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Saliva glucose detection based on a quartz crystal microbalance (QCM) sensor has emerged as a promising
tool and a non-invasive diagnostic technique for diabetes. However, the low glucose concentration and
strong protein interference in the saliva hinder the QCM sensors from practical applications. In this study,
we present a robust and simple anti-fouling CNT-PEG-hydrogel film-coated QCM sensor for the
detection of saliva glucose with high sensitivity. The CNT-PEG-hydrogel film consists of two layers; the
bottom base PBA-hydrogel film is designed to recognize the glucose while the top CNT-PEG layer is
used to restrict protein adsorption and improve the biocompatibility. Our results show that this CNT-
PEG-hydrogel film exhibited a 10-fold enhancement on the detection limit compared to the PBA-
hydrogel. Meanwhile, the adsorption of proteins on the surface of the CNT-PEG-hydrogel film, including
bovine serum albumin (BSA), mucin (MUC), and fibrinogen (FIB), were reduced by 99.1%, 77.8%, and
83.7%, respectively. The CNT-PEG-hydrogel film could detect the typical saliva glucose level (0-
50 mg L™ in 10% saliva with a good responsivity. To sum up, this new tool with low-fouling film
featuring high stability, specificity, and selectivity holds great potential for non-invasive monitoring of
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Introduction

Diabetes is the most common endocrine disease often accom-
panied by complications such as periodontitis, kidney failure,
blindness, etc.** So far, no definite cure has been developed,
and continuous monitoring of blood glucose is needed to help
doctors guide patients’ treatment plans. The diagnostic
methods for blood glucose detection are predominantly based
on analyzing finger blood, venous blood, and intercellular fluid,
which are all invasive.® Over the last decade, scientists have
been trying to develop non-invasive methods for detecting
glucose in sweat,® tears,” urine,® or saliva.>'® Among these
specimens, saliva is an attractive alternative to blood, as its
collection is inexpensive, and the method is completely non-
invasive.* In addition, saliva glucose levels have been demon-
strated to be positively correlated with blood glucose levels."
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saliva glucose in human physiological levels.

Saliva glucose level is approximately 5-10 mg L™ " for healthy
people, and above 10 mg L' in diabetic patients.’*'* Since
these concentration levels are only 1-10% of that found in
blood, its detection requires platforms with extremely high
sensitivity. Recent years have seen an increasing interest in
using quartz crystal microbalances (QCMs) as biosensors for
health monitoring, including antibody testing, glucose level
monitoring, and others.”>'® QCM is a mass sensor with a high
accuracy that can realize specific rapid recognitions of various
biomolecules when modified with different specially designed
sensing materials.'*** For example, phenylboronic acid hydro-
gel (PBA-hydrogel) films have been respectively fabricated and
immobilized onto the QCM electrodes to recognize glucose
molecules. These films can provide boric acid sites that can
bind with the glucose to trigger the frequency response of
QCM.*>'%?*> Compared to traditional glucose-sensitive films,
PBA-hydrogel offer higher sensitivity and accuracy. However,
human saliva contains various proteins with much higher levels
compared to glucose.>**” These proteins are indistinguishably
adsorbed by the glucose-sensitive films, seriously interfering
with the sensing-films/biomarkers interactions. To circumvent
these limitations, a host of anti-fouling materials have been
developed to resist protein adsorption. Those commonly-
applied anti-fouling materials include poly(ethylene glycol)
(PEG) and its derivatives,*?® zwitterionic materials,** bovine
serum albumin (BSA),** peptides,* and other candidates (e.g.,
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hyaluronic acid (HA),* polyoxazoline,* etc.). Compared to these
antifouling materials, PEG and its derivatives are some of the
most accessible and adopted materials, which tend to hydrate
and form a hydrophilic surface that generates a large entropic
penalty by releasing and displacing its bound water so as to
resist the non-specific adsorption of proteins.*****” Over the
years, tremendous efforts have been made to optimize the
sensing films, especially to design various anti-fouling brushes.
For example, PEG coating has been designed as a simultaneous
anti-fouling layer together with an antibody-sensing layer to
detect insulin in 50% serum.®® Nevertheless, great care has to be
taken when designing and fabricating the anti-fouling PEG
brushes, especially its packed density, since large steric
hindrance may appear for densely packed brushes that signifi-
cantly impede target molecules from transferring to the
underlying sensing films and affect the sensitivity.*>** However,
if the brushes are too sparsely arranged, their ability to form
a stable hydration layer may be so greatly impaired that no
significant performance of protein resistance can be achieved.
To address these issues, new strategies have focused on
designing anti-fouling films that can resist the non-specific
adsorption of protein and allow access to glucose transferring
simultaneously.

In this study, an innovative strategy that incorporates carbon
nanotubes (CNT) decorated with PEG brushes coated onto the
base PBA-hydrogel (CNT-PEG-hydrogel) film was designed to
improve the glucose sensitivity and protein resistance at the
same time. The CNTs were selected since they possess a huge
surface-to-volume ratio that can immobilize the PEG brushes.**
Meanwhile their porous structures provide adequate pathways
for glucose transport. In addition, they are highly stable in both
chemical and physical properties. All these qualities make CNTs
the perfect solution for improving glucose sensitivity and
protein resistance. The fabricated low-fouling CNT-PEG-
hydrogel film consists of two layers, a bottom base glucose-
sensitive PBA-hydrogel film and the topmost porous anti-
fouling CNT-PEG coating. The testing results have shown that
this combination possesses high sensitivity to glucose and
superior ability to tolerate protein. In brief, this study presents
a new strategy for improving the anti-fouling properties and the
specificity of glucose-sensitive QCM sensors.

Results and discussion
Preparation of the CNT-PEG-hydrogel coated QCM electrode

CNT-PEG-hydrogel was successfully immobilized on the QCM
electrode surface via a facile three-step method. Firstly, an
adequate scheme is of great importance to achieve high loading
of immobilized anti-fouling materials. CNT-COOH was used to
load the PEG brushes as many as possible. The activation of
carboxylate groups of CNT-COOH to form succinimidyl ester
was achieved using EDC/NHS. NH,-PEG-NH, was then immo-
bilized to the CNT-COOH, forming CNT-PEG nanotubes
(Fig. 1a). After the subsequent rinsing with redistilled water, an
amount of ether structures was seen on the surface of CNT-PEG
coating. Subsequently, the quartz electrode was first cleaned
with piranha solution and rinsed with ultrapure water to
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eliminate organic substances, the double bond can be modified
by immersing electrode into mixed solution of maleic anhy-
dride (100 mg) and N,N'-dimethylformamide (5 mL) for 12 h.
Then the QCM electrode was immersed in the prepolymer
solution (consisting of AM, 3-PBA, and BIS) for 1 h. PBA
hydrogel film was obtained by pressing-assisted UV exposure on
the upper side of the QCM electrode (Fig. 1b).** Finally, CNT-
PEG dispersion was spin-coated on the PBA-hydrogel film and
allowed to form CNT-PEG-hydrogel.

PBA-hydrogel consists of AM, BIS, and 3-PBA. AM is used as
a common monomer for hydrogel materials, BIS contains
double bonds at both ends and is used as a cross-linking agent,
and 3-PBA contains phenylboronic acid groups that enable the
recognition of glucose. Phenylboronic acid has long-term
stability in aqueous buffers and exists in two forms in an
aqueous solution: in a negatively charged dissociated state and
an uncharged non-dissociated state. The boronic acid groups
are in equilibrium between the non-dissociated and the disso-
ciated form. Non-dissociated is a flat triangle and forms an
unstable complex with glucose, while a dissociated state has
a tetrahedral structure and can form cyclic lactones with
glucose forming glucose-boronate complex.'® Therefore, the
PBA-hydrogel could form a stable complex with glucose.
Furthermore, PEG could resist nonspecific protein adhesion
through the entropic penalty of releasing and displacing bound
water from the hydrophilic PEG surface.*>* In addition, CNT-
COOH has a unique structure with a high surface area that
can immobilize PEG brushes and provide adequate pathways
that permit glucose molecules to transfer and bind with the
bottom PBA-hydrogen film. Therefore, the CNT-PEG-hydrogel
film features stability, high specificity, selectivity, and excel-
lent anti-fouling properties, rendering the QCM sensor highly
sensitive and accurate to detect and monitor saliva glucose.

Characterization of PBA-hydrogel and CNT-PEG-hydrogel
coated electrode

The morphology of CNT-COOH and CNT-PEG were character-
ized using TEM (HT-7700). The CNT-PEG shows a typical CNT
hollow fibber shape. Compared to the neat CNT-COOH, an
amorphous layer was seen in CNT-PEG, which denotes that the
PEG is successfully grafted on the CNT-COOH nanotube (Fig. 2a
and b). Raman spectra (Renishaw) approved the hybrid carbon
of CNT-COOH and CNT-PEG. An increase in the D band's peak
intensity ratio over the G band (D/G) from 0.31 to 0.60 (Fig. 2c)
was found for CNT-PEG. The increased D/G value indicates that
the chemical reaction occurs at the sp> hybrid carbon of CNT-
COOH to form sp® hybrid carbon.

The contact angle measurement is useful in evaluating
surface macroscopic properties, such as surface energy and
hydrophilicity (wettability).*#** If the substrate has relatively
high surface energy, the liquid will wet the solid surface
showing a small contact angle; conversely, low surface energy
results in a large contact angle.*® In this study, the contact angle
measurements were used to further examine the hydrophilicity
properties of the PBA-hydrogel and CNT-PEG-hydrogel. PEG
brushes can improve the aqueous surface wettability and form
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Fig. 1

a stable hydration layer, which is beneficial for resisting protein
adsorption and improving the diffusion of soluble glucose
through to PBA-hydrogel.*” The water contact angle of CNT-PEG-
hydrogel was 49.0° + 2.3° (Fig. 2g), half of the PBA-hydrogel
(79.5° £ 2.8°, Fig. 2d). These results demonstrated that CNT-
PEG-hydrogel could form a stable hydration layer, and hydro-
philicity was improved.

To better understand these enhanced glucose-sensing
properties, we characterized the porosity and topography of
the PBA-hydrogel and CNT-PEG-hydrogel using SEM and AFM.
For the PBA-hydrogel with a smooth surface (Fig. 2d, e and
S2aft), the surface roughness of the PBA-hydrogel-coated elec-
trode was RMS = 3.99 + 1.08 nm (Fig. S2at), and the thickness
of the PBA-hydrogel films was 322 + 24 nm (Fig. 2d). After
coating CNT-PEG onto the surface of the PBA-hydrogel, the
surface appeared uneven, and CNT-PEG staggered on the
surface of hydrogel (Fig. 2g and h). Moreover, the surface
roughness was increased to RMS = 44.06 + 14.4 nm (Fig. S2b¥),
and the thickness of the CNT-PEG-hydrogel was increased to
754 £+ 14 nm (Fig. 2g), which further proved that the CNT-PEG
nanocomposite coating was successfully fixed onto the surface
of PBA-hydrogel. In addition, the PBA-hydrogel displayed many
regular holes 8-10 nm in diameter that can provide enough
glucose transfer pathways (Fig. 2e). In contrast, CNT-PEG-
hydrogel displayed 5-10 nm that can filter out some proteins
(the diameter ranged from 2 nm to tens of nanometers*®) and
allow the glucose (the diameter is 0.36 nm (ref. 49)) through to
the PBA-hydrogel (Fig. 2h).

X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi) was
used to examine the surface composition of the CNT-PEG-
hydrogel (Fig. 2f). The presence of PBA-hydrogel was
confirmed by the high-resolution XPS of B 1s located at
~191.5 eV (Fig. S27).>® Moreover, the detailed XPS data of
different samples are shown in Table S1.f This indicates that
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the CNT-PEG was successfully attached to the surface of the
PBA-hydrogel.

Fourier Transform Infrared Spectroscopy (FTIR) was used to
verify the chemical structure of the materials (Fig. 2i, S4a and
bt). The broad mode centered at ~3200 cm ™" was predomi-
nately due to the N-H stretching motions of the amide group.
The predominant modes at ~2940 cm ' were due to the
symmetric and asymmetric stretching motions of the methy-
lene groups. The PBA-hydrogel revealed two peaks at
~1660 cm ' that were predominately due to C=0 and N-H
bending. The band centered at ~1344 cm ™" was due to vibra-
tional modes involving B-O stretching motions (Fig. S3bt).*>
The appearance of these modes indicated that the PBA-hydrogel
was successfully grown on the surface of the QCM electrode.
After PEG was fixed on the CNT-COOH, there was a strong
absorption peak around ~1110 cm ™', which was predominately
due to the C-O-C stretching motion (Fig. S4at). These modes
and intensities indicated the introduction of an ether bond
(PEG), while it could also be inferred that CNT-PEG was
successfully synthesized.

Glucose sensitivity of CNT-PEG-hydrogel coated QCM sensor

QCM sensor can provide a sensitive means for direct label-free
detection of biomarkers by modifying different sensitive mate-
rials on the QCM electrode. In this study, CNT-PEG-hydrogel
and PBA-hydrogel-coated QCM sensors were applied to detect
glucose concentrations. Firstly, the stability of the PBA-hydrogel
and CNT-PEG-hydrogel was evaluated in PBS. When the QCM
electrodes were immersed in PBS for nearly 2 h, the frequency
shift fluctuations (AF) were only ~4.6 Hz and ~1.0 Hz (Fig. 3a
and e), respectively, suggesting that the rigid CNT-PEG coating
improves the stability of the sensor.

As it was reported,””*° the detection limit of the PBA-hydrogel
and CNT-PEG-hydrogel was based on a QCM sensor that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(@) TEM micrographs of CNT-COOH. (b) TEM micrographs of CNT-PEG. (c) Raman spectra of CNT-COOH and CNT-PEG. (d) Water

contact angles and SEM images of PBA-hydrogel films. (e) AFM images of the PBA-hydrogel films. (f) XPS spectra of CNT-COOH, CNT-PEG, PBA-
hydrogel, and CNT-PEG-hydrogel. (g) Water contact angles and SEM images of CNT-PEG-hydrogel films. (h) AFM images of the CNT-hydrogel
films. (i) FTIR spectra of the CNT-PEG nanocomposite coating, PBA-hydrogel films, and CNT-PEG-hydrogel films.

gradually increased the glucose concentration. When the
concentration increased to 5 mg L', AF had a noticeable
decrease (LOD = 5 mg L") (Fig. 3b). For CNT-PEG-hydrogel
coated QCM, AF had an apparent decrease when the glucose
concentration increased to 0.5 mg L™" (LOD = 0.5 mg L")
(Fig. 3f). Because CNT-PEG was able to bind a significant
amount of water molecules via hydrogen bonding and form
a hydration layer, it led to higher swelling and porosity.*” So, the
detection limit of the CNT-PEG-hydrogel film-coated QCM
sensor was decreased after coating CNT-PEG on the PBA-
hydrogel.

The detection medium's pH value has a vital role in the
binding ability of the PBA-hydrogel and CNT-PEG-hydrogel.
After increasing the pH, the number of charged species
increases. Consequently, the hydrogel swells due to the Donnan
effect.” Moreover, the higher pH promoting ionization of boric
acid and increasing the number of glucose molecules that bind
to boric acids stimulate the PBA-hydrogel and CNT-PEG-
hydrogel swelling. With alkaline enhancements, the boronic
acid groups have a stronger binding affinity to diols in an
alkaline environment. As shown in Fig. 3c and g, when the

© 2021 The Author(s). Published by the Royal Society of Chemistry

glucose concentration gradually increases from 0 to 50 mg L™,
the absolute value of AF increases rapidly. Glucose binding of
PBA-hydrogel and CNT-PEG-hydrogel at pH 6.8 results in
a slight frequency shift value of AF increase was proportional to
the glucose concentrations at different pH. For CNT-PEG-
hydrogel, the relevant coefficient between glucose concentra-
tion and AF was 0.9883 (pH = 6.8), 0.9951 (pH = 7.2), and
0.9976 (pH = 7.5), respectively (Fig. 3g). Thus, CNT-PEG-
hydrogel adequately encompassed the range of glucose
concentration in physiological conditions, and the dynamic
range of the PBA-hydrogel coated, and CNT-PEG-hydrogel was
broad enough to cover the typical range of saliva glucose.*
Interestingly, compared with the PBA-hydrogel, the AF of CNT-
PEG-hydrogel showed obvious changes and increased by ~1.5
times.

Phenylboronic acid and its derivatives can covalently bind to
glucose and reversibly form a boric acid diester.” To assess the
reversibility of glucose binding to the PBA functionalized
hydrogel, we exposed a QCM electrode modified with PBA-
hydrogel and CNT-PEG-hydrogel to the buffer solution (pH =
7.5) without or with 50 mg L™ " glucose. As illustrated by the data

RSC Adv, 2021, 11, 22556-22564 | 22559


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02841c

Open Access Article. Published on 28 June 2021. Downloaded on 4/22/2026 9:23:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
(@ (b) © (@)
8 30 30
— PBA-hydrogel 0
— PBA-hydrogel U-mg/L -@- PBA-hydrogel
20 — 15
E -20 22 E
- ¥y = 04 e ® ® ® [ ]
ﬁ -40 4 =
< 4
= = pH-68,R?-09897 1|5 =15
a o pH-7.2, R2=0.9990 a 50l V U e e e
8014 pH-7.5, R2=0.9961
454
- 30 v . 100 . . .
0 20 40 60 80 100 120 0 500 1000 1500 2000 2500 10 20 30 40 50 0 1000 2000 3000 4000
Time(min) Time (s) Glucose (mg/L) b Time (s)
© ®,, 6) (),
|— CNT-PEG-hydrogel 0
4 — CNT-PEG-hydrogel U-mg/L -@-CNT-PEG-hydrogel
20 _ 20 15
N
= 40 é‘
B -60 = iz
S 80 5 =
) » pH-6.8, R"=0.9883 8 5
8-100 5 = 301
H-7.2, R"=0.9951
-1209° P 5 R s
-4 14044 pH-7.5,R“=0.9976
. -60

1000 1500 2000 2500
Time (s)

T v r T T -30 T
0 20 40 60 80 100 120 0 500

Time (min)

Fig. 3 (a) The stability of PBA-hydrogel film in PBS solution at pH = 7.5.

1000 2000 3000 4000
Time (s)

10 20 30 40 50 0
Glucose (mg/L)

(b) The low detection limit of the PBA-hydrogel film. (c) Response of the

PBA-hydrogel film at different pH values (6.8-7.5). (d) Repeatability of PBA-hydrogel film coated QCM sensor. (e) The stability of CNT-PEG-

hydrogel film in PBS solution at pH = 7.5. (f) The low detection limit of

CNT-PEG-hydrogel film. (g) Response of the CNT-PEG-hydrogel film at

different pH values (6.8—-7.5). (h) Repeatability of CNT-PEG-hydrogel film coated QCM sensor.

in Fig. 3d and h, both the PBA-hydrogel and CNT-PEG-hydrogel
coated QCM response to five alternating exposures to 50 mg L™ *
glucose and 0 mg L~ " glucose in PBS solution was constant
(Fig. 3h). Moreover, as listed in Table S2, the relative standard
deviations (RSD) of AF for PBA-hydrogel and CNT-PEG-hydrogel
coated sensors were 3.2% and 5.1% (n = 5). Considering the
blood glucose sensors variances of disposable and continuous
monitoring systems typically range from 3 to 10%,** the
repeatability of both PBA-hydrogel and CNT-PEG-hydrogel film
was acceptable.

Protein resistance of CNT-PEG-hydrogel coated QCM sensor

The composition of saliva is complex and contains a variety of
proteins. These proteins can be adsorbed and hinder the QCM
sensor from maintaining its sensing functionality.* CNT-PEG
coating tends to form a stable hydration layer that generates
entropic penalty by releasing and displacing its bound water,
thus restricting nonspecific adsorption of proteins.** To
improve the ability of protein resistance, the CNT-PEG nano-
composite was coated on the surface of the PBA-hydrogel. We
prepared different thickness of the CNT-PEG-hydrogel. The
thicknesses of the CNT-PEG-hydrogel (such as 383 + 15 nm, 559
+ 32 nm, and 754 + 14 nm) were proportional to the CNT-PEG
concentration (250 mg L%, 500 mg L™ %, 100 mg L™ %) (Fig. S57).
At the appropriate thickness, the CNT-PEG coating forms
a hydration layer and improves aqueous surface wettability,
which, in turn, improves the anti-fouling properties while
enhancing glucose transfer to the sensing films. According to
the results, the CNT-PEG-hydrogel film's protein-resistant
properties improved as the thickness increased, and the thick-
ness had no obvious effect on the glucose-sensitive (Fig. S57).
When the thickness of CNT-PEG approaches 754 £+ 14 nm, it can

22560 | RSC Adv, 2021, 11, 22556-22564

anti-foul but also improve glucose transfer to the sensing films.
The protein-resistant properties of the CNT-PEG-hydrogel and
PBA-hydrogel, the adsorption of BSA, MUC, and FIB were
measured by QCM sensor (Fig. 4a). Compared with PBA-
hydrogel, the adsorption of BSA, MUC, and FIB could be
reduced by nearly 99.1%, 77.8%, and 83.7%, respectively,
indicating the CNT-PEG-hydrogel has excellent protein
resistance.

Apart from proteins, some small molecules in human saliva,
e.g. uric acid (UA), r-cysteine (t-Cys), L-glutathione (GSH) and
creatinine (CRE), also influenced the accuracy of the test
results.” As shown in the Fig. 4b and Table S4, the responding
frequency of UA (100 mg L™'), 1-Cys (100 mg L™ '), GSH
(100 mg L), and CRE (100 mg L) was —6.5 & 2.2 Hz, 9.0 +
4.9 Hz, 10.8 + 2.6 Hz, —5.4 + 2.6 Hz, respectively. While the
responding frequency of 100 mg L' glucose was —161.0 =+
19.0 Hz. This result indicates small molecules disturbance to
measurements of glucose detection can be ignored.

To evaluate the sensitivity of the CNT-PEG-hydrogel coated
sensor to glucose in real human saliva, a moderate amount of
glucose was spiked into the 10% saliva (Vinixed saliva : VpH-7.5 pBs
=9:1). At 50 mg L' glucose, the AF of the CNT-PEG-hydrogel
was ~80 Hz in 10% saliva (Fig. 4d), which is an approach to the
AF of PBS. Due to the nonspecific adsorption of protein, the AF
of PBA-hydrogel was ~201 Hz in 10% saliva (Fig. 4c), almost 2.5
times more than CNT-PEG-hydrogel. The CNT-PEG-hydrogel
film-coated sensor had a good linear relationship between
glucose concentration and AF, (R*> = 0.9990) in 10% saliva
(Fig. S8t). Moreover, as listed in Table S3,t the relative standard
deviations (RSD) of CNT-PEG-hydrogel coated sensors were
9.1%, 11.2%, and 8.2% respectively (n = 5). This result indicates

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that the CNT-PEG-hydrogel film-coated QCM sensor has an
acceptable reproducibility in 10% saliva.

To further verify the protein-resistive properties of the CNT-
PEG-hydrogel, we carried out SEM imaging of CNT-PEG-
hydrogel and PBA-hydrogel after incubating with saliva for
24 h. As shown in Fig. 4c, some cracks appeared, and impurities
were adsorbed on the surface of PBA-hydrogel. By contrast,
impurities on the surface of CNT-PEG-hydrogel were nearly
unobservable (Fig. 4d). These results indicated that the CNT-
PEG-hydrogel possesses excellent resistance to nonspecific
adsorption of protein compared to PBA-hydrogel. These data
also demonstrated that the CNT-PEG-hydrogel film-coated QCM
sensor holds significant potential for non-invasive monitoring
of glucose in saliva.

As shown in Table S5,T to epitomize the advantage of the
QCM glucose sensor, some detection methods were also
compared. The advantages of CNT-PEG-hydrogel film-coated
QCM sensor over other detection methods like Field Effect
Transistor (FET) sensors are excellent anti-fouling properties,
glucose sensitivity, and time saving.*®

Conclusions

A new type of low-fouling CNT-PEG-hydrogel film-coated QCM
sensor, which was designed, fabricated, and tested to detect the
saliva glucose level, showed notable performances in both
protein resistance and glucose sensitivity. This designed CNT-
PEG-hydrogel film consists of two layers as a topmost porous
CNT-PEG coating and a base PBA-hydrogel film at the bottom.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The former layer tends to form a stable hydration layer that
restricts the adhesion of protein; meanwhile, its porous
framework provides adequate pathways that permit small
glucose molecules to transfer to the bottom PBA-hydrogel film.
The testing results showed that the glucose sensitivity of this
CNT-PEG-hydrogel film was enhanced by nearly 10-folds
compared to that of the PBA-hydrogel film, and the nonspecific
adsorption of BSA, MUC, and FIB was reduced by nearly 99.1%,
77.8%, and 83.7%, respectively. Hence, CNT-PEG-hydrogel
enables glucose detection (0-50 mg L") in 10% saliva with
a good response, which can be seen as a considerable
improvement for the existing glucose-sensitive QCM sensors.
This design film features easy preparation, stability, high
specificity, and selectivity, thus having great potential for non-
invasive monitoring of human glucose levels.

Materials and methods

Materials

N,N-Methylenebisacrylamide (BIS, 98%) was purchased from
Singapore Harm Chemical Reagent Co., Ltd. 3-Amino-
phenylboronic acid (3-PBA, 98%), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, 98%), N-hydrox-
ysuccinimide (NHS, 98%), 3-aminopropyltriethoxysilane
(APTES, 98%) were bought from Alfa Aesar Chemicals Co., Ltd.
Acrylamide (AM, 98.5%) were from Xilong Chemical Industry
Incorporated Co. Ltd. 2,2-Dimethoxy-1,2-diphenylethanone
(DMPA, 98%) were from Tokyo Chemical Industry. Carboxylic
multi-walled carbon nanotubes (CNT-COOH, >95%) were
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purchased from Shanghai Macklin Biochemical Co., Ltd, and
the content of -COOH was about 3.9%. Amine-PEG-amine
(NH,-PEG-NH,, >98%, MW = 2000) was acquired from Beijing
HWRK Chem Co., Ltd. Fibrinogen (FIB), mucin (MUC), and
bovine serum albumin (BSA) were purchased from Shanghai
Yuanye Biotechnology Co. Ltd. Analytically pure reagents
(glucose, ethanol, dimethyl sulfoxide, N,N-dimethylformamide,
H,S0, (98%), H,0, (30%), sodium phosphate dibasic dodeca-
hydrate and potassium dihydrogen phosphate) were used for
carrying out the experiments.

Saliva samples

Saliva samples were provided by the project “early identifica-
tion, early diagnosis and cutting point of diabetes risk factors”
(2016YFC1305700). All participants were between 18-82 years
old and they provided written informed consent. The donors
fasted for 8 h prior to collecting samples. Participation in these
studies was voluntary, and the medical ethics committee of
Jiangsu Provincial Center for Disease Control and Prevention
(JSJK2017-B003-02). China has approved the study protocols. To
reduce the impact of differences in individual saliva content
and acquire enough saliva samples, we mixed the saliva
samples that originate from multiple people. Before the
measurement, ion chromatography was used to detect the
concentration of glucose in the mixed saliva. Only the glucose
concentration of the mixed saliva is =1 mg L™ that can be
applied for glucose detection.

Saliva collection tubes (Salivette) were used to collect “fasting
saliva”. The tubes were centrifuged for 10 min at 4000 rpm to
extract saliva. Saliva aliquots were stored at —20 °C before
analysis to maintain their biological characteristics.

Instrumentation

Glucose and anti-fouling tests were performed using a quartz
crystal microbalance (QCM 200, Stanford Research Systems).
The surface topography and thickness of the hydrogel were
obtained by scanning electron microscope (SU-8200). Atomic
force microscopy (AFM, M8-HR) was used to determine the
morphology and roughness of the hydrogel. Hydrophilicity was
measured by using a fully automatic contact angle measuring
instrument (DSA-100). The functional groups of the materials
were determined using a Fourier-transform infrared spectrom-
eter (Nicolet 560). X-ray photoelectron spectroscopy (XPS,
ESCALAB250X) was used to examine the surface composition of
the CNT-COOH, CNT-PEG, PBA-hydrogel, and CNT-hydrogel
film. The forces applied during the preparation of hydrogel
were realized using a lab-built pressure machine. Ultraviolet
polymerization was achieved using a UV lamp (the wavelength
is 365 nm, and the maximum power is 3 W). The CNT-PEG
coating was formed by Spin-coater (KW-4B, Beijing Teesside
Case Electronics Co., Ltd.).

Surface modification of the QCM electrode

The QCM electrodes were sonicated for 10 min within piranha
solution (H,SO,4 (98% w/w) and H,0, (30% w/w) in a volume
ratio of 7:3). Then, they were sonicated with ethanol and

22562 | RSC Adv, 2021, 11, 22556-22564
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acetone for 10 min to remove the protective impurities. The
processed electrodes were washed with redistilled water and
dried with N,, and then immersed in a mixed solution of 3-
aminopropyltriethoxysilane (100 uL) and ethanol (50 mL) at
room temperature. After 12 h, the QCM electrodes were rinsed
with ethanol and subsequently dried with N,. The dried elec-
trodes were immersed in a mixed solution of maleic anhydride
(500 mg) and N,N-dimethylformamide (25 mL) for 12 h.*
Finally, the treated electrodes were rinsed with ethanol and
dried with N,.

Preparation of PBA-hydrogel film

The preparation of PBA-hydrogel film was prepared as follows:
(1) 5 mol L™" prepolymer solution was prepared, consisting of
35.07% 3-PBA, 3.14% BIS, 56.56% AM, and 5.23% DMPA
dimethyl sulfoxide; (2) 25 pL of the pre-polymerization solution
was dropped onto a quartz plate. The electrode was placed face
down on the pre-polymerization solution and pressed with
reasonable force. The crystal plate was irradiated with a UV
lamp (A = 365 nm) for 1 h, after which it was placed in distilled
water for about 1 h to automatically detach the hydrogel-coated
QCM sensor from the working solid substrate-crystal plate. (3)
The PBA-hydrogel-coated electrode was rinsed with redistilled
water.

Preparation of CNT-PEG nanocomposite

Firstly, 50 mg of multiwalled CNT-COOH was sonicated in
a bath sonicator (80 W) for 30 min within 15 mL of phosphate
buffered saline (PBS, 15 mL, pH = 7.0), which enabled the CNT-
COOH to disperse uniformly. Then, the CNT-COOH could be
functionalized using carbodiimide chemistry; 100 mg EDC, and
125 mg NHS, which were sonicated in the PBS solution for
30 min at 30 °C. Subsequently, 100 mg NH,-PEG-NH, was
added into PBS mixture solution and stirred for 24 h at 30 °C.
The CNT-PEG was recovered by centrifugation, and the pellet
was washed with deionized water to remove PEG excess. A black
residue (CNT-PEG) was obtained after drying under a vacuum.

Preparation of CNT-PEG-hydrogel film

The CNT-PEG nanocomposite dispersions was prepared by
mixing 10 mL EtOH/H,O (V:V = 3:1) solution with 10 mg
CNT-PEG and sonicating for 5 min. The PBA-hydrogel-coated
QCM electrode was then rinsed with deionized water to
remove impurities and subsequently dried with N,. Next, the
CNT-PEG dispersions were directly spin-coated (at a speed of
1000 rpm, 30 s) on the PBA-hydrogel's surface. Finally, the CNT-
hydrogel was obtained after drying under a vacuum for 24 h at
45 °C, after which the CNT-PEG-hydrogel film was thoroughly
rinsed in deionized water.

The evaluation of glucose detection capacity and anti-fouling
performance

The CNT-PEG-hydrogel and PBA-hydrogel-coated QCM elec-
trodes were rinsed with deionized water and installed in the
flow cell of the QCM-200 system. Subsequently, the sample

© 2021 The Author(s). Published by the Royal Society of Chemistry
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solution was pumped into the flow cell continuously using
a peristaltic pump, and the frequency of the electrode was
recorded by data acquisition software. 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 the oscillating crystal frequency. The frequency shift
(AF), which is equal to the frequency of the glucose sample
minus the blank sample's frequency was used to estimate the
glucose concentrations. If AF was stabilized, the glucose
detection capacity and anti-fouling performance of the CNT-
hydrogel and PBA-hydrogel coated QCM sensor were evalu-
ated. The glucose detection capacity of the sensor was evaluated
under different glucose concentration from 0 to 50 mg L™,
which was gradually pumped into the flow cell with a flow rate
of ~100 uL s~ *. And the AF with each glucose concentration was
recorded for 5 min. The effect of pH was investigated by con-
ducting measurement at different pH values from 6.8 to 7.5,
500 mg L' different kinds of proteins (FIB, MUC, BSA) have
been measured according to the above procedure.
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