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ABSTRACT: Composite cryogels containing boronic acid ligands are synthesized for effective separation and isolation of bacteria.
The large and interconnected pores in cryogels enable fast binding and release of microbial cells. To control bacterial binding, an
alkyne-tagged boronic acid ligand is conjugated to azide-functionalized cryogel via the Cu(I)-catalyzed azide−alkyne cycloaddition
reaction. The boronic acid-functionalized cryogel binds Gram-positive and Gram-negative bacteria through reversible boronate ester
bonds, which can be controlled by pH and simple monosaccharides. To increase the capacity of affinity separation, a new approach is
used to couple the alkyne-tagged phenylboronic acid to cryogel via an intermediate polymer layer that provides multiple
immobilization sites. The morphology and chemical composition of the composite cryogel are characterized systematically. The
capability of the composite cryogel for the separation of Gram-positive and Gram-negative bacteria is investigated. The binding
capacities of the composite cryogel for Escherichia coli and Staphylococcus epidermidis are 2.15 × 109 and 3.36 × 109 cfu/g,
respectively. The bacterial binding of the composite cryogel can be controlled by adjusting pH. The results suggest that the
composite cryogel may be used as affinity medium for rapid separation and isolation of bacteria from complex samples.
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■ INTRODUCTION

Rapid detection of bacteria is essential for diminishing
outbreaks of pathogenic bacteria in living environments,
clinical and hospital buildings, and food production plants.1−3

To reduce the risk of bacterial contamination, novel detection
techniques based on immunological, genetic, and spectroscopic
signature of bacteria are being developed.4,5 The new analytical
methods are rapid and sensitive, with a capability to detect
even a single cell in some cases. However, these methods have
not been fully exploited in practical applications because of the
difficulty of separating target bacteria from interfering
substances in biological samples.4−6 Selective isolation and
separation of target bacteria is an important step to achieve
accurate detection of bacteria. The most commonly used
separation methods such as centrifugation, filtration, and
affinity chromatography suffer from different limitations
including low selectivity, limited sample throughput, and
high cost.7,8

Currently, boronate affinity materials in the form of
monolith,9,10 nanoparticles,11−13 hydrogels,14 cryogel,15 and
multifunctional sensors16,17 have shown great potential for
selective recognition, immobilization, and separation of cis-
diol-containing molecules and biological assemblies. The pH-
sensitive, reversible covalent bond between boronic acids and
cis-diol-containing molecules in an aqueous solution makes
boronic acids ideal ligands for specific recognition of cis-
diols.18−20 The presence of poly- and oligosaccharides on the
cell surface makes it possible to use a reversible boronate ester
bond to separate bacteria.21,22 Several chemical sensors have
been constructed using boronate affinity to capture bac-
teria.22−24 To enhance the binding strength of boronic acid,

efforts have been made to explore the synergy effect of multiple
boronate ester bonds to capture biomacromolecules.11,19

Dendrimers such as poly(amidoamine) and branched poly-
ethyleneimine have been modified with boronic acids to
increase the binding strength to bacteria and glycomole-
cules.21,25−27 Linear polymers containing multiple boronic acid
groups have also been studied. As a flexible polymer backbone
allows the pendant affinity ligands to maximize molecular
interactions with targeted glycomolecules and cells, boronic
acid-functionalized linear polymers have been attached to
different supporting materials to simplify affinity separation
and purification.28−30

Cryogel is a macroporous material composed of a cross-
linked hydrophilic polymer network with well-controlled
macroporosity (with pore size between 1 and 100 μm).31−33

The large pores and interconnected channels of cryogels are
the products of cryogelation polymerization.32 These macro-
porous structures allow a high flow rate and fast mass transfer,
making it possible to realize the direct separation of cells even
from complex biological samples without complicated pretreat-
ment processes.32−36 In contrast to small molecules, bacterial
cells cannot enter the inner polymer network of cryogels
because of their large physical size. Consequently, affinity
ligands for bacterial separation must be immobilized on the
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surface of the macropores in cryogel to maximize the efficiency
of separation. Still, one major challenge related to using cryogel
is the material’s low capacity. In previous studies, different
types of nanoparticles have been added to cryogels to improve
the capacity for the separation of small molecules,37 proteins,
and microbial cells.34,38

In this work, we introduce the use of the high-efficiency
Cu(I)-catalyzed azide−alkyne cycloaddition (CuAAC) click
reaction to immobilize boronic acid on macroporous cryogels
for bacterial separation (Scheme 1). To improve the capacity
of the affinity material, a flexible polymer chain is also added to
increase the number of immobilized boronic acid. A
thermoresponsive polymer containing pendant azide groups
was synthesized from N-isopropylacrylamide and glycidyl
methacrylate, using reversible addition−fragmentation chain-
transfer (RAFT) polymerization followed by the conversion of
the pendant epoxides into azide groups. After the intermediate
polymer was conjugated to alkyne-functionalized cryogel using
CuAAC, the remaining azide groups on the polymer was used
to immobilize the boronic acid ligand through a subsequent
CuAAC. Owing to the potency of boronic acid−cis-diol
bonding and the macroporous structure of cryogel, a novel
monolithic column for bioseparation of bacteria was obtained.
The physical and chemical properties of the composite cryogel
were characterized by Fourier transform infrared (FTIR)
spectroscopy and scanning electron microscopy (SEM).
Bacterial-binding characteristics of the composite cryogel
were studied to reveal the importance of the flexible polymer
and the immobilized boronic acid. The feasibility of using the
composite cryogel to capture bacteria in the complex sample
(25% milk) was also investigated.

■ EXPERIMENTAL SECTION
Materials. N-Isopropylacrylamide (NIPAm), cumyl dithioben-

zoate (CDB), glycidyl methacrylate (GMA), 3-aminophenylboronic
acid (APBA) hemisulfate salt (≥95%), propargyl chloroformate,
acrylamide (Am), N,N,N′,N′-tetramethylethylenediamine (TEMED),
ammonium persulfate (APS), N,N′-methylenebis(acrylamide)
(MBAm), N,N-dimethylformamide (DMF), 2-aminoethanol, dimeth-
yl sulfoxide-d6 (DMSO-d6), isoamyl acetate, propargylamine, sodium
azide, copper(II) sulfate, magnesium sulfate, sodium ascorbate,
fructose, acetic acid, and methanol were obtained from Sigma-Aldrich
(Steinheim, Germany). Allyl glycidyl ether (AGE) was purchased
from EGA-Chemie (Steinheim, Germany). 2,2′-Azobis(2-methylpro-
pionitrile) (AIBN, 98%), ethyl acetate, yeast extract granulated, and
agar were obtained from Merck (Darmstadt, Germany). AIBN was
recrystallized from methanol before use. Ethanol was purchased from
SOLVECO (Rosersberg, Sweden). Tryptone was purchased from
Duchefa Biochemie (Haarlem, Netherlands). Sodium hydrogen
carbonate, sodium hydroxide, potassium chloride, sodium chloride,
di-sodium hydrogen phosphate, potassium dihydrogen phosphate,
and ammonium chloride were purchased from Fisher Scientific
(Schwerte, Germany). Ultrapure water (18.0 MΩ cm) was procured

from an ELGA LabWater System (Vivendi Water Systems Ltd., UK).
Milk was purchased from a local market in Lund and was stored at 4
°C before use.

Alkyne-tagged boronic acid, 3-(prop-2-ynyloxycarbonylamino)-
phenylboronic acid (PCAPBA), was synthesized according to a
previous publication.39

Synthesis of Poly(NIPAm-co-GMA)@N3. The thermoresponsive
copolymer, poly(NIPAm-co-GMA), was synthesized by RAFT
polymerization. NIPAm (1.487 g, 13.1 mmol), GMA (570 mg, 4.01
mmol), AIBN (6.2 mg, 0.037 mmol), and CDB (32.6 mg, 0.12 mmol)
were dissolved in 25 mL of methanol and charged into a 50 mL flask
equipped with a magnetic stirrer. The mixture was cooled using an
ice-water bath and nitrogen-purged for 15 min. The flask was sealed
and kept at 70 °C under a nitrogen atmosphere for polymerization for
24 h with vigorous stirring. The reaction was terminated by exposing
to air, and the product was transferred into a dialysis tube (MWCO
1000 Da) and kept in water for 3 days (with water being replaced for
5−6 times per day). Finally, the polymer was dried using rotary
evaporation at 40 °C.

Poly(NIPAm-co-GMA) (80 mg), NaN3 (78 mg), ammonium
chloride (64.5 mg), and DMF (7.5 mL) were charged into a glass vial
and sealed. The mixture was stirred at 60 °C for 24 h. After the
reaction, the polymer was dialyzed in water for 3 days (with the water
being replaced for 5−6 times per day) and dried using rotary
evaporation at 40 °C.

Synthesis of Epoxy-Functionalized Cryogel (AG). Epoxy-
functionalized cryogel was synthesized following a previously
established method with slight modifications.34,38 Briefly, Am (210
mg, 2.0 mmol), MBAm (56 mg, 0.25 mmol), and AGE (35 μL, 0.020
mmol) were dissolved in 4.5 mL of water. After the addition of 7.5 μL
(∼6 mg) of TEMED, the mixture was cooled on an ice bath and
deoxygenated under reduced pressure for 15 min. Subsequently, 6 mg
of the initiator APS dissolved in 0.5 mL of water was introduced into
the mixture. Aliquots of the mixture (0.5 mL) were immediately
transferred into precooled glass tubes (I.D. 7 mm). The polymer-
ization was conducted at −12 °C overnight. After the reaction, the
samples were thawed at ambient temperature, washed thoroughly
with water to remove residual substances, and then dried in an oven at
60 °C. The obtained cryogel was named AG.

Preparation of Azide-Functionalized Cryogel (AG-N3). AG
cryogel (4 pieces, ∼100 mg), NaN3 (156 mg), ammonium chloride
(129 mg), and DMF (15 mL) were added into a 30 mL glass bottle.
After sonication for 10 min, the mixture was shaken at 150 rpm in an
incubator at 45 °C for 24 h. After the reaction, the cryogel was
washed thoroughly with water and dried under reduced pressure. The
product was named AG-N3.

Preparation of Alkyne-Functionalized Cryogel (AG-alkyne).
AG cryogel (4 pieces, ∼100 mg) was submerged in a solution of
propargylamine (2%, v/v) and 2-aminoethanol (4%, v/v) in carbonate
buffer (5 mL, 0.1 M, pH 9) and allowed to react at ambient
temperature for 24 h. After the reaction, the product was washed
consecutively with 100 mL of carbonate buffer and 30 mL of water
and then vacuum-dried. The obtained cryogel was named AG-alkyne.

Introduction of Poly(NIPAm-co-GMA)@N3 via Click Reaction
to Alkyne-Functionalized Cryogel (AG-alkyne@polymer-N3).
Poly(NIPAm-co-GMA)@N3 (120 mg) was dissolved in 10 mL of

Scheme 1. Preparation of Boronic Acid-Functionalized Cryogels
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methanol:water (4:1, v/v) solution. To the mixture, AG-alkyne (2
pieces, ∼50 mg) was added, followed by the addition of 80 μL of 100
mM CuSO4 solution and 8 mg of sodium ascorbate. The mixture was
deoxygenated with nitrogen for 15 min and then shaken at 50 °C for
24 h. After the reaction, the cryogel was washed with 30 mL of
methanol−water (4:1; v/v) solution and 20 mL water and finally
vacuum-dried. The composite cryogel was named AG-alkyne@
polymer-N3.
Introduction of Boronic Acid Ligands via Click Reaction on

Composite Cryogel. AG-alkyne@polymer-N3 (2 pieces, ∼60 mg)
was immersed in a solution of PCAPBA (108 mg) in methanol−water
solution (12 mL, 1:1, v/v). After deoxygenation with nitrogen gas for
15 min, 40 μL of 100 mM CuSO4 solution and 4 mg of sodium
ascorbate were added into the mixture. The mixture was degassed
with nitrogen for another 15 min and then placed on a rocking table
at ambient temperature for 24 h. After the reaction, the product was
washed thoroughly with 50% methanol−water solution and vacuum-
dried. The obtained cryogel was named AG-alkyne@polymer-pBA.
To introduce the PCAPBA on AG-N3, the same reaction processes

were used, and the obtained product was named AG-BA.
Bacterial Cultivation. Escherichia coli (E. coli) TG1 PTA-4741

and Staphylococcus epidermidis (S. epidermidis) ATCC12228 strains
were obtained from the American Type Culture Collection (ATCC,
Manassas, USA). The bacterial strains were grown overnight in 10 mL
of Luria−Bertani (LB) medium at 37 °C for 12 h with shaking at 180
rpm. The bacterial cells were isolated by centrifugation at 5000 rpm
(3438g) for 5 min, washed five times with phosphate-buffered saline
(PBS, 0.01 M, pH 7.4), and finally resuspended in 1 mL of PBS.
Before binding experiments, the bacterial suspensions were diluted
with PBS to give a specified optical density at 600 nm (OD600). The
quantification of bacteria was based on a calibration plot between the
concentrations of bacteria and the OD600 values.
Evaluation of AG-Alkyne@Polymer-pBA for Bacterial Sep-

aration. To evaluate the bacterial-binding characteristics of the
composite cryogels, the following experiment was conducted. In brief,
a cryogel was inserted into a glass tube (I.D. 7 mm). This cryogel
column was activated by loading with 10 mL of PBS (0.01 M) with
pH adjusted to 6.5 and 8.0, respectively. After this step, 4 mL of E. coli
or S. epidermidis suspension (OD600 = 1.9) in the corresponding PBS
was circulated through the column at a flow rate of 1 mL/min for 60
min using a peristaltic pump. After every 20 min, the flow direction
was reversed to avoid clogging. After the binding, 10 mL of PBS was
used to wash out the nonspecifically bound bacteria. The unbound
bacteria after the adsorption and the washing were collected and
measured at 600 nm to determine the remaining bacteria in the
cryogel.
The binding capacity (Q, cfu/g) of the composite cryogel was

calculated using the equation

Q
C C V C V

m
( )

100 1 0 2 1 3=
− −

(1)

where C0 (cfu/mL) is the initial concentration of bacteria, C1 (cfu/
mL) is the concentration of the unbound bacteria after the
adsorption, C2 (cfu/mL) is the concentration of bacteria in the
washing solution, V0 (mL) is the volume of the bacterial suspension,
V1 (mL) is the volume of the washing solution, and m (mg) is the
mass of the composite cryogel.
To investigate the influence of the elution conditions on the

recoveries, the bacteria were suspended in PBS (0.01 M, pH 8.0) and
adsorbed by the composite cryogel. After washing, the bacteria bound
on the composite cryogel was eluted using four different conditions: 3
mL of 0.2 M acetic acid buffer (pH 4.0, containing 0.5 M NaCl), 3
mL of 0.1 M fructose in PBS (20 mM, pH 9.0, containing 0.5 M
NaCl), 3 mL of 0.2 M fructose in PBS (20 mM, pH 9.0, containing
0.5 M NaCl), and 3 mL of 0.5 M fructose in PBS (20 mM, pH 9.0,
containing 0.5 M NaCl). After loading the eluting buffer, the column
outlet was closed, and the bacterial cells were allowed to desorb for 15
min. After this step, the eluting solution was collected by squeezing
the cryogel. The concentration of bacteria was measured by
spectrophotometric analysis.

Validation with Complex Samples. Aliquots of 4 mL of 25%
cow milk (v/v) were incubated with 103 cfu/mL of E. coli or S.
epidermidis, separately. After adjusting the sample pH to 8.0, the
sample was circulated through a preactivated cryogel column at a flow
rate of 1 mL/min for 60 min. The unbound bacteria were collected
and quantified. The spiked milk sample without treatment with
cryogel was used as a control.

Characterization. Attenuated total reflection infrared analysis was
performed on a Thermo Fisher Scientific FT-IR instrument (Thermo
Fisher Scientific Inc., Waltham, MA, USA). SEM characterization was
performed on a JEOL scanning electron microscope (JSM-6700F,
JEOL, Japan). Optical absorbance and transmittance analyses were
performed on a UV−vis spectrophotometer (NanoPhotometer Pearl,
Germany). Gel permeation chromatography (GPC) was carried out at
the Institute of Polymer Chemistry, Johannes Kepler University Linz.
A Viscothek GPCmax instrument equipped with a PFG column (300
mm × 8 mm; 5 μm particle size) and an RI detector from PSS
(Mainz, Germany) were used. DMF containing 10 mM LiBr was used
as the mobile phase at a flow rate of 0.75 mL/min at 60 °C. The 1H
NMR spectrum was obtained on a Bruker DR X400 spectrometer at
400.13 MHz using DMSO-d6 as a solvent (δ = 2.5 ppm). Elemental
analysis of boron was performed on an Agilent 5110 ICP-OCE
(Agilent Technologies). The surface area of cryogels was analyzed by
mercury intrusion porosimetry and performed by Micromeritics
Instrument Corporation (China).

To investigate the swelling degree (g H2O/g cryogel), AG and AG-
alkyne@polymer-pBA cryogels were first dried at 60 °C in an oven
overnight and then weighed. The cryogel was immersed in distilled
water for 1 h to ensure complete swelling at ambient temperature.
Then, it was put on a filter paper to remove the excess water and
weighed. Three replications were made in each case. The swelling
degree of the cryogels was determined using the equation40,41

W W
W

swelling degree
( )1 2

2
=

−
(2)

where W1 and W2 are the weight of the swollen and the dry cryogel,
respectively.

In the next step, the swollen cryogel was squeezed to remove the
water, and the weight of the squeezed cryogel (W3) was measured
again. The macroporosity (%) of the cryogel was determined based
on water vapor adsorption and calculated using the equation41

W W

W
macroporosity (%)

( )/

/
1 3 H O

1 gel

2
ρ

ρ
=

−

(3)

where ρH2O and ρgel are the density of water at 25 °C and the density
of swollen cryogel, respectively.

For SEM analysis, the cryogels containing bacteria were first
washed thoroughly with PBS (0.01 M, pH 8.0) to remove the loosely
bound bacteria and then fixed with 2.5% glutaraldehyde in PBS (0.01
M, pH 7.4) for 2 h at room temperature. The fixed samples were
washed thoroughly with PBS (0.01 M, pH 7.4) and dehydrated by
washing with PBS containing an increasing amount of ethanol (20, 40,
60, 80, and 99.5%, v/v) consecutively. The samples were finally
immersed in isoamyl acetate at 4 °C overnight and then lyophilized
for imaging.

■ RESULTS AND DISCUSSION
The modular approach to synthesize boronic acid-function-
alized cryogels is shown in Scheme 1. The functionalized
cryogels were designed to enable bacterial separation based on
their macroporous structure and the selective interactions
between the boronic acid ligands and bacterial cells. A general-
purpose, epoxide-containing cryogel (AG) was first synthesized
by cryogelation polymerization. The surface epoxide groups
were converted into terminal azide and alkyne groups by
reacting AG with sodium azide and alkynyl amine, respectively.
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The two types of the obtained macroporous cryogels are able
to act as a generic support to immobilize a large variety of
affinity ligands using the high-efficiency CuAAC and Cu-free
click reactions.42,43 In addition to direct conjugation of the
affinity ligand, this work also explores the use of flexible
polymer chains to improve the capacity and stimuli-responsive
property of macroporous affinity materials.

Synthesis and Characterization of the Polymer. The
thermoresponsive copolymer was first synthesized by RAFT
polymerization. RAFT polymerization is well-known for its
excellent functional group tolerance and general applicability
for the synthesis of well-defined and water-soluble polymers.44

Figure 1A shows the 1H NMR spectrum of the poly(NIPAm-
co-GMA) used in this work. The 1H NMR spectrum has well-
resolved proton signals from the isopropyl group (−CH-

Figure 1. (A) 1H NMR spectrum of poly(NIPAm-co-GMA). (B) Temperature-dependent phase transition of poly(NIPAm-co-GMA)@N3 in water
(0.4 mg/mL) monitored by measurement of transmittance at 600 nm. The polymer solution was heated at different temperatures for 5 min before
its transmittance was measured.

Figure 2. SEM images of AG cryogel (A,B), AG-BA cryogel (C,D), and AG-alkyne@polymer-pBA cryogel (E,F). The scale bars are 10 μm in
(A,C,E) and 1 μm in (B,D,F).
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(CH3)2, 3.73 ppm (g) and 1.04 ppm (a)) of NIPAm,45 and the
CH−CH2−O (2.80 ppm (e) and 2.65 ppm (e)) and CH−
CH2−O (3.22 ppm (f)) from GMA. The signal located at 4.28
ppm (h) is assigned to the methylene linked to the ester group
in GMA.46 Based on the ratio of the integrated peak area
between NIPAm (a) and GMA (e), the ratio of NIPAm:GMA
in the final poly(NIPAm-co-GMA) is calculated to be
approximately 1.9:1.
The chemical compositions of poly(NIPAm-co-GMA) and

poly(NIPAm-co-GMA)@N3 were analyzed by FTIR spectros-
copy (Figure S1). Absorption bands at 1650 and 1535 cm−1

arising from −CO and −N−H stretching of the amide
group can be observed from both spectra. The presence of the
epoxy group from the GMA monomer is also confirmed by the
characteristic absorption bands at 840 and 910 cm−1. After the
introduction of pendent azide groups, the polymer exhibited
the characteristic IR band for organic azide at 2100 cm−1

(Figures 1 and S1b). The azide-functionalized polymer
poly(NIPAm-co-GMA)@N3 has a molecular weight Mn of
21,000 g/mol and molecular weight distribution of 1.9, as
determined by GPC analysis (Figure S2).
The introduction of the azide group is accompanied by the

addition of the hydroxyl group to the polymer chains, which
improves the hydrophilicity of the polymer crucial for
capturing bacteria.21 The incorporated pNIPAm segment in
the polymer chain is expected to undergo dehydration and
interchain aggregation when the temperature increases above
its lower critical solution temperature (LCST). The
aggregation of pNIPAm can cause an obvious change in
optical transmittance of the polymer solution. As shown in
Figure 1B, the transmittance decreased significantly with the
increased temperature from 20 to 50 °C. The transmittance
dropped abruptly at 32 °C, which is consistent with the LCST
of pNIPAm.28

Synthesis and Characterization of the Composite
Cryogel. The cryogel base AG used in this work was
synthesized by copolymerization of Am, MBAm, and AGE in
water at −12 °C. The yield of the cryopolymerization was
>96%.32,34 The interior morphologies of the cryogel after
different stages of functionalization are shown in Figures 2 and
S3. All the cryogels have large interconnected pores with the
pore size in the range of 10−80 μm. In comparison with the
size of E. coli (0.4−0.7 μm by 1−3 μm) and S. epidermidis
(radius 0.8 μm), the size of the macropores of cryogel is very
large, which is advantageous for bacterial binding. These large
pores are formed because of the presence of ice crystals during
the cryopolymerization.34,36 The highly porous structure and
large interconnected pores endow the cryogel with efficient
mass transfer and fast flow through even for particulate-
containing samples.34 In comparison with conventional
separation materials such as membranes and filters and so
forth, cryogels are of particular interest for bacterial separation
because their hydrophilic and soft texture can provide a more
cell-compatible environment during the separation. No
significant difference was observed after the cryogel base was
functionalized with small molecules, for example, after the
introduction of azide (Figure S3A), PCAPBA (Figure 2C), and
alkynyl group (Figure S3C). The surface of the cryogels
remained smooth. On the other hand, after the introduction of
the copolymer poly(NIPAm-co-GMA)@N3 to AG-alkyne, a
layer of polymer granules can be seen on the interior surface of
AG-alkyne@polymer-N3 (Figure S3E). The roughening of the
surface can be explained as a result of immobilization of the

thermoresponsive polymer at temperature above its LCST. It
should be mentioned that the subsequent introduction of
PCAPBA to AG-alkyne@polymer-N3 did not change the
surface morphology of the final material AG-alkyne@polymer-
pBA (Figure 2E). Mercury intrusion porosimetry analysis
revealed that the total pore area of AG cryogel and AG-
alkyne@polymer-pBA is 1.67 and 1.84 m2/g, while their
average pore diameters are determined as 20.8 and 19.2 μm,
respectively. Immobilization of the polymer chain caused only
slight change in the surface area and pore diameter of the
cryogel. The density of AG and AG-alkyne@polymer-pBA was
found to be ∼0.05 and ∼0.06 g/mL, respectively. Compared to
the base cryogel AG, the mass of the boronic acid-
functionalized AG-alkyne@polymer-pBA increased by ∼20%.
This polymer density in cryogel is lower than that achieved by
surface-initiated polymerization reported in our previous
work.34 Nevertheless, the click conjugation of the azide-
functionalized polymer to cryogel is much easier to carry out,
which is attractive for practical applications.
The chemical compositions of the composite cryogels were

analyzed by FTIR spectroscopy (Figure 3). The presence of

two absorption bands at 875 and 910 cm−1 indicates the
successful incorporation of epoxy groups in cryogel AG (Figure
3a). The changes in the FTIR spectra of the different
functionalized cryogels reflect the chemical modifications in
the subsequent steps. After introducing azide and alkynyl
groups, the epoxy bands disappeared completely, and new
absorption bands appeared (Figure 3b,d). The IR bands at
2037 and 2140 cm−1 are related to the stretching vibration of
azide groups and alkyne groups, respectively. After introducing
alkyne-tagged boronic acid on AG-N3 via CuAAC click
reaction, the azide absorption band disappeared completely
(Figure 3c). Following the conjugation of poly(NIPAm-co-
GMA)@N3 to AG-alkyne, the cryogel displayed new
absorption bands at 1735 and 1370 cm−1, which were assigned
to the ester carbonyl group and the antisymmetric stretching of
the carbonyl group, respectively (Figure 3e). Besides, a
characteristic azide band at 2100 cm−1 appeared because of
the remaining azide groups in the polymer after the click
conjugation to the cryogel (Figure 3e). After the final

Figure 3. FTIR spectra of (a) AG cryogel, (b) AG-N3 cryogel, (c)
AG-BA cryogel, (d) AG-alkyne cryogel, (e) AG-alkyne@polymer-N3
cryogel, and (f) AG-alkyne@polymer-pBA cryogel.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://dx.doi.org/10.1021/acs.jafc.0c06052
J. Agric. Food Chem. 2021, 69, 135−145

139

http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06052/suppl_file/jf0c06052_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06052/suppl_file/jf0c06052_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06052/suppl_file/jf0c06052_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06052/suppl_file/jf0c06052_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06052/suppl_file/jf0c06052_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06052/suppl_file/jf0c06052_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c06052/suppl_file/jf0c06052_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c06052?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c06052?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c06052?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c06052?fig=fig3&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://dx.doi.org/10.1021/acs.jafc.0c06052?ref=pdf


introduction of the alkyne-tagged boronic acid, the azide band
almost disappeared completely in the spectrum of AG-alkyne@
polymer-pBA, suggesting the successful introduction of the
boronic acid ligand (Figure 3f). Besides, the characteristic
bands at 785 and 1065 cm−1 corresponding to the phenyl
hydrogen on the boronic acid were also observed (Figure 3f).
Elemental analysis revealed that the contents of boron in AG-
BA and AG-alkyne@polymer-pBA were 0.033 and 0.618 mg/g,
respectively. Based on the boron content, the densities of the
boronic acid ligand in AG-BA and AG-alkyne@polymer-pBA
are estimated to be 0.0031 and 0.057 mmol/g, respectively.
The swelling degree and macroporosity (volume %) of AG

and AG-alkyne@polymer-pBA cryogel are shown in Table S1.
The swelling degree of the cryogel decreased after the
introduction of the polymer and boronic acid ligands, which
can be attributed to the hydrophobic pGMA segment in the
polymer. Because of the dehydration and aggregation of the
incorporated pNIPAm segment above its LCST, the swelling
degree of AG-alkyne@polymer-pBA cryogel decreased further
when temperature was increased to 40 °C. The macroporosity

also decreased after the introduction of boronic acid-integrated
polymer, which is due to the added layer of polymer granules
on the interior surface of AG-alkyne@polymer-pBA.

Evaluation of AG-alkyne@polymer-pBA for Bacterial
Separation. To evaluate the practicability of AG-alkyne@
polymer-pBA for separation of bacteria, E. coli and S.
epidermidis were selected as models to represent Gram-
negative and Gram-positive bacteria. For the quantification
of bacterial concentration, two calibration plots were
established by plotting the optical density (OD600) against
the colony-forming unit (cfu) of bacterial suspensions (Figure
S4). The affinity of boronate-functionalized materials toward
bacteria relies on the formation of cyclic ester between boronic
acid and cis-diols on the bacterial surface.21 Apart from
boronate affinity interaction, other interactions, including ionic
interaction, van der Waals force, and hydrophobic effect, may
also affect bacterial binding. Besides, the immobilized polymer
chains on the cryogel are expected to provide a flexible
interface to improve bacterial binding through polyvalent
interactions with the bacteria. To investigate the effect of the

Figure 4. (A) Binding of E. coli and S. epidermidis by different composite cryogels at pH 8.0. (B) Effect of pH on bacterial binding with AG-
alkyne@polymer-pBA. The initial OD600 values of the bacterial suspensions were adjusted to ∼1.9 by dilution with 0.01 M PBS.

Figure 5. SEM images of AG-alkyne@polymer-pBA cryogel with bound E. coli (A,B) and S. epidermidis (C,D). The scale bars are 10 μm in (A,C)
and 1 μm in (B,D).
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immobilized boronic acid on bacterial binding, the cryogels
after different functionalization stages were tested to measure
their capability to bind E. coli and S. epidermidis. As shown in
Figure 4A, AG-BA and AG-alkyne@polymer-pBA cryogel
exhibited significantly higher binding toward the two model
bacteria than AG-N3 and AG-alkyne@polymer-N3, indicating
that the boronic acid plays a crucial role in bacterial binding.
Compared to AG-BA that contains boronic acid directly fixed
on the surface, AG-alkyne@polymer-pBA exhibited much
higher bacterial binding. The enhanced bacterial binding can
be attributed to the flexible intermediate polymer chains,
through which more boronic acid ligands are immobilized in
AG-alkyne@polymer-pBA.
Normally, boronate affinity separation needs to be

performed at high pH (pH > 8.0) to ensure covalent binding.
The high pH condition is not suitable for alkaline-labile
biomolecules. As multiple boronic acid ligands are presented in
the polymer-containing cryogel AG-alkyne@polymer-pBA, we
expected that effective bacterial binding could be achieved at
close to neutral pH. Figure 4B shows the effect of pH on
bacterial binding in the range of pH 6.5−8.0. For S.
epidermidis, the bacterial binding was insensitive to variation
of pH in the range of 6.5−8.0, while the binding of E. coli
increased gradually when the pH was changed from 6.5 to 8.0.

From the SEM images in Figure 5, it is clear that the bacterial
cells bound in the cryogel are evenly distributed on the interior
surface, and no significant disintegration of bacterial cells was
observed. The density of bound S. epidermidis on the surface of
AG-alkyne@polymer-pBA is higher than that of E. coli, which
is in accordance with the binding results measured with the
two model bacteria (Figure 4B).
The equilibrium binding isotherms of AG-alkyne@polymer-

pBA for the two model bacteria are shown in Figure 6. The
binding capacities of the cryogel toward E. coli and S.
epidermidis are 2.15 × 109 and 3.36 × 109 cfu/g, respectively.
In terms of binding capacity, the composite cryogel does not
appear better than some previous nanoparticle-based separa-
tion materials (Table S2). Nevertheless, the large pores in the
cryogel make it possible to separate bacteria in the
chromatography mode more conveniently, and the cryogel
can be easily regenerated for repeated use. Compared with AG-
BA, the higher binding capacities of AG-alkyne@polymer-pBA
are mainly attributed to the multiple boronic acid ligands
immobilized through the polymer chains in the cryogel.
The reusability of the AG-alkyne@polymer-pBA cryogel is

essential from the view point of both research and industry.
Therefore, the elution of bacterial cells and the reuse of AG-
alkyne@polymer-pBA cryogel for the separation of E. coli and

Figure 6. (a) E. coli binding isotherm on AG-alkyne@polymer-pBA measured at pH 8.0. (b) S. epidermidis binding isotherm on AG-alkyne@
polymer-pBA measured at pH 8.0.

Figure 7. (A) Amount of E. coli and S. epidermidis desorbed from AG-alkyne@polymer-pBA cryogel in different elution media: (a) 0.2 M acetate
buffer (pH 4.0, containing 0.5 M NaCl), (b) 0.1 M fructose in PBS (20 mM, pH 9.0, containing 0.5 M NaCl), (c) 0.2 M fructose in PBS (20 mM,
pH 9.0, containing 0.5 M NaCl), and (d) 0.5 M fructose in PBS (20 mM, pH 9.0, containing 0.5 M NaCl). (B) Recycle and reuse of AG-alkyne@
polymer-pBA cryogel for affinity separation of E. coli and S. epidermidis.
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S. epidermidis were also investigated. The possibility of using
the thermoresponsive phase transition of the polymer to
desorb the bound bacteria was studied first. Unfortunately, in

the binding buffer, the desorption of the bound bacteria was
less than 10% when the temperature was increased to 37 °C
(date not shown). The inefficient thermoelution may be

Figure 8. SEM images of AG-alkyne@polymer-pBA cryogel loaded with E. coli (A,B) and S. epidermidis (C,D). The images were taken after the
bacteria were eluted using 0.2 M fructose (pH 9.0, 20 mM, PBS, containing 0.5 M NaCl). The scale bars are 10 μm in (A,C) and 1 μm in (B,D).

Figure 9. Separation of E. coli and S. epidermidis from the spiked 25% milk sample using AG-alkyne@polymer-pBA. (A) E. coli in the spiked milk;
(B) remaining E. coli in the spiked milk after treatment with the cryogel; (C) S. epidermidis in the spiked milk; and (D) remaining S. epidermidis in
the spiked milk after treatment with the cryogel.
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explained by the slow phase transition of the polymer chains,47

especially when the polymer was conjugated to the cryogel
surface through multiple covalent triazole linkers. Figure 7A
shows the results of bacterial desorption from AG-alkyne@
polymer-pBA in different elution media. Because of the
multiple boronate ester bonds, the binding between the
boronic acid-functionalized cryogel and the bacterial cell is too
strong to be disrupted by the acidic buffer (pH 4.0). To avoid
disintegration of bacterial cells in strong acidic media, a
different elution strategy using fructose was tested. As shown in
Figure 7A, around 70% of the loaded E. coli and S. epidermidis
can be eluted by 0.2 and 0.5 M fructose−PBS solution,
respectively. The result indicates the higher binding strength of
AG-alkyne@polymer-pBA to S. epidermidis than E. coli
probably because of the difference in the saccharide structure
on the different bacterial surfaces. SEM analysis also indicates
the efficiency of 0.2 and 0.5 M fructose−PBS solution to elute
E. coli and S. epidermidis from AG-alkyne@polymer-pBA
cryogel (Figures 8 and S5). After being eluted with 0.2 and
0.5 M fructose−PBS solution, the cryogel was washed with
0.01 M PBS (pH 8.0) followed by fixing with glutaraldehyde,
dehydrating by PBS−ethanol solution, and lyophilizing for
imaging. As shown in Figures 8 and S5, the small number of
remaining bacteria on the composite cryogel indicates the
efficiency of 0.2 and 0.5 M fructose−PBS solution to elute E.
coli and S. epidermidis. After the eluted bacteria were
transferred into LB medium and cultivated for 16 h, the cell
density increased significantly, indicating the presence of viable
bacteria in the eluted fraction (Figure S6).
The binding and elution of E. coli and S. epidermidis with

AG-alkyne@polymer-pBA cryogel were also studied in a
chromatography mode (Figure S7). From the chromatography
results, it is clear that the two model bacteria can be recovered
using 0.5 M fructose−PBS effectively. The large peak from the
acetic acid washing was mainly due to the change in optical
transmittance when the mobile phase was switched to the
acidic washing. In a control experiment, a column packed with
AG-BA was also examined. The elution peaks for the two
bacteria from AG-BA are smaller than from AG-alkyne@
polymer-pBA, indicating that the polymer-containing cryogel
provides better bacterial separation in the chromatography
mode.
The reusability of AG-alkyne@polymer-pBA cryogel for the

separation of E. coli and S. epidermidis was also investigated.
After eluting the bound E. coli and S. epidermidis with 0.5 M
fructose−PBS buffer, the cryogel was washed with 100 mM
acetic acid and water to remove the bound fructose and the
residual bacterial cells. The cryogel was reactivated by loading
PBS buffer (0.01 M, pH 8.0) before the next binding
experiment was performed. As shown in Figure 7B, in the
first three runs of bacterial separation, the binding capacities of
the cryogel kept almost unchanged. After three runs of
separation, the binding capacities decreased to around 80% of
the original value. The reduction of binding capacity may be
attributed to the loss of some of the boronic acid ligands or
incomplete removal of the microbial cells from the previous
circle.
Separation of Bacteria from Complex Samples. To

investigate the applicability of AG-alkyne@polymer-pBA to
separate bacteria in complex samples, the bacterial separation
was tested with a diluted milk sample (4× diluted) spiked with
E. coli and S. epidermidis (at ∼103 cell/mL). After adjusting the
pH to 8.0, the samples were circulated through the cryogel

column at a flow rate of 1 mL/min for 60 min. The number of
unbound bacteria was quantified by the conventional viable
counting method. As shown in Figure 9, most of the bacterial
cells were captured by the cryogel. Considering the abundance
of interfering substances in milk such as proteins, lipids,
carbohydrates, and so forth, the cryogel exhibited high
effectiveness for the removal of bacteria.
In summary, a novel boronic acid-functionalized, macro-

porous cryogel was prepared for the selective separation of
bacteria. The method of material synthesis is based on a
versatile polymer building block and high-efficiency click
chemistry. The RAFT polymerization provides a facile and
versatile means to synthesize a well-controlled polymer with
specific structural and functional moieties, and the CuAAC
click chemistry enables straightforward assembly of the
functionalized cryogels. Using an intermediate polymer layer,
the number of immobilized boronic acid ligands in the cryogel
is increased, leading to a higher bacterial-binding capacity. In
comparison with other cryogels reported in the literature, the
boronic acid-modified cryogel described in this work has
simpler synthesis procedure and higher ligand density (Table
S3). Owing to the high density of affinity ligands appended on
the flexible polymer chains, the new composite cryogel
exhibited excellent affinity toward both Gram-positive and
Gram-negative bacteria. Most importantly, the macroporous
structure of cryogel makes it possible to realize direct
separation and isolation of bacteria from complex media.
The synthetic methods developed in this work will be of
generic use for constructing polymer-based affinity materials
for the separation of large biomolecules and biomolecular
assemblies, including viruses and cells.
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