which
slightly varied depending on the type and functionality of the
initiator tested (Figure 3C). The dispersity was found in the
range of 1.25−1.35, maintaining a controlled character of up to
∼70% monomer conversion (Figure 3D). When the polymer-
izations were carried out at physiological PBS (10 mM), the
dispersity increased (Figure S12, Supporting Information).

A summary of analytical results of the different polymer-
ization conditions for different monomers and initiators is
reported in Table 1. Reaction time and monomer conversion
were optimized to obtain the highest DP while maintaining the
dispersity of <1.4.

Initiator Conjugation. Each aldehyde functional initiator
was conjugated with hen egg-white lysozyme at the N-terminus
via reductive amination, with an imine linkage formed prior to
reduction in situ to obtain a stable secondary amine.3,57 N-
terminal functionalization is a site-specific reaction that
exploits the difference between the pKa of the ε-amino group
of lysine residues (9.3−10.5) and that of the N-terminal α-
amino group of the proteins (7.6 to 8).58 At optimal pH values
(generally between 5.5 and 6.5), the N-terminus is

Figure 2. Structure of the initiators, their nomenclature, and conjugation with lysozyme.
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unprotonated, while lysine residues are mainly protonated and
unreactive.59−61 Reductive amination at different pH values
(5.8−6.5) and reaction times (up to 4 h) was therefore carried
out to find the best condition for selective functionalization of
the N-terminus, avoiding the formation of multiple initiation

sites. An excess of 5 equiv of initiator per mol of protein was
used, while the equivalents of the reducing agent 2-
methylpyridine borane were also maintained constant. The
samples were characterized by HPLC/ESI-MS (Figure 4A).
The analysis showed evidence of the formation of a first

Figure 3. (A) Kinetic curves for aqueous ARGET ATRP of PEGMA (target DP 125 and 250, FRAA = 8 nm/min) obtained from initiators L1 and
HEBIB and (B) number average molar mass (Mn) and dispersity (Đ) vs conversion (PBS 100 mM; PEGMA 0.33 M; [CuBr2] = 9.8 × 10−5 M).
(C) Kinetic plot for GMA polymerization (target DP 125) from initiators L1, A1, and L2 and (D) Mn and Đ vs conversion (PBS 100 mM; GMA
0.165 M; [CuCl2] = 9.8 × 10−5 M; FRAA = 8 nm/min).

Table 1. Polymerization Conditions and Molar Mass Parameters of PPEGMA and PGMA Obtained from Different Initiators
via ARGET ATRP in PBS 100 mM at T = 25 °C

initiator M DP time (h) conv (%) Mn,NMR (g/mol) Mn,SEC (g/mol) Mw,SEC (g/mol) Đ

L1 GMA 125 7 67 13 666 17 900 24 000 1.34
L1 GMA 250 6 65 26 239 32 200 43 100 1.34
A1 GMA 125 6 59 12 133 25 100 31 000 1.23
L2 GMA 125 7 54 11 165 16 000 22 000 1.37
L1 PEGMA 125 7 93 58 383 32 400 42 200 1.30
L1 PEGMA 250 7 94 117 008 45 400 58 700 1.29
A1 PEGMA 125 4 83 52 146 21 100 26 000 1.23
A1 PEGMA 250 4 79 104 021 45 300 58 900 1.30
N2 PEGMA 125 4 73 46 132 22 800 31 300 1.37
A2 PEGMA 125 4 90 56 686 61 900 78 900 1.27
A2 PEGMA 250 4 99 124 186 214 400 277 500 1.29
L2 PEGMA 125 7 56 70 416 63 800 93 800 1.34
L2 PEGMA 250 7 45 56 666 96 800 128 700 1.33
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Figure 4. (A) HPLC/ESI-MS chromatograms of native LYS (below) and LYS−L1 obtained by reductive amination (2 mg/mL protein solution,
pH 6.3, 4 h). (B) Relative abundance (%) of adducts 1 and 2 (ADD1 and ADD2, respectively) obtained in 4 h at different pH values (5.8−6.5)
(L1/LYS 5:1 mol/mol, LYS 1 mg/mL).

Figure 5. Kinetics of LYS conjugation with initiators L1, A1, L2, A2, and N2 at pH 6.3. Relative abundance (%) of native LYS (LYS−Nat) and first
and second adducts (ADD1, ADD2) measured at different time points (0−4 h) by HPLC/ESI-MS.
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adduct, which corresponds to the initiator grafted at the
terminal NH2, and a slower formation of a second adduct,
which corresponds to bis-functionalization at the secondary
amine.61 Among different pH conditions (5.8−6.5), the most
selective conjugation was obtained at pH 6.3 when a maximum
conversion was achieved in the absence of bis-functionalization
(Figure 4B).

At fixed pH (6.3), conjugation kinetics was monitored for all
of the initiators synthesized, and mono- and bis-functionalized
products were characterized in terms of conversion (Figure 5).
L1 showed good reactivity with the N-terminus since the
LYS−L1 conjugate reached a ∼49% conversion in 4 h.
Unfortunately, also bis-functionalized species reached a non-
negligible amount. To maintain a good selectivity, the reaction
was stopped at 1 h to obtain a ∼36% conversion, while the
relative abundance of bis-functionalized (4%) was sufficiently
low. The L2 initiator was also able to react efficiently,
providing good selectivity and conversion since ∼33% of LYS−
L2 was formed in 4 h with a negligible amount of bis-
functionalized species. A1 was characterized by a lower
aldehyde reactivity, as confirmed by a lower conversion
(∼20% at 4 h). This result may be due to the steric hindrance
of the aromatic ring as well as to the presence of oxygen as an
electron-donating group. On the other hand, A1 showed the
advantage to avoid the formation of a bis-functionalized
product under these conditions. A2 and N2 did not form any

adduct during the reaction, suggesting that the presence of
electron-donating groups (two oxygen atoms in the ortho
position and nitrogen, respectively) did not favor the reactivity
of benzaldehyde under these conditions. A further decrease in
the pH value was not preferable, as it may favor protein
denaturation.

The reaction parameters for each initiator were therefore
fixed to maximize conversion of the first adduct while
minimizing, if not avoiding, the formation of the second
adduct (L1: 1 h, ADD1 36%, ADD2 4%, A1: 4h, ADD1 20%,
ADD2 0%, L2: 4 h, ADD1 33%, ADD2 2%).

All protein conjugates were purified by centrifugal ultra-
filtration before carrying out the grafting-from polymerization
step.

Polymer Conjugation. The grafting polymerizations from
lysozyme-conjugated initiators were carried out according to
the optimized conditions for aqueous ARGET ATRP of
PEGMA ad GMA. The polymerization of PEGMA from a
relatively large amount of LYS−L1 was tested to compare the
reaction kinetics of this grafting-from polymerization with the
corresponding ATRP in the absence of protein. The kinetic
plot showed that in the first hour, the grafting-from
polymerization was slightly slower than that obtained from
the free aldehyde functional initiator (L1) and the commercial
HEBIB (Figure 6A). This result may be due to the lower

Figure 6. (A) Kinetic plot for aqueous ARGET ATRP of PEGMA (target DP 250) obtained from LYS−L1 protein and the free initiators L1 and
HEBIB. (B) SEC chromatograph of the LYS−L1-PPEGMA conjugate and linear L1−PPEGMA (DP = 250) after hydrolysis. (C) SEC
chromatograms of hydrolyzed L1−PPEGMA (DP = 125) before (black line) and after (red line) chain extension.

Table 2. Summary of the Polymers Synthesized from Lysozyme Initiators and Analyzed by 1H NMR after Polymerization and
by Aqueous SEC after Hydrolysis (Mn,NMR Refers to the Hydrolyzed Polymer, and It Was Calculated as DPNMR, MMMA, where
MMMA is the Molar Mass of the Methacrylic Acid Monomeric Unit)a

name I M M/I (mol/mol) t (h) χ (%) DPNMR Mn,NMR (g/mol) Mn,SEC (g/mol) Mw,SEC (g/mol) Đ

GMA100A1 A1 GMA 125 2 83 104 8923 15 500 19 100 1.23
GMA200A1 A1 GMA 500 2 51 255 21 900 25 200 32 100 1.27
GMA100L1 L1 GMA 125 4 80 100 8600 15 000 18 900 1.25
GMA200L1 L1 GMA 250 4 70 175 15 050 21 700 31 900 1.47
GMA100L2 L2 GMA 125 5 74 93 3978 (x2) 8700 11 300 1.29
GMA200L2 L2 GMA 250 5 62 155 6650 (x2) 12 800 16 100 1.26
PEGMA100A1 A1 PEGMA 125 4 87 109 9353 13 300 17 400 1.31
PEGMA200A1 A1 PEGMA 250 4 80 200 17 200 18 400 22 900 1.24
PEGMA100L1 L1 PEGMA 125 2 95 119 10 212 11 000 15 300 1.38
PEGMA200L1 L1 PEGMA 250 2 90 225 19 350 22 400 27 000 1.20
PEGMA100L2 L2 PEGMA 250 7 50 125 5376 (x2) 6100 7400 1.22
PEGMA200L2 L2 PEGMA 250 7 100 250 10 750 (x2) 12 400 16 900 1.36

aFor 2-arm polymers, Mn,SEC refers to a single hydrolyzed arm.
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reactivity of the LYS initiator as a consequence of the steric
hindrance of the protein.

A method was also developed to achieve complete
hydrolysis of the polymer and the protein (under strong
basic or acid conditions) in each sample to isolate the
methacrylate backbone (see the Supporting Information) for
molar mass characterization. In fact, a direct SEC analysis of
the protein−polymer hybrid is difficult since the protein is still
folded in its active three-dimensional structure, and this would
affect the correct determination of the molar mass of the
polymer. The hydrolysis of the ester bonds led to a complete
detachment of the polymer backbone from the lysozyme, as
well as the cleavage of the side groups, thus poly(methacrylic
acid) with the same degree of polymerization of the conjugated
polymer was obtained (Figure S15, Supporting Information).
The analysis confirmed that linear PPEGMA and LYS−
PPEGMA synthesized at the same target degree of polymer-
ization (DP = 250) showed an almost identical SEC
chromatograph in water after hydrolysis (Figure 6B).

A library of lysozyme−polymer conjugates (based on PGMA
and PPEGMA) at different targeted DP (100−200), 1-arm,
and 2-arm was finally synthesized (Table 2). The products
were purified and isolated by centrifugal ultrafiltration to
remove the catalyst, unreacted species, and unbound enzymes

(Figure S14, Supporting Information). To maintain the
polymerizations under control in a relatively small volume,
20% excess monomer was generally used so that the target DP
was obtained by stopping the reaction before reaching full
conversion. For PGMA, we noticed an increase in the Mn by
SEC data, as compared with NMR results. Anyway, the
dispersity values were maintained relatively low (between 1.23
and 1.47). PEGMA chains provided better correspondence of
the molar mass between NMR and SEC and lower dispersity
too.

A chain extension test was also carried out to confirm the
chain-end functionality and the living character of the
polymerizations, as well as the absence of protein−polymer
detachment by hydrolysis during the synthesis. Purified
PEGMA100L1 was used as a macroinitiator for further
PEGMA polymerization (target DP = 125). The reinitiation
was complete, obtaining PPEGMA at an almost double molar
mass, without increasing the dispersity, and with no evidence
of dead chains in the SEC chromatogram (Figure 6C).

The successful polymer grafting was confirmed by the
Fourier transform infrared spectroscopy (FTIR) spectrum of
the purified products (Figure 7). LYS−PPEGMA conjugates
showed the CH2 and CH3 stretching in the region 2990−2880
cm−1, which are related to the PPEGMA chain (including the

Figure 7. FTIR spectra of (A) LYS−PPEGMA conjugates and (B) LYS−PGMA conjugates (DP 100 and 200). Spectra of native lysozyme (LYS),
and the polymers L1−PPEGMA and L1−PGMA (DP 100) are plotted for comparison.

Figure 8. SDS−PAGE gel of lysozyme−polymer conjugates (LYS = native lysozyme).
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O−C�O stretching characteristic of an ester group at 1727
cm−1 and C−O−C ester at 1097 cm−1), as well as the amide I
and amide II bands at 1637 and 1527 cm−1, respectively, which
are attributed to the α-helical and β-sheets of the lysozyme62

(Figure 7A).
Similarly, LYS−PGMA conjugates presented the character-

istic peaks of the PGMA chain, (the CH2 and CH3 stretching
at 2990−2880 cm−1, the C�O stretching at 1714, and that of
C−O−C ester at 1158−1049 cm−1),45 as well as the amide I
and amide II bands of lysozyme at 1637 and 1527 cm−1

(Figure 7B).
Gel electrophoresis (SDS−PAGE) was carried out to further

document the effect of the grafted polymers on the
electrophoretic mobility of protein−polymer hybrids.23,31,63

Conjugate formation was evident by the shift to the high molar
mass of the lysozyme covalently bound to PPEGMA and
PGMA (Figure 8), whereas the native lysozyme (∼14 kDa)
was not retained in these 12% acrylamide gels. It was known
that the method was unable to provide a clear separation of the
polymer-grafted proteins in terms of the molar mass. In fact,
broad or smeared bands of PEGylated proteins are generally
obtained due to the complex interaction between PEG chains
and SDS micelles and PEG chains and proteins.64−66 In our
case, PGMA also showed the same behavior, suggesting a
similar interaction with the gel as with PEG.

Activity of Protein−Polymer Conjugates. The enzy-
matic activity of the protein−polymer conjugates was
determined against substrate M. Lysodeikticus.18,54,67 Remark-
ably, lysozyme−PEGMA and lysozyme−PGMA still provided
intense enzymatic activity, which was between 70 and 90% of
the corresponding activity of the untreated naked lysozyme
tested under the same conditions (Figure 9). These results
showed that the PEGMA and PGMA conjugation did not

cause substantial alterations in protein stability and accessi-
bility of the active binding site. No significant difference in
activity was noticed between conjugates synthesized from the
A1 and L1 initiators, respectively. At fixed DP, higher activity
was noticed for PGMA than for PPEGMA, which can be easily
explained by the lower molar mass of GMA repeating units
than that of PEGMA. As expected, by fixing the polymer type
(either PGMA or PPEGMA), a slight decrease in activity was
obtained when the DP increased, although this difference was
not always statistically significant.

At fixed DP (either 100 or 200), the two-arm polymers
presented higher activity for both PPEGMA and PGMA, thus
indicating that macromolecular architecture may play a crucial
role in preserving the enzymatic activity. In fact, it may be
hypothesized that the two-arm topology presents a denser and
more compact macromolecular domain than a linear polymer
chain,42 thus providing less steric hindrance to the active
domain of the protein.68,69

Comparing polymers with the same DP per arm (L1 100 vs
L2 200 for both PGMA and PPEGMA), the difference in
activity was not statistically significant. This result may be
ascribed to the opposite effects of lowering activity with larger
Mn while enhancing it with the two-arm architecture. In
summary, PGMA 100 L2 was the polymer that provided the
highest lysozyme activity (∼90%).

The stability against enzymatic degradation was evaluated by
testing the lysozyme activity following incubation in human
serum and a trypsin solution for 4 h (Figure 10). In fact, the
incubation in serum represents a valuable test to assess protein
stability against hydrolytic enzymes of the blood,62,70,71 while
trypsin is a serine protease that is known to hydrolyze proteins
at the carboxyl side of lysine or arginine.62,72 Remarkably,
while the activity of native lysozyme decreased by ∼40% both
in serum and in trypsin, polymers guaranteed higher protection
from protease degradation. In terms of retained activity (i.e.,
the ratio between activity after incubation and activity before
incubation), the conjugates functionalized with PPEGMA were
characterized by higher performance, reaching a retained
activity of up to 96%, suggesting that the large PEG side chain
provided more stability than the diol unit in GMA.

Regarding the stability in serum, no clear difference in
retained activity was appreciated between A1 and L1 initiators
(Figure 10A). Unexpectedly, a negligible difference was
appreciated for different DP of the same polymer type
(PGMA or PPEGMA). On the other hand, at fixed DP
(either 100 or 200), the two-arm polymers presented higher
retained activity for both PGMA and PPEGMA, thus
indicating that macromolecular architecture may also contrib-
ute to the protection of proteins against enzymatic hydrolysis.
These data are consistent with a greater surface area of protein
covered by branched polymers,68 and the denser macro-
molecular domain of the two-arm topology may limit the
interactions between the protein−polymer hybrid and the
hydrolytic enzymes.42 According to these results, the two-arm
polymers seem to maximize both activity and stability.68,69

Comparing polymers with the same DP per arm (L1 100 vs L2
200, both for PGMA and PPEGMA), the stability increased
with the number of arms, particularly for PGMA. This result
further confirmed the positive effect of two-arm versus one-
arm topology. The differences were not statistically significant
for PPEGMA, although we noticed that the retained activity
was already >80% for all PPEGMA conjugates, and this could
affect data interpretation.

Figure 9. Enzymatic activity of different LYS−PPEGMA and LYS−
PGMA conjugates (100% relative activity refers to native lysozyme)
(N = 3, *P < 0.1, **P < 0.05).
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Treatment with trypsin showed similar results as with serum
(Figure 10B). In this case, a difference in retained activity
between GMA 100 L1 and 200 L1 was noticed, which
indicated a positive effect of a larger molar mass on stability.
The different activity values between PEGMA 200 L1 and
PEGMA 200 L2 further confirm the protective effect of the
two arms under these conditions.

Finally, the thermal stability of the conjugates was evaluated
after incubation in an aqueous solution at 90 °C under
conditions that induce the denaturation of both tertiary and
secondary structures of lysozyme at Tm values in the range of
74−75 °C.73 Native lysozyme was almost completely
denatured in 30 min, while all polymer conjugates maintained
a residual activity even after 60 min, before a major loss at 2 h
(Figure 11). At 30 min, GMA 200 L1 and GMA 200 A1
showed the highest residual activity (52−54%) among PGMA
conjugates, which confirmed the higher stabilizing effect of
polymers with a larger molar mass. The two-arm topology of

PGMA did not show any substantial improvement over the
single arm; GMA 200 L2 presented only a ∼38% residual
activity at 30 min, although this value did not decrease
substantially after 60 min (Figure 11A). PPEGMA provided
the highest thermal stability, with PEGMA 200 L2 showing
almost 90% of residual activity after 30 min and 70% after 1 h
(Figure 11B).

This enhanced stabilizing effect may be due to the larger
PEG side chains than the GMA units, as well as to the possible
partial dehydration of PPEGMA at high temperatures
(PPEGMA is known to have a lower critical solution
temperature (LCST) transition at 85−90 °C74,75), which
may further protect lysozyme from denaturation.76 The higher
stabilizing effect of larger molar mass PPEGMA was also
confirmed, and the best performance was obtained with
PEGMA 100 L2 and PEGMA 200 L2, suggesting a protective
effect of the two-arm architecture in this case as well.

Figure 10. Retained activity of different LYS−PPEGMA and LYS−PGMA incubated for 4 h in serum (A) and trypsin (B) (LYS PBS = native
lysozyme incubated in PBS 10 mM, pH 7.4) (N = 3, *P < 0.1, **P < 0.05).

Figure 11. Residual activity of LYS−PGMA (A) and LYS−PPEGMA conjugates (B) after incubation at 90 °C for 30, 60, and 120 min (LYS =
native lysozyme) (N = 3, *P < 0.1, **P < 0.05).
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■ CONCLUSIONS
Mono- and difunctional ATRP initiators containing an
aliphatic or aromatic aldehyde were successfully synthesized,
and their grafting to lysozyme at the N-terminus was evaluated.
Aqueous ARGET ATRP parameters were optimized for the
polymerization of PEGMA and GMA. Lysozyme−PPEGMA
and lysozyme−PGMA with different numbers of arms and
molar masses were isolated and characterized. Their enzymatic
activity after polymerization was preserved and showed a
dependence on the chemistry of the repeating unit and on the
molar mass of the polymer chains. An effect of macromolecular
architecture was also highlighted, with the two-arm topology
which presented higher activity than its one-arm counterpart.
Similar results were obtained with stability tests on serum and
trypsin, and at high temperature, which confirmed that a
proper design of polymer architecture may help reduce
enzymatic degradation.
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