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Introduction

The development of an antifouling
interpenetrating polymer network hydrogel film
for salivary glucose monitoringt

Zifeng Zhang,*® Qian Dou,*® Shiwen Wang,® Debo Hu, &< Bei Yang,>©
Zhipeng Zhao,”< Hongliang Liu @ * and Qing Dai (9 *2P<

Owing to its rapid response and broad detection range, a phenylboronic acid (PBA)-functionalized hydrogel
film-coated quartz crystal microbalance (QCM) sensor is used to non-invasively monitor salivary glucose in
diabetic patients. However, nonspecific protein adsorption on the PBA-functionalized hydrogel film can
cause dramatic loss of sensitivity and accuracy of the sensor. A traditional zwitterionic polymer surface with
ultra-low protein fouling can hinder the interaction of PBA in the hydrogel matrix with glucose molecules
owing to its steric hindrance, resulting in poor glucose sensitivity of the sensor. Herein, we developed a
novel hydrogel film that enhanced the antifouling properties and sensitivity of the QCM sensor by infiltrating
a glucose-sensitive monomer (i.e., PBA) into a zwitterionic polymer brush matrix to form an interpenetrating
polymer network (IPN). The IPN hydrogel film could minimize the glucose sensitivity loss since the antifoul-
ing polymer distributed in its matrix. Moreover, a stable hydration layer was formed in this film that could
prevent water from transporting out of the matrix, thus further improving its antifouling properties and
glucose sensitivity. The experimental results confirmed that the IPN hydrogel film possessed excellent resis-
tance to protein fouling by mucin from whole saliva with reductions in adsorption of nearly 88% and could
also enhance the glucose sensitivity by nearly 2 fold, compared to the PBA-functionalized hydrogel film.
Therefore, the IPN hydrogel film provides improved antifouling properties and sensitivity of the QCM sensor,
which paves the way for non-invasive monitoring of low concentrations of glucose in saliva.

duction, capability of real-time measurement and simple inte-
gration; it can detect the changes of mass at the sub-nano gram

Saliva is an ideal medium for non-invasive glucose monitor-
ing, since its collection procedure is harmless and convenient
and can be done in real time.'® However, the concentration of
glucose in saliva is only 1 to 10% of that in the blood, which is
considered very low; thus, the monitoring of such a low con-
centration of glucose requires a highly sensitive biosensor.”
Quartz crystal microbalance (QCM) is a mass-sensitive bio-
sensor that has high sensitivity, fast response, low-cost pro-

“School of Materials Science and Engineering, Zhengzhou University, Zhengzhou
450001, P. R. China

bDivision of Nanophotonics, CAS Key Laboratory of Standardization and
Measurement for Nanotechnology, CAS Center for Excellence in Nanoscience,
National Center for Nanoscience and Technology, Beijing 100190, P. R. China.
E-mail: daig@nanoctr.cn

“Center of Materials School and Optoelectronics, University of Chinese Academy of
Sciences, Beijing 100049, P. R. China

UTechnical Institute of Physics and Chemistry, University of Chinese Academy of
Sciences, Beijing 100190, P. R. China. E-mail: liuhl@mail.ipc.ac.cn;

Tel: +86-010-82545720

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
donr05854h

This journal is © The Royal Society of Chemistry 2020

level.* ™ various studies have indicated that sensing materials
are key factors to affect the properties of the QCM sensor includ-
ing sensitivity and response time. For example, Li et al.'® have
prepared a glucose-sensitive QCM sensor based on a self-
assembled monolayer film of cyclic peptides. They found that
the frequency shift increases with an increase in glucose con-
centration from 1.8 to 3600 mg L™"; however, the response time
was 30 min owing to slow response kinetics. As a consequence,
Dou et al.'” have reported a glucose-sensitive QCM sensor based
on a phenylboronic acid (PBA)-functionalized hydrogel film,
which has a detection range of 10 mg L™'-5000 mg L™ and a
response time of 100 s. Although the film-coated QCM sensor
has high performance, the film material is not resistant to non-
specific protein adsorption, an event that can cause losses of
sensitivity and accuracy of the sensor, thus limiting its practical
application in salivary glucose monitoring.'®>*

In efforts to prevent nonspecific protein adsorption, many
researchers have studied the mechanisms of protein resis-
tance, from which they found that the stability of the hydration
layer is the key factor that determines the protein-resistant pro-
perties.”® For example, the ionic solvation-based zwitterionic
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polymer often has a better protein resistance than hydrogen
bonding-based polyethylene glycol (PEG). This is attributed to
the fact that the ionic solvation-based antifouling zwitterionic
polymer can bind to more water molecules and can bind more
tightly compared to hydrogen bonding-based PEG, thus result-
ing in a more stable hydration layer.”> Currently, the most
widely studied antifouling zwitterionic polymers include
zwitterionic hydrogel and zwitterionic polymer brushes. The
zwitterionic hydrogel is often prepared by copolymerizing a
zwitterionic monomer and a glucose-sensitive monomer (e.g.,
PBA) to improve the protein resistance of the PBA-functiona-
lized hydrogel film. However, the structure of the hydrophilic
crosslinker used for preparing the PBA-functionalized hydrogel
is different from that of the zwitterionic monomer, thus dis-
rupting the stability of the hydration layer of the zwitterionic
hydrogel.”® Recently, to obtain the stable hydration layer, film
surfaces have been functionalized with zwitterionic polymer
brushes (traditional antifouling coating) via surface-initiated
atom transfer radical polymerization (ATRP). The obtained
zwitterionic polymer surfaces can reduce the adsorption of
nonspecific protein in undiluted bovine serum by over
99%.%”*® However, the transport of glucose molecules can be
impeded by traditional antifouling coating due to its steric
hindrance.?>*** This results in poor glucose sensitivity of the
PBA-functionalized hydrogel film-coated sensor, thus limiting
its application in the detection of low salivary glucose levels.
Therefore, the key challenge for salivary glucose monitoring is
to obtain a PBA-functionalized hydrogel film that has a stable
hydration layer so that it has dual-functional properties includ-
ing high protein resistance and high glucose sensitivity.

An interpenetrating polymer network (IPN) is often used in
polymer science to produce materials that have dual-functional
properties (such as antifouling and mechanical properties)
due to its advantages such as high entanglement and favorable
interaction between network components.**~*> However, most
of the antifouling IPN hydrogels reported in the literature uti-
lized a synthetic polymer (e.g., PEG) as an antifouling com-
ponent, in which case, chemicals such as those that contain
methacrylate groups are required to modify and photo-cross-
link the polymers. This has complicated the synthesis of IPN
hydrogels. Moreover, PEG is prone to oxidative degradation,
thus destabilizing the hydration layer.>**”

To provide a stable hydration layer for the PBA-functiona-
lized hydrogel film, a facile two-step method of synthesizing
the IPN hydrogel film is reported in this work. First, polySBMA
brushes with different lengths were attached to the surface of
a quartz chip via surface-initiated ATRP. Surface-initiated ATRP
enables the synthesized zwitterionic polymer brushes with
high surface density and controllable thickness, thus achieving
a stable hydration layer.>*™**> Then, a mixture of glucose-sensi-
tive PBA, acrylamide (AM), and crosslinker (MBAA) was incor-
porated into the polySBMA brush matrix. The incorporation
was accomplished via the UV gel curing process. The IPN
hydrogel film can achieve excellent glucose sensitivity and
protein-resistant properties, which is mainly attributed to high
entanglement and favorable interaction between the antifoul-
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ing polySBMA brushes and the glucose-sensitive hydrogel and
the presence of the stable hydrogel layer in its matrix instead
of its surface. The protein resistance and glucose sensitivity of
the IPN hydrogel film were optimized by varying the thick-
nesses of the polySBMA brushes. We found that with
polySBMA at a thickness of ~50 nm, the IPN hydrogel film
could significantly reduce the nonspecific protein adsorption
and detect salivary glucose in the typical concentration range
(0-50 mg L™"). Therefore, this study presents a new strategy for
improving the antifouling properties and sensitivity of glucose
Sensors.

Results and discussion
Synthesis and structure of the IPN hydrogel film

Fig. 1a demonstrates the immobilization of the IPN hydrogel
film onto a quartz chip via a facile two-step method. Briefly,
the quartz chip was first cleaned with Piranha solution to elim-
inate organic substances. The initiator was attached to the
quartz chip through bifunctional molecules, which contained
an ATRP initiator at one end (a bromoisobutyrate moiety) and
a thiol at the other end, the feature that allows one-step
functionalization of the surface of the quartz chip with the
MUBIB initiator by forming an alkanethiol SAM. The MUBIB
chains attached to the gold substrate (quartz chip) contain
—C(CH3),Br groups, which serve as initiating sites in subsequent
ATRP for the preparation of polySBMA brushes.*® In the sub-
sequent ATRP, SBMA was utilized as a monomer to generate
polySBMA brushes that were then coated onto the quartz chip
(Fig. 1a-i). Finally, the prepolymer solution consisting of AM,
PBA and Bis was incorporated into the polySBMA brush matrix
by which the polySBMA brush matrix was immersed in the pre-
polymer solution for 30 min and was then spin-coated to form
a homogeneous liquid layer. The IPN hydrogel film was syn-
thesized using the UV gel curing process (Fig. 1a-ii).

As illustrated in Fig. 1b, the change in frequency shift was
not obvious, when the glucose solution was pumped into the
PSBMA coating modified PBA-functionalized hydrogel film,
indicating that the pSBMA coating can cause the reduction in
the glucose sensitivity of the PBA-functionalized hydrogel film,
making it unsuitable for monitoring low salivary glucose
levels. This may be attributed to the steric hindrance caused
by pSBMA coating. Similar results were also demonstrated by
Ingber et al., in which they found that traditional antifouling
coating could also hinder electron transfer, resulting in poor
sensitivity.>> To address this drawback, the IPN hydrogel film
was fabricated in this work; and to avoid the effect of film
thickness on glucose sensitivity, the thickness of the PBA-func-
tionalized hydrogel film and the IPN hydrogel film was chosen
as 438 nm and 440 nm, respectively (Fig. S1 and S27). Fig. 1b
shows that at a similar thickness, the glucose sensitivity of the
IPN hydrogel film was nearly 2-fold as high as that of the PBA-
functionalized hydrogel film. The possible mechanism of
glucose sensitivity and protein resistance of the hydrogel film,
which could be either through hydrogen bonding or ionic sol-
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Fig. 1 (a) Schematic diagram showing the synthesis procedure for the IPN hydrogel film: the quartz chip was coated with polySBMA brushes (i) and
then coated with the IPN hydrogel film (ii). (b) Sensitivity to glucose of the PBA-functionalized hydrogel film, the IPN hydrogel film at thicknesses of
438 nm and 440 nm, and the pSBMA coating modified PBA-functionalized hydrogel film. Numbers shown in the graph represent the glucose level.
(c) A schematic diagram illustrating the protein resistance of the IPN hydrogel film and the binding of the PBA-functionalized hydrogel film and the

IPN hydrogel film to glucose.

vation, is shown in Fig. 1c. Whereas the PBA-functionalized
hydrogel film forms unstable hydration layers via hydrogen
bonds, the IPN hydrogel film forms more stable hydration
layers via ionic solvation, which are caused by the strong
hydration capacity of pSBMA brushes. Fig. 1c shows that the
interaction of the PBA-functionalized hydrogel film with
glucose caused volumetric shrinkage; as a result, water could
be transported to the outside of the hydrogel matrix causing
water loss.”” This water loss resulted in an additional hydrogel
mass loss, which in turn reduced the glucose sensitivity of
QCM. Compared with that of the PBA-functionalized hydrogel
film, the interaction of the IPN hydrogel film with glucose
caused smaller volumetric shrinkage due to stable hydrated
layers formed by ionic solvation; therefore, the transport of
water to the outside of the IPN hydrogel film was nearly unob-
servable. The effect of the transport of water on glucose sensi-
tivity has also been demonstrated in our recent work.*® Owing
to its advantages, such as high entanglement and favorable
interaction between network components, the IPN hydrogel
film has dual-functional properties, which are antifouling and
glucose sensitivity. Owing to their strong hydration capacity
caused by ionic solvation, the polySBMA brushes that are

This journal is © The Royal Society of Chemistry 2020

coated on the quartz chips are highly resistant to bacterial
adhesion and biofilm formation.>® Moreover, with antifouling
polySBMA brushes distributed in its matrix instead of its
surface, the IPN hydrogel film can minimize the glucose sensi-
tivity loss. For these reasons, the IPN hydrogel film had higher
glucose sensitivity and protein resistance.

Characterization of the IPN hydrogel film

FTIR was employed to characterize the chemical reaction
occurring at the surface of the quartz chip during each step of
the IPN hydrogel film synthesis process (Fig. 2a). Before attach-
ing an initiator to the quartz chip, the IR spectrum of the acid-
treated quartz chip was not obvious (Fig. 2a-I). After the intro-
duction of the MUBIB initiator on the quartz chip, the charac-
teristic peaks corresponding to the stretching and bending
vibration of C-H in -CH, simultaneously appeared at 2926,
2846, and 1461 cm™', which indicates that the SAM formed
using an initiator has been attached to the surface of the
quartz chip (Fig. 2a-II). The characteristic peak of C-Br was
almost unobservable, because the SAM on the surfaces was
very thin.”® Bands at 1040 and 1181 cm™" are attributed to the
symmetric and asymmetric stretching vibration of S=O

Nanoscale, 2020, 12, 22787-22797 | 22789


https://doi.org/10.1039/d0nr05854h

Published on 09 October 2020. Downloaded by National Center for NanoScience and Technology, China on 11/23/2020 4:04:05 AM.

View Article Online

Paper Nanoscale
(a) (b)
~ o g ~yameay L
S 11 -~
< i 126 m s
@ [——— W <
g 2430 20262846 1727 1461 Vi 10 :;
4 14281342 =
E 3340 = A
= Br3d :  —initiator
1671 . '
4000 3500 3000 1500 1000 500 0 200 400 600 800
© Wavenumbers (cm™) (d) Binding Energy (eV)
130
—~ BIS ]20'
3 - 100
z 7 80 ’
§ g 52
= 2]
E 2 .
= 404
186 188 190 192 194 196 0 50 100 150 200 250
Binding Energy (eV) t (min)
Fig. 2 (a) FTIR spectra of: (I) the quartz chip cleaned with Piranha solution; (Il) the quartz chip coated with the initiator; (lll) the quartz chip coated

with polySBMA brushes; and (IV) the quartz chip coated with the IPN hydrogel film. (b) XPS spectra of the quartz chip coated with the initiator,
polySBMA brushes, and IPN hydrogel film. (c) An enlarged image of the area in the red circle shown in (b). (d) Change in polySBMA brush thickness
with polymerization time; the reaction was carried out in ethanol/water solution at 30 °C.

groups, respectively, and those at 1727 and 3430 cm™' are

attributed to the stretching vibration of C=0 in -COOC and of
O-H, respectively. This demonstrates that the polySBMA
brushes were successfully attached to the quartz chip (Fig. 2a-
I1I). Finally, the characteristic peak of -B(OH), was observed at
1342 cm™', indicating that the PBA-functionalized
hydrogel was successfully deposited into the polySBMA
brushes (Fig. 2a-1V).

To further examine the surface properties of the IPN hydro-
gel film during each step of its synthesis process, XPS was
employed to track the change in the surface composition of
the initiator on the quartz chip, as well as that of the
polySBMA brushes and IPN hydrogel film that were coated on
the quartz chip. The detailed XPS data of different samples
can be found in Table S1.1 According to the data, after the first
step of the reaction, which took place for 24 h, a small amount
of bromine (0.194%, Brsq) appeared at the binding energy of
about 69 eV (Fig. 2b). This further indicates that the initiator
was successfully attached to the surface of the quartz chip.
After the reaction with the surface-initiated ATRP, the charac-
teristic signal of bromine disappeared, while that of sulfo-
betaine (S, at 167 eV, N;g at 402 eV) appeared, indicating that
the polySBMA brushes were successfully grown from the
surface of the quartz chip. Some researchers suggested that
the disappearance of the bromine signal may be due to the ter-
mination of some living chains.”> However, other researchers

22790 | Nanoscale, 2020, 12, 22787-22797

believed that the XPS method can only measure to a depth of
~10 nm, and the chains on the surface may be entangled;
thus, the end of the living chains may not be located in the
outermost layer of the surface.’® The presence of the boric acid
derivative was confirmed by the high-resolution scanning spec-
trum of Byg located at 191 eV (Fig. 2¢). These results indicate
that the IPN hydrogel film has been successfully prepared. As
shown in Fig. 2d, the thickness of polySBMA brushes linearly
increased with an increase in polymerization time and was the
highest with a value of 130 nm when the polymerization time
was about 4 h. These results suggest that it is possible to
control the thickness of polySBMA brushes using surface-
initiated ATRP.

The surface roughness of the IPN hydrogel film

The effects of the SAM, polySBMA brushes and IPN hydrogel
film on the surface roughness of the quartz chip were exam-
ined using AFM. As shown in Fig. 3, compared with that of the
unmodified quartz chip (Rys = 7.53 nm, Fig. 3a), the surface
roughness of the SAM-coated quartz chip was lower (Rys =
7.47 nm, Fig. 3b), which might be due to the fact that the SAM
was very thin and homogeneous. In addition, the surface
roughness of the polySBMA brush-coated quartz chip (Rys =
5.80 nm) was lower than that of the SAM-coated quartz chip by
22%, indicating that homogeneous polySBMA brushes were
formed (Fig. 3c). The homogeneous polySBMA brushes can

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 AFM images of: (a) the uncoated quartz chip; (b) the SAM-coated
quartz chip; (c) the polySBMA brush-coated quartz chip; and (d) the IPN
hydrogel film-coated quartz chip. Different colors indicate different film
thickness.

achieve exceptional resistance to protein adsorption, presum-
ably because these brushes present a high-enough surface
density of SBMA moieties at the solid/water interface to
prevent the adsorption of proteins.'® The surface roughness of
the polySBMA brush-coated quartz chip increased (Rys =
26.52 nm) after the pre-polymer solution consisting of the
glucose-sensitive monomer was incorporated into the
polySBMA brushes (Fig. 3d). This further demonstrated that
the PBA-functionalized hydrogel has been successfully incor-
porated into the polySBMA brush matrix. This is consistent
with the observations by Beek et al,”’ in which they have
observed that the incorporation of a small amount of hyaluro-
nic acid into pHEMA hydrogels can increase the surface
roughness.

Glucose sensitivity and protein resistance of the IPN hydrogel
film in PBS solution

Phenylboronic acid (PBA) exists in two forms in aqueous solu-
tion, namely in a negatively charged dissociated state and in
an uncharged non-dissociated state. Dissociation equilibrium
exists between these two states. Non-dissociated PBA is a flat
triangle and forms an unstable complex with glucose, while
dissociated PBA has a tetrahedral structure and can form
cyclic lactones with glucose molecules via the reversible inter-
action of diol-containing glucose molecules and the hydroxyl
group of dissociated PBA (see Fig. $31).>*>* The QCM tech-
nique is a mass sensitive tool which utilizes the piezoelectric
properties of quartz crystals to measure the attached mass on
the quartz surface. When voltage is applied to a quartz crystal
causing it to oscillate at a specific frequency, the change in
mass on the quartz surface is related to the change in fre-
quency of the oscillating crystal. As shown in Fig. S4a,T there
is no increase in frequency shift when glucose molecules

This journal is © The Royal Society of Chemistry 2020
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cannot be specifically recognized by the IPN hydrogel film
without PBA. However, when PBA is introduced to the IPN
hydrogel film, it can effectively recognize the glucose mole-
cules, causing an obvious increase in frequency shift
(Fig. S4bt). Fig. S51 shows that the QCM sensor based on the
IPN hydrogel film reveals little fluctuation in frequency shifts
(3.1 Hz, the fundamental frequency of this QCM system is 5 x
10° Hz, only 0.62 millionth of the fundamental frequency) over
240 min in pH = 7.5 PBS solution. This demonstrates that the
IPN hydrogel film-coated QCM sensor has good stability. In
our recent work, we have demonstrated that the hybrid hydro-
gel film-coated QCM sensor possessed a similar stability.*®
Briefly, the total content of proteins in saliva is about
71-2232 mg L', of which the content of Muc. is 1190 =
170 mg L% To adjust the pH of the sample solution, the
sample solutions consisting of the pH = 7.5 PBS/saliva mixture
(1:1 v/v) were used in the QCM test in this study. As a result,
the concentration of protein in saliva could be diluted twice as
much. Therefore, 500 mg L' Muc., 500 mg L~' BSA and
500 mg L~ Fib. were used in QCM tests to study the protein-
resistant properties of the IPN hydrogel film. As can be seen in
Fig. 4a, at thicknesses greater than 52 nm, the frequency shift
increased with an increase in the thickness of polySBMA
brushes. The increase in the frequency shift of the sensor indi-
cated an increase in mass on the surface, which was physically
correlated with the increase in the mass of protein vibrating
with the sensor.® This may be because a thick polySBMA
brush layer could lead to strong dipole interactions between
zwitterionic pairs, thus reducing the hydration of the brush
and causing protein adsorption.”® A positive frequency shift
was observed at a thickness greater than 52 nm. A similar
result was also reported by Healy et al,”” in which they
observed a positive frequency shift when 300 mg L™ Fib. was
adsorbed onto the IPN film surface. They described that this is
due to the fact that the viscosity and density of the bulk fluid
was changed compared to those of PBS. The response to
10 mg L' glucose of the IPN hydrogel film containing
polySBMA brushes with different thicknesses is shown in
Fig. 4b. A positive change in frequency shift was also observed
for the IPN hydrogel film containing polySBMA brushes with
thicknesses of >62 nm, unlike thin polySBMA brushes. In
general, a negative frequency shift should be observed when
the glucose molecules were adsorbed onto the IPN hydrogel
film-coated QCM sensor. Thus, this unexpected positive fre-
quency shift may be attributed to the transport of water mole-
cules to the exterior of the IPN hydrogel film, causing the mass
of the sensing layer to decrease. In our recent work, we have
demonstrated that poor viscoelasticity of the PBA-functiona-
lized hydrogel film leads to the transport of water to the
outside of the hydrogel matrix owing to the increased cross-
linking density by glucose recognition.*® The curing reactions
of the IPN hydrogel film may be hampered by the steric hin-
drance of the interlocking network of thick polySBMA brushes,
causing poor viscoelasticity. Similar observations have also
been reported by Lee et al>® Therefore, to obtain the IPN
hydrogel film with high glucose sensitivity and protein resis-

Nanoscale, 2020, 12, 22787-22797 | 22791
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Fig. 4 (a) Adsorption of Muc. (500 mg L™ on polySBMA brushes with different thicknesses. (b) Response to glucose (10 mg L™) of the IPN hydrogel
film formed with polySBMA brushes with different thicknesses at pH = 7.5. The numbers in (a) and (b) represent the frequency shift. (c) Response

and recovery of the IPN hydrogel film measured using a QCM sensor at pH

= 7.5. (d) Response and recovery of the IPN hydrogel film at different pH

values. The numbers in (c) and (d) represent the glucose level. (e) Relationship between frequency shift and glucose concentration. (f) Adsorption of
500 mg L™ BSA, 500 mg L™ Muc., and 500 mg L™ Fib. on the PBA-functionalized hydrogel film, the IPN hydrogel film, and the z-hydrogel film at

pH = 7.5. The z-hydrogel represents the zwitterionic hydrogel.

tance, the polymerization time of polySBMA brushes was
chosen as 1 h.

We further studied the effect of the thickness of the IPN
hydrogel film on their glucose sensitivity and protein resis-
tance. The different thicknesses of the film (such as 360, 420,
440, and 630 nm) were prepared, and the results can be found
in Fig. S1.1 According to the results, the thickness at a certain
range had no obvious effect on the protein-resistant properties
of the IPN hydrogel film (Fig. S6at). This is mainly attributed
to the strong hydration capacity of polySBMA brushes caused
by ionic solvation. The relationship between the thickness of
the IPN hydrogel film and the frequency shift of glucose sensi-
tivity (data can be found in Fig. S6bt) showed that the fre-
quency shift increased as the film thickness increased from
360 nm to 440 nm. This is likely due to the fact that the
thicker the IPN hydrogel film, the more glucose molecules it
can bind.”® Nonetheless, the IPN hydrogel film with a thick-
ness of 630 nm had poor glucose sensitivity. A similar result
has also been observed by Dou et al.®® In their study, they
demonstrated that the thickness of the PBA-functionalized
hydrogel film has a significant effect on its glucose sensitivity,
and the hydrogel film with a thickness of 600 nm has poor
glucose sensitivity due to its poor viscoelasticity. Therefore, the
thickness of the IPN hydrogel film was selected as 440 nm in
this work.

The concentration of glucose in saliva is only 1 to 10% of
that in blood, and the typical salivary glucose level in humans

22792 | Nanoscale, 2020, 12, 22787-22797

is between 0.54 mg L™' and 37.8 mg L™'.” Therefore, the
glucose concentrations of 0-50 mg L™ were selected in this
study to study the glucose sensitivity. The response and recov-
ery behavior are important parameters for evaluating the
dynamic performance of the QCM glucose sensor. Fig. 4c
shows the response of the IPN hydrogel film to glucose at the
concentration range of 0.0 to 50 mg L™'. When glucose with
increasing concentration was pumped into the flow cell, the
fundamental frequency of the IPN hydrogel film-coated quartz
chip decreased due to the binding of glucose with the IPN
hydrogel film. In contrast, when glucose with decreasing
glucose concentration was pumped, the fundamental fre-
quency increased, reaching the maximum value (the value of
glucose-free solution), due to the dissociation of glucose from
the IPN hydrogel film. These results indicate that the dynamic
range of the IPN hydrogel film-coated QCM sensor is broad
enough to cover the typical range of salivary glucose. The
binding of glucose with boronic acid in the IPN hydrogel film
is pH dependent; thus, we conducted another glucose detec-
tion experiment at different pH values from 7.3 to 7.8 (Fig. 4d).
According to the data, glucose concentration was linearly cor-
related with pH (Fig. 4e), and the highest glucose sensitivity
was observed at pH = 7.8. This is likely due to the fact that a
higher pH value can facilitate the binding between glucose
and boronic acid in the IPN hydrogel film. However, there was
a slight lag of glucose desorption at this pH (pH = 7.8), which
may be attributed to the variations in the network stress of the

This journal is © The Royal Society of Chemistry 2020
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IPN hydrogel film derived from the swelling effect at high pH
values.® Therefore, based on these results, it can be inferred
that the optimal pH that results in the excellent glucose sensi-
tivity and dynamic performance of the IPN hydrogel film-
coated QCM sensor is pH = 7.5. The adsorption of BSA, Muc.
or Fib. onto the hydrogel film, the IPN hydrogel film and the
z-hydrogel film was measured by QCM (Fig. 4f). The IPN
hydrogel film reduced the adsorption of Muc. by about 88%
compared with that of the PBA-functionalized hydrogel film,
indicating that the IPN hydrogel film has excellent protein re-
sistance. To study the effect of hydration layers on protein re-
sistance, the z-hydrogel film was prepared. The z-hydrogel film
could largely increase the adsorption of Fib., which further
demonstrated that the hydrophilic crosslinker (Bis) could not
suitably crosslink the zwitterionic polymer, causing it to have
unstable hydration layers.® In general, to confirm the repeat-
ability of the sensors, three cycles of testing are needed.®
Therefore, five cycles of testing were selected in this study. In
the present study, repeatability testing was performed by alter-
natively pumping PBS solution (pH = 7.5, glucose-free) and
glucose solution (10, 30 and 50 mg L") into the flow cell. As
illustrated by Fig. S7,7 the IPN hydrogel film still has high sen-
sitivity to glucose under various concentrations after five
association-dissociation cycles. Moreover, as listed in
Table S2,} the relative standard deviations (% RSD) of the
QCM frequency response for this IPN hydrogel film at glucose
concentrations of 10, 30 and 50 mg L' are 2.4%, 8.3% and
6.5% (n = 5) respectively. Currently, blood glucose sensor var-
iances in the United States typically range from 3 to 10% for

——IPN hydrogel-7.5, diluted saliva
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disposable and continuous monitoring systems.®> Thus, these
results demonstrate that the IIPN hydrogel film has an accep-
table repeatability. The response to interferences such as fruc-
tose was not tested in this study, and this is because there are
almost no other saccharides except for glucose in saliva.>®
Moreover, in a recent study by Dou et al.,"” which investigated
the influence of possible competitive binding of interferences
(0.1 mM) on the glucose detection, it is demonstrated that the
PBA-functionalized hydrogel film-coated QCM sensor can
effectively detect glucose, despite the presence of other sac-
charides, such as fructose, maltose, and lactose.

The glucose sensitivity and protein resistance of the IPN
hydrogel film in saliva

Saliva contains different types of molecules, such as ions, low
molecular weight organic substrates, and proteins, which have
adverse effects on the sensitivity and accuracy of the detection
using the QCM sensor. Therefore, the PVDF film, solid phase
extraction, 100 °C for 30 min and an ion exchange resin were
employed to remove most of these molecules from saliva prior
to the detection.®® To evaluate the sensitivity of the IPN hydro-
gel film in response to glucose in real human saliva, a moder-
ate amount of glucose was spiked into the saliva. Fig. 5a and b
show the response and recovery of glucose in diluted saliva
(V7.5pBs ¢ Vsaliva = 9: 1) using the IPN hydrogel film-coated and
PBA-functionalized hydrogel film-coated QCM sensor. At
10 mg L™" glucose, the frequency shift of the IPN hydrogel film
was 28 Hz, which is a reduction by about 83% compared with

(b)
0 4 +*
0 o ST
1004 e e S
EN/ QCM chip
= -200+
: t
t
-300- 4210
——PBA-functionalized hydrogel-7.5, diluted saliva
-400+— T T r T T T

0 10 20 30 40 50 60

Fig. 5 (a and b) Response and recovery of glucose in diluted saliva by (a) the IPN hydrogel film and (b) the PBA-functionalized hydrogel film. The
numbers in (a) and (b) represent the spiked glucose level. (c—d) SEM images of (c) the IPN hydrogel film and (d) the PBA-functionalized hydrogel film

after 48 h incubation with human saliva.
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that of the PBA-functionalized hydrogel film (frequency shift:
163 Hz).

This indicates that the IPN hydrogel film possesses excel-
lent resistance to nonspecific protein adsorption in diluted
saliva, compared to the PBA-functionalized hydrogel film.
Moreover, a severe lag of glucose desorption was observed in
the PBA-functionalized hydrogel film, possibly caused by the
nonspecific protein adsorption.®> To further confirm the
protein-resistant properties of the IPN hydrogel film, we
carried out SEM imaging of the IPN hydrogel film and the
PBA-functionalized hydrogel film after incubating with human
saliva for 48 h, and the results are shown in Fig. 5c and d. As
can be seen from Fig. 5d, various impurities (e.g., protein and
bacteria) were found adhered onto the PBA-functionalized
hydrogel film surface, as was also observed by the large fre-
quency shift of the hydrogel in diluted saliva. By contrast,
impurities on the IPN hydrogel film surface were nearly unob-
servable (Fig. 5c), suggesting that the IPN hydrogel has good
protein resistant properties, thus avoiding nonspecific adsorp-
tion. The response and recovery of glucose in diluted saliva by
the IPN hydrogel film had good linearity with R* = 0.952 and
0.949, respectively. The glucose level in diluted saliva calcu-
lated based on the response and recovery curves can be found
in Fig. S8.T The total content of proteins in the serum is about
6 x 10*-8 x 10* mg L™, which is 27-1100 fold higher than that
in saliva (72-2232 mg L™").>® Therefore, to minimize the non-
specific protein adsorption, a moderate amount of glucose was
spiked into 1% diluted serum (V7 spps: Vserum = 99:1). The
PVDF film and ion exchange resin were also employed to
remove most of these molecules from the serum prior to the
detection. Fig. S9at shows the detection of glucose in the
diluted serum using the IPN hydrogel film-coated QCM
sensor. As the glucose concentrations gradually increased, the
frequency shift became more negative. Moreover, a frequency
shift of 45 Hz was observed due to nonspecific protein adsorp-
tion, when the diluted serum (glucose-free solution) was
pumped into the flow cell. However, unlike the PBA-functiona-
lized hydrogel film-coated QCM sensor (R*> = 0.713, see
Fig. S10%), the nonspecific protein adsorption does not affect
the glucose detection of the proposed QCM sensor, because
the glucose concentration had a good linear relationship with
frequency shift (R> = 0.978, see Fig. S9bf). These results
demonstrate that the IPN hydrogel film can potentially be
applied to detect glucose in complex biological samples such
as saliva and serum. To embody the advantage of the QCM
glucose sensor, the analytical properties of the QCM sensor
were compared with other detection methods. The results are
summarized in Table S3.f Obviously, the advantages of
glucose monitoring by using the QCM sensor are the IPN
hydrogel film with excellent antifouling properties, glucose
sensitivity and simple storage conditions over other detection
methods like electrochemical sensors. Likewise, to enhance
the accuracy of glucose detection in saliva or serum samples
using the proposed QCM sensor, the samples need a complex
processing process to remove proteins, etc. The detailed dis-
cussion can be found in the ESL.}
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Experimental
Materials

Fibrinogen, fraction I from bovine plasma (Fib.), Amberlite
732 and Amberlite IRA-4200 were purchased from Macklin.
Mucin (Muc.) from the bovine submaxillary gland was pur-
chased from Shanghai Yuanye Biotechnology Co. Ltd. Bovine
serum albumin (BSA), copper(r) bromide (99%), copper(u)
bromide (99%), Me,Cyclam (98%), 0.2 pm PVDF blotting films
and cattle serum were obtained from Sigma-Aldrich. N-(3-
Sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium
betaine (SBMA, 99%) and 2-hydroxy-2-methylpropiophenone
(HMPP, 99%) were purchased from J&k. w-Mercaptoundecyl
bromoisobutyrate (MUBiB, >95%) was obtained from
Shanghai D&B Biological Science Technology Co. Ltd.
N,N-Methylenebisacrylamide (Bis, 98%) was purchased
from Sinopharm Chemical Reagent Co. Ltd.
3-Acrylamidophenylboronic acid (PBA, 98%) was obtained
from Ark Pharm. Acrylamide (AM, 98.5%) was purchased from
Xilong Chemical Industry. Sulfuric acid (H,SO,, AR), hydrogen
peroxide (H,O,, 30% aqueous solution), ethanol (C,Hs;OH,
AR), dimethyl sulfoxide (DMSO, AR), glucose (C¢H;,06, AR),
sodium phosphate dibasic dodecahydrate (Na,HPO,, AR) and
potassium dihydrogen phosphate (KH,PO,, AR) were pur-
chased from Beijing Chemical Factory. Water used in the
experiments was purified using a Millipore water purification
system. Saliva was collected from volunteers.

Instrumentation

The surface morphology and thickness of the polySBMA
brushes and the IPN hydrogel film on the quartz chips were
determined by atomic force microscopy (AFM) operated in a
contact mode using a scattering SNOM (Neaspec GmbH).
Attenuated total reflection-Fourier transform infrared spectra
(ATR-FTIR) of the film surfaces were recorded using a Fourier-
transform infrared spectrometer (Nicolet 560). X-ray photo-
electron spectroscopy (XPS, ESCALAB250Xi) was used to quan-
titatively determine the elemental compositions, including
nitrogen (N), sulfur (S), bromine (Br) and boron (B), of the
surface of the material. The photoelectron take-off angle is
15°. The PBA-functionalized hydrogel film-coated and IPN
hydrogel film-coated quartz chips were placed in saliva for
48 h at room temperature. The quartz chips were then rinsed
with water and dried under a N, stream. Finally, the samples
were coated with gold and then subjected to observation using
a scanning electron microscope (Hitachi S-4800).

Synthesis of the IPN hydrogel film

Preparation of thiol-coated surfaces. First, quartz chips were
sonicated in a Piranha solution (98% H,SO,: 30% H,0, = 7: 3)
for 10 min to eliminate organic substances and were thereafter
rinsed with distilled water and dried under a N, stream. The
cleaned quartz chips were then immersed in a 1 x 107> M
o-mercaptoundecyl bromoisobutyrate initiator solution by
forming a self-assembled monolayer (SAM) at room tempera-
ture for 24 h. Before polymerization, the quartz chips were
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coated with a SAM, rinsed with pure ethanol, and then dried
under a N, stream.

Preparation of polySBMA brushes via surface-initiated ATRP.
Ten milliliters of a mixture containing ethanol and distilled
water (1:1; v/v) was degassed using three freeze-pump-thaw
cycles. After that, it was transferred under a N, atmosphere to
a Schlenk tube containing CuBr (19.1 mg, 133 pM), CuBr,
(5.9 mg, 26.5 pM), and Me,Cyclam (40.0 mg, 160 uM). In a sep-
arate Schlenk tube, a catalyst solution (blue solution) was
mixed with a monomer SBMA (1500 mg, 5.4 mmol). The
polymerization solution was then transferred to a reactor con-
taining the quartz chips coated with a SAM. The polymeriz-
ation reaction was carried out at 30 °C under a N, atmosphere,
and the samples were withdrawn at different times to obtain
polySBMA brushes with varying lengths. The quartz chips
coated with polySBMA brushes were washed with ethanol, fol-
lowed by water and were then stored in phosphate buffered
saline (PBS).

Fabrication of IPN hydrogel films. First, a pre-polymer solu-
tion consisting of 25% PBA, 2% BIS, 71% AM, and 2% HMPP
(by mass) in the DMSO solvent was prepared. After that, 25 pL
of the prepared pre-polymer solution was deposited onto the
upper electrode of polySBMA brush-coated quartz chips for
30 min, and then spun at a speed of 3500 rpm for 1 min. The
coated quartz chips were subsequently irradiated with ultra-
violet light (4 = 365 nm) under a N, atmosphere for 60 min for
UV curing. Finally, the obtained IPN hydrogel film-coated
quartz chips were repeatedly rinsed with ethanol, followed by
distilled water. The zwitterionic hydrogel (z-hydrogel) film was
prepared using a similar procedure, except that the pre-
polymer solution consisted of 25 wt% PBA, 5 wt% SBMA,
2 wt% BIS, 66 wt% AM, and 2 wt% HMPP (by mass) in a
solvent containing ethanol and distilled water (1:1 v/v) and
was placed in uncoated quartz chips. The PBA-functionalized
hydrogel film was also prepared using the same procedure,
except that the quartz chips were uncoated.

Synthesis of pSBMA coating modified PBA-functionalized
hydrogel film

The gold-coated PBA-functionalized hydrogel film was pre-
pared by magnetron sputtering and was then immersed in a 1
x 107 M e-mercaptoundecyl bromoisobutyrate initiator solu-
tion at room temperature for 24 h. After degassing using three
freeze-pump-thaw cycles, 10 mL of ethanol/distilled water
mixture (1:1 v/v) was transferred under a N, atmosphere to a
Schlenk tube containing CuBr (19.1 mg, 133 pM), CuBr,
(5.9 mg, 26.5 pM), and Me,Cyclam (40.0 mg, 160 uM). In
another Schlenk tube, the catalyst (blue solution) was mixed
with the monomer SBMA (1500 mg, 5.4 mmol) and was then
transferred to a reactor containing the PBA-functionalized
hydrogel film coated with a SAM. The reaction was carried out
at 30 °C under a N, atmosphere for 1 h, and the resultant
polySBMA coating modified PBA-functionalized hydrogel film
was washed with ethanol, followed by water, and then stored
in phosphate buffered saline (PBS).
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Verification of glucose sensitivity and protein resistance

A quartz chip coated with the IPN hydrogel film was dried
under a N, stream and then installed in the flow cell of a QCM
200 system (fundamental frequency of 5 MHz). PBS (0.1 mol
L~") was continuously pumped into the flow cell, during which
the frequency of the quartz chip was real-time monitored
using the QCM data acquisition software. The glucose detec-
tion capacity of the sensor was evaluated as follows: a solution
(1 mL) containing increasing glucose concentration (in PBS)
from 0 to 50 mg L™ or decreasing glucose concentration (in
PBS) from 50 to 0 mg L™" was gradually pumped into the flow
cell every 2 min, and the frequency shift AF associated with
each glucose concentration was recorded. To investigate the
effect of pH on the glucose sensitivity of the IPN hydrogel film,
the experiments were conducted at different pH values from
pH = 7.3 to pH = 7.8. To confirm the repeatability of the IPN
hydrogel film, the glucose solution at concentrations of 0 and
10 mg L™, 30 mg L™ and 50 mg L' were repeatedly pumped
into the flow cell respectively. The protein resistance of the
IPN hydrogel film was measured according to the above
procedure.

Conclusions

In summary, the IPN hydrogel film was successfully fabricated
by infiltrating the glucose-sensitive monomer into the zwitter-
ionic polymer brush matrix. The IPN hydrogel film had excel-
lent protein-resistant properties because of the strong
hydration capacity of polySBMA brushes, which could reduce
the adsorption of mucin by nearly 88%. Additionally, due to
the presence of the stable hydration layer, the IPN hydrogel
film enhanced glucose sensitivity with a value of nearly 2 fold
compared to the PBA-functionalized hydrogel film. The IPN
hydrogel film could also detect the typical salivary glucose
level (0-50 mg L") in diluted saliva with good response and
recovery behavior. These results demonstrate that the IPN
hydrogel film exhibits significant potential as an antifouling
and sensitive glucose probe for the QCM sensor for non-inva-
sive monitoring of glucose in saliva.
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