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Boronic acid based affinity materials are of great importance for effective enrichment of biomolecules
containing a cis-diol structure, for example glycoproteins. In this work, we developed a new pH- and
temperature-responsive boronate affinity material for effective separation of glycoproteins. A nanohybrid
material composed of silica cores and flexible polymer brushes, denoted as Si@poly(NIPAmM-co-GMA)@APBA,
was prepared via surface-initiated atom transfer radical polymerization (SI-ATRP) in combination with
Cu()-catalyzed azide—alkyne cycloaddition (CuAAC) click reaction. The size, morphology and composition
of the obtained nanohybrid were characterized by dynamic light scattering (DLS), scanning electron micro-
scopy (SEM), Fourier transform infrared spectroscopy (FT-IR), elemental analysis and thermogravimetric
analysis (TGA). The density of polymer brushes on the surface of silica nanoparticles was determined to
be 0.7 molecules per nm? The maximum binding capacities of the nanohybrid Si@poly(NIPAm-co-
GMA)@APBA for ovalbumin (OVA) and horseradish peroxidase (HRP) were determined to be 87.6 mg g~*
and 22.8 mg g% respectively. Glycoprotein binding on the nanohybrid could be controlled by varying
the pH of the binding buffer. By increasing the temperature from 20 °C to 35 °C, glycoprotein binding
onto the nanohybrid was decreased. This new pH- and temperature-responsive nanohybrid will be
useful for a number of biotechnological and biomedical applications, for example, for protein separation
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Introduction

Organic/inorganic hybrid materials have attracted ever increasing
attention in recent years due to their unique structural character-
istics and potential applications in bioseparation,' targeted drug/
gene delivery,> theranostics and more.” Typically, hybrid particles
are composed of inorganic cores and surrounding organic layers in
the form of polymer shells or polymer brushes. The chemical
properties of hybrid particles and their responsiveness to external
stimuli (e.g., pH, temperature or light) are mainly determined
by the organic layer,” whereas both the size and shape of the
inorganic cores and the organic layer determine the physical
properties of the particles. Due to their mechanical stability,
high surface area, and ease of synthesis, silica/polymer hybrid
nanoparticles have been studied most extensively.®
Glycosylation is one of the most important and ubiquitous
post-translational modifications of proteins, which plays a
crucial role in various biological and physiological activities,
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e.g. molecular recognition, protein folding, cell division and
differentiation, signal transduction, immune response, and
so on.””® Additionally, it has been shown that altered, aberrant
or missing glycosylation is correlated with many human diseases.’
Recent advances in mass spectrometry have made direct determi-
nation of glycoproteins feasible.'® However, it is still a challenging
task to analyze protein glycosylation in complex samples due to
the inherently low abundance of glycoproteins in complex bio-
logical samples. Therefore, it is necessary to develop efficient
methods for selective purification and isolation of glycoproteins
in order to obtain a complete mapping of glycoproteomes and to
achieve reliable biomarker analysis.

Boronic acid ligand-functionalized materials such as mono-
lithic capillaries'* ™ and magnetic nanoparticles'®™® have been
well developed and have shown great potential for selective
recognition, immobilization and enrichment of glycoproteins
from complex biological samples. Boronic acids can covalently
bind the cis-diol moiety of biomolecules to generate cyclic esters
in mildly basic aqueous media, while under acidic conditions
the boronate ester bond can be hydrolyzed, and thus the capture/
release process can be easily controlled through a switch of the
pH value.?® Since cis-diol binding is based on covalent inter-
actions, it allows compounds adsorbed by non-covalent inter-
actions to be washed away. This unique property of boronic acid
makes it an ideal affinity ligand for capture of glycoproteins.
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Lin et al. prepared boronic acid-functionalized silica nano-
particles by combining surface molecular imprinting with
boronate affinity interactions.”’ The protein imprinted silica
nanoparticles exhibited high adsorption capacity and excellent
recognition toward the template glycoprotein. Zhang et al
prepared boronic acid functionalized Fe;O, composites using
distillation-precipitation polymerization in combination with
click chemistry and applied the magnetic particles to separate
glycoproteins from egg white samples.'® More recently, Ye et al.
described an appealing boronate-affinity sandwich assay (BASA)
for low abundance glycoproteins by combining protein imprinted
polymers with boronate-affinity-based Raman probes.”” The
determination of trace glycoproteins in complex samples was
enabled by the effective enrichment of glycoproteins and surface
enhanced Raman scattering.

Poly(N-isopropylacrylamide) (PNIPAm) is a thermally respon-
sive polymer, which undergoes a phase transition at its lower
critical solution temperature (LCST) of 32 °C.>* Below the LCST
it is soluble and has a hydrated, extended chain conformation
in aqueous solution, while it becomes insoluble above the LCST
due to rapid, reversible chain dehydration to form aggregates.
To broaden the applications of thermally responsive polymeric
systems, it is necessary to introduce suitable comonomers with
desired functional characteristics into PNIPAmM.”*** Glycidyl
methacrylate (GMA) is a very valuable monomer due to its epoxy
group that can undergo ring-opening reactions, and can be used
to introduce various functional groups into polymer chains.”®
However, using traditional polymerization methods, it is impos-
sible to control the polymer structure, making it difficult to
control the stimuli-response properties and the functionaliza-
tion of polymers. The controlled radical polymerization (CRP)
technique has provided a new and powerful avenue towards
engineering the structure and properties of synthetic polymers.””
Surface-initiated atom transfer radical polymerization (SI-ATRP)
is among the most efficient and robust CRP processes for
grafting polymer brushes on a solid support,>®*° as it allows
us to regulate not only a predetermined degree of polymerization
with a narrow molecular weight distribution, but also the shape
and topology of the grafted polymer chains. In the literature,
grafting of the PNIPAm brush on the surfaces of various sub-
strates, including silica nanoparticles,*>" silica beads,’*** silicon
wafers,>* polystyrene beads® and chitosan,?” has been achieved
by SI-ATRP. The grafting-from mechanism also guarantees that
all polymer chains are synthesized on the surface, and no
polymer waste is formed in the reaction solution. In addition,
the polymer chains produced by SI-ATRP preserve terminal
halogen atoms that can be converted into various functional
end groups, which offers different possibilities for further surface
functionalization.

In previous studies, we have successfully grafted a homo-
polymer of boronic acid on silica®® and synthesized a boronic
acid-terminated thermo-sensitive polymer for affinity separation
of saccharides.’® In this work, we take advantage of SI-ATRP to
graft copolymer brushes from NIPAm and GMA on amino-
functionalized silica to prepare firstly a generic nanohybrid
material, Si@poly(NIPAm-co-GMA), which can be used to derive
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a number of affinity materials, such as boronate affinity materials,
antibody-based affinity materials and immobilized metal-ion
affinity chromatography (IMAC) materials through further
functionalization of GMA moieties. In this work, we demon-
strate that by post-functionalization of the GMA moieties with
propargylamine, multiple alkyne groups can be introduced into
the grafted polymer brushes, which allow azide-tagged fluoro-
genic boronic acid to be linked to the polymer brushes via
Cu(i)-catalyzed azide-alkyne cycloaddition (CuAAC) click reac-
tion. Using this synthetic approach we obtained a new type of
thermo-sensitive and boronic acid-tagged core-shell nanohybrid,
Si@poly(NIPAm-co-GMA)@APBA, which provides high efficiency
separation for glycoproteins. The nanohybrid particles were
characterized using dynamic light scattering (DLS), Fourier trans-
form infrared spectroscopy (FT-IR), spectrofluorometry, scanning
electron microscopy (SEM), elemental analysis and thermo-
gravimetric analysis (TGA). Furthermore, we quantified the
density of polymer brushes on the silica cores using a novel
fluorescence labelling technique. The terminal bromine groups
in the polymer brushes of the nanohybrid particles were first
converted into azide groups, which were then coupled with an
alkyne-tagged fluorescein isothiocyanate (FITC) through the
CuAAC click chemistry. By measuring the fluorescence intensity
of the derivatized particles we were able to quantify the density
of the polymer brushes on the particle surface. We also studied
the glycoprotein binding characteristics of the nanohybrid
material and demonstrated that the flexible polymer brushes
on silica are able to bind glycoproteins (OVA and HRP) through
selective boronate affinity interaction. In addition, the feasi-
bility of applying the nanohybrid to enrich glycoproteins in a
real complex sample (egg white) was demonstrated. Based on
the results obtained, we believe that the synthetic approach and
the hybrid material developed in this work could provide new
opportunities for the design of more efficient adsorbents for the
capture and enrichment of bioactive cis-diols and glycoproteins
from complex samples.

Experimental
Materials

Tetraethylorthosilicate (TEOS), (3-aminopropyl)triethoxysilane
(APTES), triethylamine (TEA), 2-bromoisobutyryl bromide (BIBB),
N-isopropylacrylamide (NIPAm), glycidyl methacrylate (GMA),
propargylamine, Alizarin Red S (ARS), CuSO,, sodium ascorbate,
sodium azide, tris(2-dimethylaminoethyl)amine (MesTREN),
fluorescein isothiocyanate (FITC), bovine serum albumin (BSA),
ovalbumin (OVA), horseradish peroxidase (HRP), 2,2-azinobis|3-
ethylbenzthiazoline-6-sulfonic acid] diammonium salt (ABTS),
sodium dodecyl sulfonate (SDS), sulfuric acid, acetonitrile (ACN),
methanol, ammonia, toluene, N,N-dimethylformamide (DMF),
tetrahydrofuran (THF), isopropanol and acetone were purchased
from Sigma-Aldrich and used without further purification. CuBr
was stirred overnight in acetic acid, centrifuged, washed with
water and methanol and dried in a vacuum desiccator before
use. Ultrapure water (18.2 MQ cm) was obtained from an ELGA
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LabWater System (Vivendi Water Systems Ltd). 3-(2-Azidoacetyl-
amino)phenylboronic acid (APBA) was synthesized according
to our previously published procedure.*® Polyacrylamide gels
(4-20%, Mini-protean) used in SDS-PAGE were obtained from
Bio-Rad.

Preparation of silica nanoparticles

Silica nanoparticles were synthesized using a one-step Stober
procedure.*’ Typically, methanol (100 mL), water (33 mL) and
ammonia (25%, 22.4 mL) were added to a 1000 mL glass beaker
and agitated using a magnetic stirrer. A mixture of 130 mL of
methanol containing 13.8 mL of TEOS was quickly added to
this solution. The reaction mixture was stirred at ambient
temperature for 8 h. The silica nanoparticles were isolated by
centrifugation, washed with water and methanol several times,
and dried in a vacuum desiccator.

Preparation of amino-functionalized silica nanoparticles

The silica nanoparticles were immersed into 1% APTES
solution (0.5 mL of APTES dissolved in 49.5 mL of anhydrous
toluene) and allowed to react for 24 h at reflux temperature with
stirring. The particles were then washed with acetone and
ethanol several times to remove residual reagents and dried
in a vacuum desiccator. The amino-functionalized silica nano-
particle is denoted as Si@NH,.

Preparation of initiator-functionalized silica nanoparticles

Si@NH, (0.25 g) and triethylamine (0.40 mL, 2.9 mmol) were
mixed in THF (12 mL) and cooled in an ice-water bath. To the
suspension BIBB (0.575 g, 2.5 mmol) was added slowly. The
reaction mixture was warmed to room temperature and stirred
overnight. The nanoparticles were isolated and purified following
the procedures used for the synthesis of silica nanoparticles. The
BIBB-functionalized silica nanoparticle is denoted as Si@initiator.

Preparation of Si@poly(NIPAm-co-GMA) by SI-ATRP

Si@initiator (0.10 g), NIPAm (0.17 g, 1.5 mmol), GMA (0.21 g,
1.5 mmol), CuBr (0.0072 g, 0.05 mmol) and 2-propanol (8.0 mL)
were added to a 25 mL flask. The mixture was deoxygenated by
bubbling with nitrogen gas for 15 min. Me,;TREN (0.024 g,
0.1 mmol) was then added to allow the formation of the CuBr/
MesTREN complex. After another 15 min of nitrogen bubbling,
the reaction mixture was sealed, heated to 60 °C and magneti-
cally stirred under a nitrogen atmosphere for 24 h. After the
reaction, the mixture was exposed to air to terminate polymer-
ization. The nanoparticles were isolated and purified following
the procedures as described above. The obtained product is
denoted as Si@poly(NIPAm-co-GMA).

Preparation of Si@poly(NIPAm-co-GMA)@alkyne particles

To introduce alkyne groups on the Si@poly(NIPAm-co-GMA)
particles, Si@poly(NIPAm-co-GMA) (0.05 g) was submerged in a
solution of propargylamine in 2-propanol (2% v/v, 30 pL/1.5 mL)
and allowed to react for 24 h at 55 °C. During this period the
reaction flask was rotated slowly in a DNA hybridization oven.
The obtained particles were isolated and purified following the
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procedures as described above. The product is denoted as
Si@poly(NIPAm-co-GMA)@alkyne.

Preparation of Si@poly(NIPAm-co-GMA)@APBA by click
chemistry

Si@poly(NIPAm-co-GMA)@alkyne (0.09 g) and APBA (0.05 g)
were dispersed in a solution of methanol:H,O (v/v, 2/1, 6 mL).
The mixture was deoxygenated by bubbling with nitrogen gas for
15 min. After that, CuSO, solution (20 puL, 100 mM) and sodium
ascorbate solution (200 pL, 100 mM) were added. After another
15 min of nitrogen bubbling, the reaction mixture was sealed and
magnetically stirred at room temperature under a nitrogen atmo-
sphere for 24 h. The obtained particles were isolated and purified
following the procedures as described above. The obtained
product is denoted as Si@poly(NIPAm-co-GMA)@APBA.

Preparation of Si@poly(NIPAm-co-GMA)@N; particles

Si@poly(NIPAm-co-GMA) was first treated with 0.5 M sulfuric
acid at 70 °C for 12 h to open the epoxy ring from GMA. The
particles were washed with water and methanol, and then dried
in a vacuum desiccator. The dried particles (0.05 g) and sodium
azide (0.025 g) were dispersed in 6 mL of DMF and allowed
to react for 12 h at 60 °C in a DNA hybridization oven. The
obtained particles were isolated and purified following the
procedures as described above. The product is denoted as
Si@poly(NIPAm-co-GMA)@N;.

Preparation of alkyne-functionalized fluorescein isothiocyanate
(FITC-alkyne)

FITC (0.01 g, 0.0128 mmol) and propargylamine (90 pL, 0.703 mmol)
were dissolved in 110 puL of DMF in a microcentrifuge tube and
stirred in the dark for 24 h at room temperature.*> DMF and excess
of propargylamine were then evaporated in a vacuum chamber, and
the remaining product was dissolved in methanol.

Quantification of polymer brush density on Si@poly(NIPAm-co-
GMA)@N; with FITC-alkyne

Si@poly(NIPAm-co-GMA)@N; (0.005 g) were suspended in
880 pL of water. The mixture was sonicated for 5 min to give
a homogeneous suspension. After addition of FITC-alkyne
(200 pg mL ™', 100 pL), methanol (900 pL), CuSO, (100 mM,
20 pL) and sodium ascorbate (100 mM, 100 pL), the mixture was
stirred in the dark for 24 h at room temperature. After the
reaction, the nanoparticles were collected by centrifugation and
washed with a mixture of methanol and H,O (1: 1, v/v) thoroughly
until no florescence signal can be detected in the washing solvent.
The remaining unreacted FITC-alkyne in the supernatant and the
washing solution was quantified by measuring its maximum
fluorescence intensity (Ex: 490 nm, Em: 514 nm) using a spectro-
fluorometer. The density of the polymer brushes on the particle
surface was calculated from the amount of FITC-alkyne consumed
during fluorescence labelling.

Protein binding with Si@poly(NIPAm-co-GMA)@APBA

Si@poly(NIPAm-co-GMA)@APBA (0.002 g) were added to a
solution (2 mL) of protein sample at different concentrations
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in phosphate buffered saline (PBS) (20 mM phosphate, pH 9.0
or pH 7.4, containing 0.5 M NaCl). The suspensions were gently
shaken at 20 °C or 35 °C overnight and then centrifuged. After
centrifugation, the particles were removed, and the UV-vis
absorption of the supernatant at 280 nm for OVA and BSA was
measured to calculate the protein concentration. To calculate the
concentration of HRP, ABTS, a water-soluble ELISA substrate for
HRP was used to measure the enzyme activity. Briefly, 0.1 mL
of diluted HRP solution (concentration between 0.5 pg mL™"
and 2.5 pg mL~') were mixed with ABTS solution (0.2 mL) and
shaken for 5 min before 0.4 mL of stop solution (1% SDS
solution) was added. After 1 h, the UV-vis absorption of the
solution at 650 nm was measured. The amount of protein bound
by the Si@poly(NIPAm-co-GMA)@APBA particles was calculated
from the difference between the initial protein concentration
and the protein concentration in the supernatant.

The experimental data are presented as the adsorption capa-
city per unit mass (mg) of the Si@poly(NIPAm-co-GMA)@APBA
particles, and the adsorption capacity (Q) is calculated using the
equation:

(Co—C)V
m

0= 10°

Here C, (mg mL ™) is the initial concentration of the protein
solution, C, (mg mL ") is the equilibrium concentration of the
protein, V (mL) is the volume of the protein solution, and m (mg)
is the mass of the particles.

The selective adsorption of glycoproteins was also investigated
by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis. Typically, 0.006 g of Si@poly(NIPAm-co-
GMA)@APBA were added into 1 mL of BSA solution (1 mg mL™’;
PBS, 20 mM, pH 9.0), 1 mL of OVA solution (1 mg mL™"; PBS,
20 mM, pH 9.0), and 1 mL of 100-fold diluted egg white (PBS,
20 mM, pH 9.0). The mixture was gently shaken overnight at
room temperature. Then, the Si@poly(NIPAm-co-GMA)@APBA
particles were separated and washed with the same PBS
solution, before the proteins were eluted in HAc-NaAc buffer
solution (20 mM, pH 4.0, 0.2 mL). The eluted proteins were
lyophilized and dissolved in PBS (20 mM, pH 9.0, 0.1 mL).
Finally, the proteins collected in the different supernatants were
subjected to the SDS analysis.

Characterization

Attenuated total reflection (ATR) infrared spectra were recorded
at room temperature in the range of 4000-525 cm ' with a
resolution of 4 cm™" and 16 scans using a Perkin-Elmer FT-IR
instrument. Thermal gravimetric analysis (TGA) was performed in
synthetic air. The samples were heated to 700 °C at 10 °C min ™"
and held for 30 min. Elemental analysis (C, H, N) was carried out
using an Elemental Analyser, Model 1108 (Carlo-Erba, Milan,
Italy). Elemental analysis for Br and B content was performed
by Mikroanalytisches Laboratorium Kolbe (Germany). UV-Vis
absorption spectra were recorded using a Cary 60 UV/Vis
spectrophotometer (Agilent Technologies). Fluorescence emis-
sion was measured using a QuantaMaster C-60/2000 spectro-
fluorometer (Photon Technology International, Lawrenceville, NJ).
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The surface morphologies of silica particles were observed
using a scanning electron microscope (Thermal Field Emission
SEM LEO 1560, Zeiss, Oberkochen, Germany) and a transmis-
sion electron microscope (Tecnai Spirit BioTWIN, FEI Company,
Oregon, USA). The hydrodynamic diameter of the nanoparticles
was measured at 25 °C by dynamic light scattering using a
Zetasizer Nano ZS instrument (Malvern Instruments, United
Kingdom).

Results and discussion

In this work, the process for the synthesis of Si@poly(NIPAm-
co-GMA)@APBA particles is illustrated in Scheme 1. Firstly,
silica nanoparticles were synthesized using a one-step Stober
procedure. The silica particles were modified with APTES to
give amino-functionalized Si@NH,, particles, which were used to
immobilize the ATRP initiator BIBB, leading to the Si@initiator
particles. The copolymer brushes, poly(NIPAm-co-GMA), were
grafted on the surface of Si@initiator via SI-ATRP. In order to
introduce the azide-functionalized APBA into the polymer
brushes, the Si@poly(NIPAm-co-GMA) particles were first reacted
with propargylamine to produce multiple alkyne groups, which
were then used to conjugate the fluorogenic APBA through
the CuAAC click reaction. The CuAAC click reaction between
Si@poly(NIPAm-co-GMA)@alkyne and the azide-functionalized
APBA was performed in a mixture of methanol and H,O (2: 1, v/v)
in the presence of CuSO, and sodium ascorbate, leading to
Si@poly(NIPAm-co-GMA)@APBA, a new type of affinity nano-
hybrid material. The advantage of this synthetic design is that the
intermediate particles, Si@poly(NIPAm-co-GMA), can be used as
a general reagent to synthesize different types of affinity adsor-
bents, depending on the types of the organic amines used to react
with the epoxy groups.

Characterization of particles using SEM, TEM and DLS

The size and shape of the silica core, Si@NH,, Si@initiator
and Si@poly(NIPAm-co-GMA)@APBA particles were examined

o

o
NIPAm i =z
APTES BIBB B GMA Br ”\/
Ealaas NH,—)‘ N o HN A W
HN 0 © o

uw/ 1 e

Tn
HN 4 .
N/Y S
[
=N o

b:si\ica '
Scheme 1 Synthesis of Si@poly(NIPAm-co-GMA)@APBA particles by com-
bining SI-ATRP with CUAAC click reaction.

s
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using SEM, TEM and DLS techniques (Fig. 1). SEM analysis
revealed that the silica core particles have a uniform and spherical
shape with an average diameter of about 260 nm (Fig. 1a). The
hydrodynamic diameter of the silica core particles was deter-
mined to be 266 nm (PDI: 0.08) (Fig. 1e), which is close to that
measured by SEM (Fig. 1a). After introduction of the amino
groups and the initiator, the particles were still uniform and
spherical (Fig. 1b and c), and the hydrodynamic diameter increased
to 299 nm (PDI: 0.218) (Fig. 1h) and 302 nm (PDI: 0.275)
(Fig. 1i), respectively, as determined by the DLS measurement.
The hydrodynamic diameters increased due to the change in
the surface properties after the modification of the silica core
with APTES and the initiator molecules. After the grafting of
polymer brushes on the Si@initiator, the shape of the particles
became a little irregular (Fig. 1d and f). From the TEM images

Intensity (%)
Intensity (%)

3

@

% = - % -3
Diameter (nm) Diameter (nm)
.
: .
B .0
" %
g g
3 15 F3 15
2 2
2 2
E g £ 10
. .
0
% & = i R - - -

Diameter (nm) Diameter (nm)

Fig. 1 SEM images of silica core particles (a), Si@NH; (b), Si@initiators (c)
and Si@poly(NIPAm-co-GMA)@APBA particles (d). TEM images of Si@initiators
(e) and Si@poly(NIPAmM-co-GMA)@APBA particles (f). The hydrodynamic particle
size of silica core particles (g), Si@NH; (h), Si@initiators (i) and Si@poly(NIPAM-
co-GMA)@APBA particles (j) measured in deionized water.
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(Fig. 1e and f) it is easy to observe the increase of particle size
(by about 40 nm) caused by the polymer brushes. In solution
the polymer-grafted particles (Si@poly(NIPAm-co-GMA)@APBA)
displayed a significantly larger hydrodynamic size (about 1.2 pm)
(Fig. 1h), which can be attributed to the solvation of the surface-
grafted polymer brushes.

Characterization of particles by compositional analyses

FT-IR spectra were used to characterize the organically modified
silica (Fig. 2). The distinct absorption band at 1053 cm ™" is
associated with the asymmetric stretching vibrations of Si-O-Si
(curve (a)). The bands at about 1637 and 1534 cm™ " in curve (b)
are associated with amide I and amide II bands formed after
immobilization of the ATRP initiator. The peaks at 1725 cm ™"
and 1387 cm™ ' in curve (c) are assigned to the stretching vibration
of ester carbonyl groups and the anti-symmetric stretching band
of carbonyl groups, respectively. The band at 1456 cm ™' is
assigned to the methylene scissoring band. All these bands
indicate the successful synthesis of the polymer brushes tethered
to the particle surface. Moreover, the weak peak at 909 cm ™! is
assigned to the symmetrical stretching of the epoxy group from
the GMA monomer. After the reaction with propargylamine,
the epoxy band in the Si@poly(NIPAm-co-GMA) particles dis-
appeared, suggesting the successful introduction of the alkyne
groups into the Si@poly(NIPAm-co-GMA)@alkyne particles
(curve (d)). Due to the limited sensitivity of FT-IR, it is difficult
to observe spectral variation after conversion of the alkynes into
the boronic acid derivatives (curve (e)). To prove the successful
introduction of APBA into the particles via the CuAAC reaction,
a diol-containing dye, ARS, was employed. It is known that
ARS displays a dramatic increase in fluorescence intensity in
response to its binding to a boronic acid with a high affinity,
and ARS can be used as a general fluorescent reporter to detect
boronic acids.*® As can be seen from Fig. S1 (ESIt), after being
treated with ARS, the Si@poly(NIPAm-co-GMA)@APBA particles

(e)

T T T T
4000 3500 3000 2500

Wavenumber (cm'1)

Fig. 2 FT-IR spectra of Si@NH, (a), Si@initiators (b), Si@poly(NIPAm-co-
GMA) (c), Si@poly(NIPAm-co-GMA)@alkyne (d) and Si@poly(NIPAmM-co-
GMA)@APBA (e).
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Table 1 Elemental analysis results

Entry Sample name %C  %H %N %Br %B
1 Si@NH, 3.00 1.74 0.68 — —
2 Si@initiator 5.16 1.67 0.63 2.96 —
3 Si@poly(NIPAm-co-GMA) 34.74 3.83 3.10 0.61 —
4 Si@poly(NIPAm-co-GMA)@APBA  n.d. n.d. n.d. 0.45 0.16
5 Acid-treated Si@poly(NIPAm-co-GMA) n.d. n.d. n.d. 0.60 —
6 Si@poly(NIPAm-co-GMA)@N; nd. nd. nd. 017 —

n.d.: not determined.

displayed a strong fluorescence emission (Ex: 469 nm, Em:
600 nm), indicating the successful coupling of APBA to the
Si@poly(NIPAm-co-GMA)@alkyne particles via the CuUAAC reaction.

The results of elemental analysis for the different materials
are listed in Table 1. On the basis of the nitrogen content in
Si@NH, particles and the bromine content in Si@initiator
particles, the density of the aminopropyl group and the initiator
on the silica particles was calculated to be 0.51 mmol g ' and
0.42 mmol g, respectively. After the SI-ATRP process, the con-
tent of C, H and N increased significantly, which resulted from the
grafted polymer brushes made of the organic monomers, NIPAm
and GMA.

The content of organic materials in the three different
particles (Si@NH,, Si@initiator and Si@poly(NIPAm-co-GMA))
was further investigated by TGA analysis. In Fig. 3, the weight
loss below 250 °C (approximately 6%) can be attributed to the
evaporation of residual organic solvent and water. The differ-
ence in organic content (5%) between Si@NH, and Si@initiator
(curves (a) and (b)) is attributed to the immobilized ATRP
initiator. If the mass of silica is used as a reference, the amount
of the initiator relative to that of silica becomes 6.6%, suggest-
ing that the immobilized initiator on silica is 0.44 mmol g~
This value is in agreement with the result obtained from the
elemental analysis (0.42 mmol g~ '), and is too large if the
immobilized initiator is considered only to pack into a mono-
layer on the surface. Obviously, some of the initiator molecules
were located underneath and were not able to contribute to
the SI-ATRP. For Si@poly(NIPAm-co-GMA), a large weight loss

(a) 87.1%
(b) 82.1%

Weight (%)

©) 45.6%

W7 T T T
100 200 300 400 500 600 700 800

Temperature (C)

Fig. 3 TGA analysis of the Si@NH, (a), Si@initiator (b) and Si@poly(NIPAmM-
co-GMA) (c) particles.
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occurred when the temperature increased from 250 °C to 700 °C
(curve (c)). This large weight loss is due to the decomposition of
the organic polymer on the surface of Si@poly(NIPAm-co-GMA).
Based on the mass retention of the TGA curve (curve (c)), the
amount of poly(NIPAm-co-GMA) brushes grafted on silica is
calculated to be 0.917 g per g silica. For the boronic acid-
attached particle Si@poly(NIPAm-co-GMA)@APBA, the boron
content was measured to be 0.16% (Table 1, entry 4). Provided
that all the alkyne groups in Si@poly(NIPAm-co-GMA)@alkyne
have been conjugated to APBA, the density of the boronic acids in
the nanocomposite Si@poly(NIPAm-co-GMA)@APBA is estimated
to be approximately 0.3 mmol g~ silica.

Characterization of brush density and molecular weight

To determine the molecular weight of the grafted polymer
brushes, we first treated Si@poly(NIPAm-co-GMA) particles with
HF to remove the inorganic core. After treatment with HF, the
organic polymer precipitate was collected by centrifugation and
washed with water and methanol. The polymer was recovered
with a yield of 43.5% based on the initial particle mass. This
value is in rough agreement with the organic content estimated
from the TGA analysis (Fig. 3, curve (c)). Unfortunately, the
isolated polymer has very low solubility in the common solvents
used for GPC analysis, therefore it was not possible to measure
the molecular weight of the grafted polymer brushes by GPC
analysis.

Considering that the TGA analysis gives an accurate value of
the organic content in the Si@poly(NIPAm-co-GMA) particles,
we envisaged that an apparent molecular weight of the polymer
brush can be calculated if the density of the polymer brushes
on the particle surface can be determined. To measure the
density of the polymer brushes, we designed a fluorescence
labelling method that allows only the terminal bromine groups
to be converted into azide, which can be labelled with FITC-
alkyne via high efficiency CuAAC reaction. To avoid azidation at
the GMA residues in Si@poly(NIPAm-co-GMA), we first treated
the particles in 0.5 M sulfuric acid to make sure that all the
epoxy rings in the polymer brushes were converted into hydro-
xyl groups. By comparing the bromine content in the particle
Si@poly(NIPAm-co-GMA) and the acid-treated Si@poly(NIPAm-
co-GMA) (Table 1, entries 3 and 5), we can conclude that the
treatment with 0.5 M sulfuric acid did not affect the bromine in
the particle. In the second step, the acid-treated particles were
reacted with NaNj; to convert the terminal bromine into azide
groups. To measure the efficiency of conversion of the terminal
bromine into the azide group, the bromine content in the
acid-treated Si@poly(NIPAm-co-GMA) and Si@poly(NIPAm-co-
GMA)@N; was determined by elemental analysis (Table 1,
entries 5 and 6). The results show that around 72% bromine
disappeared after the conversion. The 28% unreacted bromine
is most likely located underneath the particle surface and could
not be converted into terminal azide groups.

In the FT-IR spectrum in Fig. 4 (curve (b)), an absorption
peak located at 2103 cm ™ is clearly observed from Si@poly(NIPAm-
c0-GMA)®@N; particles, which were obtained by azidation of the
acid-treated Si@poly(NIPAm-co-GMA) particles. This absorption

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 FT-IR spectra of acid-treated Si@poly(NIPAm-co-GMA) (a), acid-

treated Si@poly(NIPAm-co-GMA)@Ns (b) and acid-treated Si@poly(NIPAmM-
co-GMA)@FITC (c) particles.

peak is ascribed to the asymmetric azide stretching vibration.
After the CuAAC click reaction with FITC-alkyne, this absorp-
tion peak disappeared completely (Fig. 4, curve (c)), suggesting
that the Si@poly(NIPAm-co-GMA)@N; particles have been
successfully conjugated with FITC-alkyne through the click
reaction. Assuming that all the azide groups converted from
the terminal bromine in the poly(NIPAm-co-GMA) brushes have
reacted with FITC-alkyne, the density of the polymer brushes
on the Si@poly(NIPAm-co-GMA) particles can be calculated
from the consumed FITC-alkyne through fluorescence intensity
measurements. Using this method, the density of the polymer
brushes on the surface of silica was found to be 13.4 pmol g™ .
If we assume the density of silica nanoparticles to be identical
to that of bulk silica (2.07 g cm™?®), then the density of the
polymer chains grafted on the silica surface can be estimated to
be ~0.7 molecules per nm”. Considering the content of polymer
brushes in the Si@poly(NIPAm-co-GPA) particles (0.917 g g™ " silica),
the molecular weight of the poly(NIPAm-co-GPA) brushes is
estimated to be ~68000.

The fluorescence labelling by CuAAC is demonstrated as a
versatile method for quantification of chemically accessible,
surface-attached bromine atoms from the ATRP initiator. The
obtained density value is considered reliable, especially to
account for the surface-attached living initiators because the
designed labelling reaction works only for the surface-exposed
ATRP initiators. We envisage that the method for quantification of
terminal halides developed here will be applicable to many other
particle/initiator systems to deliver reliable and fast results.

Protein binding with Si@poly(NIPAm-co-GMA)@APBA particles

To determine the selectivity and efficiency of Si@poly(NIPAm-
co-GMA)@APBA particles for separation of glycoproteins, we
tested the protein binding with the particles using two glyco-
proteins, OVA and HRP, and a non-glycoprotein BSA as models.

The equilibrium binding isotherms of Si@poly(NIPAm-co-
GMA)@APBA for the three model proteins are shown in Fig. 5.
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Fig. 5 (a) Protein binding isotherm measured at pH 9.0 for OVA (l) and
BSA (@). (b) Protein binding isotherm measured at pH 9.0 for HRP (). The
concentration of the composite particles was 1 mg mL™2.

A series of protein solutions of varying concentrations
(0.2-1.0 mg mL " for BSA and OVA, 0.01-0.1 mg mL " for HRP)
in phosphate buffer (PBS, 0.02 M; pH 9.0) containing 0.5 M NaCl
were incubated with Si@poly(NIPAm-co-GMA)@APBA particles.
NaCl was added to minimize non-specific adsorptions caused
by electrostatic interactions. Under these conditions the bio-
molecules with cis-diol groups such as glycoproteins (OVA and
HRP) were specifically captured by the Si@poly(NIPAm-co-
GMA)@APBA particles. As can be seen from Fig. 5a and b, the
Si@poly(NIPAm-co-GMA)@APBA particles showed significantly
higher specific binding for the glycoproteins OVA and HRP
than the non-glycoprotein BSA.

The binding capacity of Si@poly(NIPAm-co-GMA)@APBA
towards the two glycoproteins is 87.6 and 22.3 mg g ' for
OVA and HRP, respectively. In contrast, the maximum binding
of the non-glycoprotein (BSA) by the particles is less than
6.6 mg gfl.

These results indicate that the specific affinity interactions
between the boronic acid polymer brushes and the glyco-
proteins are dominant. Therefore, the multiple boronic acid
ligands in the polymer brushes on the Si@poly(NIPAm-co-
GMA)@APBA particles indeed contribute to the efficient glyco-
protein binding.

J. Mater. Chem. B, 2016, 4, 3247-3256 | 3253
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Conventional boronate affinity separation requires the use of
high pH solvent for covalent binding. Due to the risk of degrada-
tion of labile biomolecules under basic pH conditions, much
attention has been paid to developing boronic acid-functionalized
materials that can be used under neutral or physiological pH
conditions. In our previous work we have shown that the clickable
boronic acid APBA can be immobilized on a solid support to
enable cis-diol binding at physiological pH.**?° In this work,
the protein binding offered by Si@poly(NIPAm-co-GMA)@APBA
towards the glycoproteins and the non-glycoprotein at two differ-
ent pH values (pH 7.4 and 9.0) was also investigated. As shown in
Fig. 6, the binding capacity of Si@poly(NIPAm-co-GMA)@APBA at
PH 7.4 was lower than that measured at pH 9.0. Nevertheless, the
particles were still able to bind OVA and HRP with a capacity of
44.2 and 16.5 mg g, respectively, which are significantly higher
than the non-glycoprotein BSA.

The pH-dependent behavior of glycoprotein binding can be
explained by the structural variation of the appended boronic
acids. At high pH (pH 9.0), boronic acid exists in the form of a
tetragonal anion that can react with cis-diols to form cyclic
esters easily.”* At low pH boronic acid tends to have a trigonal
configuration, which makes it more difficult to bind cis-diols.
In this work, the phenylboronic acid was linked to the polymer
brushes through a 1,2,3-triazole group. The triazole group can
help keep the B atom in a sp® configuration even under neutral or
physiological pH conditions.*®*™*° As a result, the Si@poly(NIPAm-
co-GMA)@APBA particles are able to retain sufficient binding for
glycoproteins at neutral pH. Compared with previously reported
boronate affinity materials such as stimuli-responsive core-shell
nanospheres (binding capacity for OVA below 10 mg g *),**
macroporous cryogels (binding capacity for OVA below
25 mg g ')* and magnetic composite microspheres (binding
capacity for HRP below 25 mg g~ ')*° that require an alkaline
environment for glycoprotein binding, the new boronate affinity
particles developed in this work display higher glycoprotein
binding under physiological pH conditions, making the new
affinity materials more suitable for separation of glycoproteins
from biological samples.

100
ZZZ1OVA I
HRP
o] [UBSA |
8 %01
€
= T
O 4 T
20 4
7.4 9.0
pH

Fig. 6 Effect of pH on protein binding to Si@poly(NIPAmM-co-GMA)@APBA
particles.
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Modulation of protein binding by temperature

Temperature responsive materials have also drawn increasing
attention due to their wide range of applications in separation
science and biomedicine.*” The incorporation of polyNIPAm in
polymer brushes offers a possibility to modulate protein bind-
ing via temperature control. The effect of temperature on the
protein binding to Si@poly(NIPAm-co-GMA)@APBA was further
investigated. As shown in Fig. 7, at 35 °C, the binding capacity
of Si@poly(NIPAm-co-GMA)@APBA for OVA and HRP decreased
to 53.5 and 13.7 mg mL ", respectively. Although glycoprotein
binding was not completely diminished, the altered tempera-
ture indeed showed an obvious effect. The effect of temperature
on glycoprotein binding can be explained by the structural
change of the polymer brushes. At 35 °C (above the LCST of
polyNIPAm), the polymer brushes became dehydrated and
collapsed, making the appended boronic acids less accessible
to bind the glycoproteins. As a comparison, binding of the non-
glycoprotein BSA by the same particles was low and was not
affected by the temperature variation, because BSA adsorption did
not involve the appended boronic acids. Due to their temperature
responsive properties, it may be possible to tune the binding
capacity of the boronate affinity particles by simply varying the
environmental temperature, which may bring in additional
options for bioseparation.

Separation of glycoproteins from complex samples

The efficiency of Si@poly(NIPAm-co-GMA)@APBA for separating
glycoproteins from complex samples was evaluated by SDS-PAGE
analysis. OVA (>98%) and egg white glycoproteins were selected
as the target proteins, and non-glycoprotein BSA (>98%) was
used as a control. The different protein samples were first
incubated with the composite particles. After equilibrium binding,
the particles were separated and transferred into an acidic buffer
to release the bound proteins. The proteins in all the liquid phases
were then collected and subjected to the SDS-PAGE analysis.
In Fig. 8, the strong band in lane 2 corresponds to the BSA

Fig. 7 Effect of temperature on protein binding to Si@poly(NIPAm-co-
GMA)@APBA particles at pH 9.0. The concentrations of OVA, BSA and HRP
are 1 mg mL™, 1 mg mL~* and 100 ug mL™?, respectively.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 SDS-PAGE analysis of proteins. Lane 1, protein marker; lane 2, BSA
standard; lane 3, unbound BSA; lane 4, BSA eluted from the particles;
lane 5, OVA standard; lane 6, unbound OVA; lane 7, OVA eluted from the
particles; lane 8, diluted egg white; lane 9, unbound egg white proteins;
lane 10, eluted egg white proteins.

standard (65 kDa). After being treated with Si@poly(NIPAm-co-
GMA)@APBA, the BSA band maintained the same intensity
(lane 3), and no BSA band could be found in the eluted fraction
(lane 4). This result supports that BSA binding to the affinity
particles is insignificant. In contrast, compared to the OVA
standard (lane 5), after treatment with the affinity particles the
OVA band (46 kDa) became much weaker (lane 6), and a clear
OVA band appeared in the eluted fraction (lane 7). Obviously,
this was because the glycoprotein was removed by the affinity
particles during incubation, and the bound glycoprotein could
be released by acid elution.

When egg white was diluted and treated with the same affinity
particles, similar glycoprotein binding results were observed. In
the diluted egg white, there are three abundant protein bands
corresponding to the glycoproteins ovotransferrin (OVT, 76.7 kDa)
and OVA (46 kDa), and the non-glycoprotein lysozyme (Lyz,
14.4 kDa) (lane 8). After treatment with Si@poly(NIPAm-co-
GMA)@APBA particles, the two bands at 76 kDa and 46 kDa
became weaker, while the band corresponding to Lyz (14.4 kDa)
remained unchanged (lane 9). In lane 10 for the acid-eluted
proteins, only two bands corresponding to the two glycoproteins
were observed. This result indicates again that the Si@poly(NIPAm-
co-GMA)@APBA particles are efficient affinity adsorbents for
separation of glycoproteins from complex samples.

Conclusions

In this work, we have synthesized a new type of thermo-sensitive
and boronic acid-tagged core-shell nanohybrid, Si@poly(NIPAm-
co-GMA)@APBA, via SI-ATRP in combination with CuAAC click
reaction. The SI-ATRP allowed a facile control over the structure
and homogeneity of the polymer brushes on the surface, and the
click reaction enabled a higher efficiency of ligand immobiliza-
tion. The intermediate polymer brushes, poly(NIPAm-co-GMA),
were grafted from an amino-functionalized silica core via the
SI-ATRP process followed by post-functionalization with propargyl-
amine, and then conjugated to an azide-tagged fluorogenic
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boronic acid via click reaction under mild conditions. Due
to a high density of boronic acid ligands appended on the
long flexible polymer brushes, the as-prepared nanohybrid,
Si@poly(NIPAm-co-GMA)@APBA, exhibited excellent specificity
and affinity towards glycoproteins. The boronate affinity nano-
hybrid allowed facile capture/release of target glycoproteins in a
pH-switchable fashion. In addition, the feasibility of application
to real complex samples was demonstrated by selective enrich-
ment of glycoproteins from egg white samples. Furthermore,
a practical method to quantify surface-attached ATRP initiators
on particles has been developed, where an alkyne-tagged FITC
derivative was used as a probe to titrate the terminal azide
groups on acid-treated Si@poly(NIPAm-co-GMA) through CuAAC
click chemistry. The synthetic method developed in this work
provides a versatile approach for preparing polymer brush-based
affinity adsorbents not only for glycoproteins, but also for other
bioactive molecules using specific interactions that can be pro-
vided by antibodies, aptamers and immobilized metal affinity
chromatography (IMAC).
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