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A B S T R A C T

A novel and robust enzymatic biosensing platform with high sensitivity is developed based on facile one-step
assembled bio-nanocomposites with enzymes-loaded polymeric nanoparticles decorating multi-walled carbon
nanotubes (MWCNTs). An amphiphilic copolymer PAVE containing photo-cross-linkable coumarin segments and
carboxylic groups was co-assembled with MWCNTs in aqueous solution while encapsulating the model enzyme
namely glucose oxidase (GOx) simultaneously, generating necklace-like bio-nanocomposites (GOx@PAVE-CNTs)
with GOx-loading polymeric nanoparticles as nanobeads and MWCNTs as conducting micron-string. Then the
GOx@PAVE-CNTs bio-nanocomposites were electro-deposited onto electrode surface and a robust biosensing
complex film with porous network structure was formed after following photo-cross-linking. Consequently, an
enzymatic glucose biosensor was successfully constructed. The biosensor exhibited ultrafast response (< 3 s) to
glucose with a considerably wide linear range (1.0 μM∼5mM) and a low detection limit (0.36 μM) for glucose
detection. High sensitivity and selectivity of the biosensor toward glucose were also well demonstrated.
Furthermore, the biosensor showed exceptionally good stability and reproducibility. More importantly, the
glucose biosensor was practically used for glucose detection from human urine and serum samples with sa-
tisfactory results. As a proof-of-concept strategy, this facile and effective strategy for biosensor fabrication is of
considerable interest because of its versatility to be generalized to many other enzymatic biosensor systems,
exhibiting promising and practical potential in bio-medical and life health applications.

1. Introduction

Diabetes mellitus, a serious common metabolic disease caused by
excess glucose accumulation in human blood, has become a worldwide
headache due to the resulting overwhelming social and economic
consequences (Wu et al., 2011; Locke et al., 2016). Though remarkable
progress in modern medical science and technology has been achieved,
it is rather costly and time-consuming to cure or prevent diabetes
nowadays. In order to improve the treatment efficiency, quantitative
detection and real-time monitoring of glucose levels are of significant
importance and great necessity (Rines et al., 2016). In addition, it is
also crucial to monitor glucose in fermentation of food industry because
that glucose content directly influence the quality of food products
(Verstrepen et al., 2004). Therefore, new strategies and sensing

platforms for monitoring the accumulation level of glucose was and is
always a hot topic in both scientific and industrial fields.

Among various reported strategies, enzymatic biosensor has long
played a leading role since it was firstly proposed by Clark and Lyons in
1962 (Clark and Lyons, 1962; Reyes-De-Corcuera et al., 2018). Using
enzymes for molecular recognition, enzymatic biosensors have been
preferred over other chemical sensors thanks to its ultra-high specificity
towards target analyte (Bollella and Gorton, 2018). For example, glu-
cose oxidase (GOx) is the most widely used transducing enzyme in
enzymatic glucose biosensors because of the specific catalytic activity
towards glucose in biological system (Bankar et al., 2009). However,
the problem related with enzymatic biosensor is that enzyme molecules
are usually with large size and the redox centers are deeply buried with
thick protein layers, resulting in poor electron shuttling across the
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active reaction sites and electrode surface (Pakapongpan and Poo-ar-
porn, 2017). In addition, enzymes on the sensor electrode surface tend
to change the conformation and lose activities, leading to unsatisfactory
long-term stability of the sensing performance (Lin et al., 2004). In
order to improve the overall sensing performance of enzymatic bio-
sensor for practical applications, the key lies in how to effectively in-
tegrate the biological enzymes onto the sensor electrode. Not only the
amount, but also the activity of the immobilized biological enzyme
must be ensured (Das et al., 2016). Various nanomaterials including
polymers, noble metal nanoparticles, sol-gel matrices and nano-
composites have been widely used as supports to immobilize enzymes
on sensor electrode surface (Zdarta et al., 2018). These nanomaterials
can provide a larger specific surface area for loading more enzymes, a
good microenvironment for protecting biological enzymes and an effi-
cient electrical contact with the enzymes’ active sites, leading to a
significant improvement of the sensing performance of biosensors.

Recently, benefiting from the unique properties of carbon nanotubes
(CNTs) including remarkably high aspect ratio, good biocompatibility,
high electrical conductivity and electrocatalytic activity (Zhang et al.,
2019; Schroeder et al., 2019), integration of CNTs with polymers for
new polymer/CNTs nanocomposites with synergistic structural and
functional properties has demonstrated great strengths in chemical
sensors and biosensors (Gupta et al., 2018; Salavagione et al., 2014;
Barsan et al., 2015). A lot of polymer/CNTs nanocomposites were
synthesized and used as support materials for enzyme immobilizations,
based on which numerous enzymatic biosensors have been generated
(Valentini et al., 2013; Buber et al., 2017). However, most of these
polymer/CNTs nanocomposites are casually prepared by simple com-
plexion of polymer and CNTs, leading to bulky form of polymers on
CNTs surfaces with relatively low enzyme immobilization efficiency. In
addition, enzymes were directly immobilized onto the polymer/CNTs
nanocomposites surface in most of these enzymatic biosensors. In this
case, enzymes would easily deteriorate over short days, leading to un-
satisfactory overall bio-sensing performance such as poor long-term
sensing stability. Thus, to give full play to the synergetic advantages of
both the polymer and CNTs for enzyme immobilizations, ingenious
design and synthesis of polymer/CNTs nanocomposites as bio-sensing
material is of significant importance for advancing enzymatic biosensor
in real applications. Recently, our group has developed a new type of
molecularly imprinted hybrid polymer/MWCNTs material by co-as-
sembly of amphiphilic random copolymer with multi-walled carbon
nanotubes (MWCNTs) while incorporating a small molecule namely
paracetamol as template molecule simultaneously. The resultant mo-
lecularly imprinted sensors show excellent performance towards para-
cetamol as the hybrids combined both the advantages of polymer na-
noparticles and the long conducting MWCNTs (Xu et al., 2018).
Inspired by the highly effective molecularly imprinting strategy of small
molecules, it is highly envisioned that if enzymes could be effectively
attached to CNTs with the help of amphiphilic copolymers which could
interact with both enzymes and CNTs. If feasible, a novel enzyme-
loading polymer/CNTs nanocomposite with high loading capacity and
high conductivity would be generated, based on which a versatile en-
zymatic biosensor platform will be established with significant im-
portance in practice.

In the present study, we developed a versatile and robust enzymatic
biosensing platform via the one-step co-assembly of MWCNTs with an
amphiphilic copolymer poly(acrylic acid-r-(7-(4-vinylbenzyloxy)-4-
methyl coumarin)-r-ethylhexyl acrylate) (PAVE) while incorporating
biological enzyme as the molecular recognition element simulta-
neously. As a proof of concept, glucose oxidase (GOx) was chosen as a
representative enzyme aiming at constructing a highly effective bio-
sensor for specific glucose determination. Driven by certain interac-
tions, a long-conducting necklace-like nanocomposites with enzyme-
loading polymeric nanoparticles decorating MWCNTs (denoted as
GOx@PAVE-CNTs NCs) was prepared in aqueous solution. For bio-
sensor fabrication, the nanocomposites were then deposited on

electrode surface via direct electrophoretic deposition, forming a robust
networked complex sensing coating after subsequent photo-cross-
linking. The whole fabrication strategy of GOx@PAVE-CNTs NCs and
enzymatic glucose biosensor was shown in Scheme 1. The photo-cross-
linking of these polymeric PAVE nanoparticles would endow high GOx
loading capacity with inhibited enzyme leakage in the bio-nano-
composites. Meanwhile, the long conducting MWCNTs through the
nanocomposites would provide numerous “electronic paths” for elec-
trons shuttling between GOx and electrode transducer. As a con-
sequence, the prepared enzymatic biosensor exhibited fast electro-
chemical response and high sensitivity toward glucose. The
nanocomposite was characterized and the sensing performance of the
purposed biosensor was also investigated, and the results are shown
below. This versatile sensing platform is expected to be generalized to
many other enzymatic biosensor devices for practical point-of-care
biomedical applications.

2. Experimental

All experimental details are provided in Supporting Information.

3. Results and discussion

3.1. Preparation and characterization of GOx@ PAVE-MWCNTs NCs

Thanks to the presence of aromatic rings containing VMc segments
in PAVE polymer chains, PAVE copolymers and long conductive
MWCNTs can be non-covalently bonded together through “π-π”
stacking interactions (Tan et al., 2018). By employing MWCNTs as long
conductive fillers and GOx as specific recognition receptor in the
polymer assembly process, it is highly expected to generate a novel bio-
nanocomposite (GOx@PAVE-CNTs) with integrated functionalities. The
preparation of the enzyme loading bio-nanocomposite GOx@PAVE-
CNTs was schematically shown in Scheme 1A. During the co-assembly
process of PAVE copolymers and MWCNTs, GOx would be incorporated
into the polymeric nanobeads along MWCNTs simultaneously by hy-
drogen-bonding interaction and hydrophobic interaction, giving birth

Scheme 1. Schematic illustration of the enzymatic glucose biosensor fabrica-
tion. (A) Preparation of the long conducting enzyme-loading hybrid nano-
composite GOx@PAVE-CNTs via one-step co-assembly. (B) Preparation process
of glucose biosensor via direct electrophoretic deposition (EPD) of GOx@PAVE-
CNTs onto glassy carbon electrode (GCE) surface and subsequent photo-cross-
linking.
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to unified GOx@PAVE-CNTs nanocomposite.
The morphologies of GOx@PAVE-CNTs and the control samples of

pristine MWCNTs, PAVE-CNTs were characterized by TEM. Fig. 1A
shows that pristine MWCNTs with pipe diameter of 20 nm mutually
entangle together on account of strong intertubes van der Waals in-
teraction. Interestingly, for PAVE-CNTs, the amphiphilic copolymer
assembled onto MWCNTs surfaces, forming “necklace-like” structured
morphology with PAVE polymeric NPs decorating along MWCNTs
string (Fig. 1B). Similar morphologies have also been reported with co-
assembly of amphiphilic copolymers and CNTs (Kang and Taton, 2003;
Shin et al., 2005). According to TEM results and previous literatures,
the formation of this interesting hierarchical structure can be funda-
mentally explained as follows. Benefiting from π-conjugated VMc seg-
ments in the polymer backbone, PAVE copolymers first anchored onto
MWCNTs surface driven by the strong π-π stacking interactions. Since
water is a poor solvent to hydrophobic moieties (VMc and EHA) in
PAVE copolymers, the incorporation of water would lead to gradual
formation of polymer aggregates along MWCNTs from swollen random
polymer coils, resulting in long “necklace-like” PAVE-CNTs nanohy-
brids. During the co-assembly process of PAVE and MWCNTs, many
GOx enzyme molecules were brought into PAVE-CNTs nanocomposites
driven by hydrogen bonding interactions between the PAVE copolymer
and GOx molecules as well as hydrophobic interactions from the am-
phiphilic nature of polymer, thus generating enzymes-loading GOx@
PAVE-CNTs bio-nanocomposites. As shown in Fig. 1C, after the in-
corporation of GOx, the obtained GOx@PAVE-CNTs biocomposites still
exhibit “necklace-like” morphology. However, obvious increase in size
of the polymer beads along MWCNTs surface can be observed, in-
dicating the successful incorporation of GOx enzymes into the PAVE-
CNTs nanocomposites. The nanometer size of PAVE NPs can provide
high specific surface area for improving the GOx immobilization cap-
ability, while the long conducting MWCNTs strings can greatly en-
hancing the charge transfer behavior among the whole biosensing in-
terfaces. Therefore, the “necklace-like” GOx@PAVE-CNTs would show
high potential for application in biosensor systems. In addition, the
presence of solvophilic PAVE nanobeads on MWCNTs surface endows
this GOx-loading bio-nanocomposites with good long-term

dispersibility in aqueous solution through steric and electrostatic re-
pulsion. Fig. S4 shows the digital photographs of different MWCNTs
containing dispersions in water. Unmodified MWCNTs show obvious
settlement in water because of its hydrophobic surface. In contrast, with
the help of amphiphilic PAVE copolymer on MWCNTs surfaces, both
PAVE-CNTs dispersion and GOx@PAVE-CNTs dispersion still exhibited
homogenous state without visualized sedimentation even after one
month storage.

FT-IR Spectrascopy, UV–visible absorption spectroscopy (UV-vis)
and X-ray photoelectron spectroscopy (XPS) were applied to further
confirm the co-assembly of GOx enzymes into PAVE-CNTs during the
assembly process. As shown in Fig. S5, The presence of two char-
acteristic amide I and II peaks of GOx (Baghayeri et al., 2014) in the FT-
IR spectrum of GOx@PAVE-CNTs well evidence the successful presence
of the GOx molecules in the unified bio-nanocomposite. UV–vis spec-
troscopy is a useful conformational probe for monitoring the possible
conformational changes of biological proteins (Li et al., 2013). The
UV–vis spectra of pure GOx solution, dispersions of PAVE colloidal NPs
(control sample), GOx@PAVE NPs and GOx@PAVE-CNTs NCs were
performed. As shown in Fig. 2A, native GOx showed three absorption
peaks at 278 nm (characteristic peak of polypeptide chains), 383 and
456 nm (oxidized form of flavin groups in protein) (Liu and Hu, 2007).
An obvious absorption peak at 320 nm appeared in the spectrum of
PAVE NPs, which is derived from the characteristic of coumarin groups
in the polymer skeleton (Jiang et al., 2007). For both spectra of GOx@
PAVE NPs and GOx@PAVE-CNTs NCs, peaks which just coincide with
those of native GOx enzyme can be observed besides the peak from
PAVE copolymer, indicating the successful incorporation of GOx en-
zymes in GOx@PAVE-CNTs NCs with well preservation of native en-
zyme structure. XPS is also a powerful tool to investigate the chemical
composition of materials, which has been effectively demonstrated in
protein immobilization or adsorption (Artyushkova and Atanassov,
2013). XPS survey spectra of pure GOx, PAVE NPs, GOx@PAVE NPs,
and GOx@PAVE-CNTs NCs were measured and displayed in Fig. 2B. As
shown, the XPS spectrum of PAVE NPs shows only two peaks at 282 eV
for C 1s and 529 eV for O 1s. However, for both GOx@PAVE NPs and
GOx@PAVE-CNTs, another peak at 397 eV can be observed, which is

Fig. 1. TEM images of (a) pristine MWCNTs, (b) PAVE-CNTs nanocomposites and (c) GOx@PAVE-CNTs bio-nanocomposites.

Fig. 2. (A) UV-Vis and (B) XPS survey spectra of (a) pure GOx, (b)PAVE NPs, (c)GOx@PAVE NPs and (d) GOx@PAVE-CNTs NCs. (C) CD spectra of (a) pure GOx and
(b) GOx@PAVE NPs.
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consistent with the N 1s peak from pure GOx enzymes (amide bonds in
polypeptide chains). These XPS results provide powerful evidence that
GOx molecules were successfully co-assembled into the GOx@PAVE-
CNTs NCs.

For enzymatic biosensors, the sensing materials used for enzyme
immobilization should provide a favorable microenvironment to pre-
serve the bioactivity of enzymes. Driven by some noncovalent inter-
actions between GOx and PAVE copolymer, GOx molecules were en-
capsulated to the polymeric NPs along MWCNTs surfaces during the co-
assembly process. To illustrate the compatibility of PAVE copolymer to
GOx, circular dichroism (CD) spectra of native GOx and GOx@PAVE
NPs were measured. In general, CD spectrum between 190 nm and
250 nm corresponds to n→π* electronic transition of peptide. The
spectrum recorded in this far-UV region will change sensitively if the
secondary structure and conformation enzyme conformation changes
(Wu et al., 2010). As shown in Fig. 2C, GOx@PAVE-CNTs shows similar
CD spectrum compared to that of native GOx, indicating that the im-
mobilized GOx molecules well maintain their conformation as original
enzyme states in PAVE-CNTs nanocomposites. The slight decrease in
peak intensities is due to intermolecular interactions between GOx and
PAVE copolymers, which can retard GOx leaking from the PAVE-CNTs
nanocomposites (Ren et al., 2009). The CD results illustrate that the
PAVE copolymer matrix could afford GOx molecules with a favorable
biological microenvironment, verifying that GOx would retain its bio-
logical activity in the GOx@PAVE-CNTs bio-nanocomposite.

3.2. Fabrication and characterization of the enzymatic biosensor

The whole fabrication process of the enzymatic biosensor is illu-
strated in Scheme 1B. Thanks to the effective immobilization of GOx
into PAVE-CNTs, the resultant GOx@PAVE-CNTs nanocomposites were
applied as biosensing material to constructe a novel enzymatic bio-
sensor. Due to large amount of carboxyl groups on PAVE polymers, the
GOx@PAVE-CNTs nanocomposites are negatively charged in aqueous
solution. For biosensor fabrication, the GOx@PAVE-CNTs dispersion
were deposited on to the surface of glassy carbon electrode (GCE)
conducted by direct electrophoretic deposition (EPD). The schematic

diagram of the EPD cell for GOx@PAVE-CNTs deposition is shown in
Fig. 3A. The EPD equipment is quite simple and the whole electro-
phoretic deposition process is easy to operate, cost-effective and en-
vironmentally friendly. Most importantly, compared traditional “drop-
casting” method for electrode modification, EPD may greatly avoid
individual variation between electrodes with the same modified sensing
materials (Ata et al., 2018; Zhang et al., 2018). After that, the GOx@
PAVE-CNTs deposited GCE was placed under UV light for photo-cross-
linking, obtaining complex biosensing film modified electrode as GOx@
PAVE-CNTs/GCE.

The morphology of the composite biosensing film on sensor surface
was observed by SEM (Fig. 3B). As shown, a mass of hierarchically
structured GOx@PAVE-CNTs bio-nanocomposites gather together, de-
veloping fibrous and interlaced network sensing film. Notably, thanks
to the photo-dimerization property of coumarin moieties without the
need of extra photo-initiator (Jiang et al., 2007), polymer chains among
the composite film would cross-link to form integral network structure
under UV irradiation. As a result, these cross-linked polymers around
GOx molecules would provide reliable microenvironment for retaining
the biological activity of GOx as well as preventing GOx leakage from
the electrode surface. In addition, MWCNTs throughout the composite
sensing film would act as “electronic tunnels” to accelerate electron
shuttling across the biological recognition sites and electrode trans-
ducer. Moreover, thanks to MWCNT locating in the axis of the GOx@
PAVE-CNTs, MWCNTs would also behave like “signal collectors” to fast
transmit the response signals from recognition reaction. Thanks to the
stable structural integrity and high effective enzyme loading capacity of
the biosensing GOx@PAVE-CNTs film, high biological recognition re-
sponse and high sensing stability of the biosensor are expected when
being applied in detection environment.

Electrochemical impedance spectroscopy (EIS) was applied for fur-
ther probing the interfacial natures of different surface coated elec-
trodes. In principle, electron transfer and diffusion behaviors can be
inferred from a typical Nyquist plot of an EIS spectrum. The diameter of
the depressed semicircular part corresponds to charge transfer re-
sistance (Rct) of the sensing materials on the electrode surface.
Therefore, by means of the reversible reaction of redox probe like [Fe

Fig. 3. (A)Schematic diagram for electrophoretic
deposition of GOx@PAVE-CNTs onto glassy carbon
electrode (GCE) surface. Applied potential: 3.0 V. (B)
SEM image of prepared composite GOx@PAVE-CNTs
sensing film on electrode surface. (C) Nyquist plots of
(a) bare GCE, (b) GOx@PAVE NPs/GCE, (c) GOx@
PAVE-CNTs/GCE. Inset: the equivalent circuit of
surface modified electrode. (D) CV curves of GOx@
PAVE-CNTs/GCE in 0.1M PBS solution (pH 7.0)
without glucose (a) and (b) with 1mM glucose, scan
rate: 50mV s−1.
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(CN)6]3-/[Fe(CN)6]4-, the interfacial properties of the sensing film
would be monitored at electrode interface (Randviir and Banks., 2013).
To fully illuminate the role of MWCNTs, GOx-loaded polymeric nano-
particles GOx@PAVE NPs without MWCNTs were prepared and used as
control samples for GOx@PAVE-CNTs bio-nanocomposites. The corre-
sponding EIS plots are shown in Fig. 3C, and the specific Rct values were
obtained by simulation according to the inset equivalent circuit. For
bare GCE, the Nyquist plot is like a straight line, indicating almost
unimpeded electron transfer on electrode surface. The Rct value of bare
GCE is quite small of about 77 Ω. However, a significantly larger Rct
value around 8368 Ω was obtained for GOx@PAVE NPs modified
electrode, which is ascribed to that an insulating film from these non-
conductive GOx@PAVE NPs hinder electron transfer across the elec-
trode interface to a great extent. In contrast, after incorporation of
MWCNTs, Rct value of GOx@PAVE-CNTs/GCE (4039Ω) decreases
dramatically than that of GOx@PAVE NPs/GCE. The EIS results reveal
that MWCNTs in the GOx@PAVE-CNTs bio-nanocomposites sub-
stantially enhance the electrical conductivity across sensor surface,
demonstrating remarkable advantages of the “necklace-like” structured
GOx@PAVE-CNTs nanocomposites as sensing materials in enzymatic
biosensors. To illustrate the bioelectrocatalytic activity of the enzy-
matic biosensor, cyclic voltammetry (CV) was conducted using GOx@
PAVE-CNTs/GCE in the absence (a) and presence of 1mM (b) of glu-
cose. As shown in Fig. 3D, well-defined redox peaks are observed in the
absence of glucose (plot a). After addition of glucose solution into the
blank PBS solution, the anodic peak current increased whereas the
cathodic peak current decreased (plot b). The changes of redox peaks
can be ascribed to the decrease in O2 reduction current due to the de-
pletion of O2 in a biosensor by the mediated enzymatic process (Wooten
et al., 2014). The CV results verify that the GOx well maintain its bio-
catalytic activity on the electrode surface (Baghayeri et al., 2017) and
the fabricated GOx@PAVE-CNTs based biosensor can be potentially
applied as an effective enzymatic biosensor for glucose sensing.

3.3. Analytical performance of enzymatic biosensor

3.3.1. Calibration curve
To illustrate our based strategy as highly effective enzymatic bio-

sensing platform, the GOx@PAVE-CNTs bio-nanocomposites based
biosensor was applied in glucose sensing. The sensing mechanism is
shown in Supporting Information and the applied potential for glucose
detection was optimized (Fig. S6). The sensing performance towards
glucose was investigated by recording the amperometric response to
successive glucose addition with a sampling time of 30 s at an optimized
working potential of 0.5 V. As shown in Fig. 4A, upon each addition of
glucose at regular intervals, a rapid and stair-step increase in current
response is observed. Excitingly, the glucose biosensor showed ultrafast
response to glucose with a short response time within 3.0 s. Fig. 4B
shows the calibration curve corresponding to varying current responses
and glucose concentrations. As shown, the current response and glucose

concentration exhibits significantly good linear relationship in two
sections. The first section spans from 0.001 mM to 1 mM with a linear
regression equation being presented as I
(μA) = 0.0268 + 2.1971Cglucose (mM) (R2 = 0.999). The second linear
regression equation can be expressed as I(μA) = 0.8106 + 1.4834Cglu-
cose (mM) (R2=0.998) in the concentration range from 1mM to
5mM. The detection limit (LOD), calculating according to previous
method (Xu et al., 2017), is as low as 0.36 μM (S/N=3). To make a
comparison, sensing performances of the GOx@PAVE-CNTs based
biosensor and those of previous enzymatic glucose biosensors based on
GOx-CNTs composites were listed in Table S1. As shown, the GOx@
PAVE-CNTs based enzymatic biosensor shows much wider linear range
than other glucose biosensors. Furthermore, the LOD of our biosensor
towards glucose determination reaches a very low concentration, which
can be applied in trace glucose monitoring in biomedical diagnostics
and human health fields. Notably, the response time of our glucose
biosensor is as short as less than 3 s. Therefore, our biosensor shows
almost fastest response among these glucose biosensors. The excep-
tional sensing performance can be attributed to the synergistic
strengths from the PAVE nanobeads and the micron long conducting
MWCNTs throughout the GOx@PAVE-CNTs bio-nanocomposites. For
one thing, PAVE NPs along MWCNTs provide much larger specific
surface area than many traditional composite sensing material with
bulky forms, thus improving the enzyme immobilization capability and
providing extremely abundant recognition sites. For another, the
MWCNTs throughout the interpenetrating GOx@PAVE-CNTs based
networked composite film can serve as long conducting “electronic
tunnels”, which indirectly shorten the distance from the active sites of
enzymes to electrode surface and greatly accelerate electron shuttling
across the sensing interface. As a result, the “necklace-like” GOx@
PAVE-CNTs bio-nanocomposite based enzymatic biosensor demon-
strated outstanding sensing performance towards glucose detection
with exceptionally high sensitivity and ultrafast response.

3.3.2. Anti-interference study

For an enzymatic biosensor, the most outstanding merit is its re-
cognition specificity to target analyte with providing discrimination of
other interferents in complex system (Wu et al., 2018). To demonstrate
the anti-interference ability of our GOx@PAVE-CNTs based glucose
biosensor, interferents including uric acid (UA), ascorbic acid (Vitamin
C, VC), dopamine (DA) and L-lysine (L-lys) were used as typical re-
presentatives due to the inevitable coexistence with glucose in real
samples (such as human serum) (Pakapongpan and Poo-arporn, 2017).
The anti-interference ability was assessed by recording the ampero-
metric response by sequentially and alternately adding 0.5 mM glucose,
and the interferents with the same concentration of UA, VC, DA, and L-
lys. As shown in Fig. 5A, compared with glucose induced current re-
sponse, the presence of these interferents shows negligible current re-
sponse (detailed explanation is shown in Supporting Information).

Fig. 4. (A) Amperometric response of the GOx@
PAVE-CNTs based biosensor to successively in-
jecting glucose to 0.1M PBS solution (pH 7.0) at
working potential of 0.5 V (vs. SCE); glucose
concentration increases from 1 μM to 7mM.
Inset: enlarged view of amperometric response
curve in lower glucose concentration range. (B)
Calibration curve of the response current versus
glucose concentrations. Inset: enlarged view of
calibration curve in lower concentration range
between 1 μM and 1mM.
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Therefore, the GOx@PAVE-CNTs based enzymatic biosensor has ex-
cellent anti-interference ability which would be a promising candidate
for specific glucose determination in real complex aqueous samples.

3.3.3. Reproducibility, repeatability and stability
Reproducibility is an extremely important characteristic for suc-

cessful electrochemical biosensors. To investigate the reproducibility of
the glucose biosensor, five independent glucose biosensors are fabri-
cated following the same preparation procedure with GOx@PAVE-
CNTs nanocomposites as biosensing materials. The current response of
each electrode was recorded in the same glucose solution (0.1M PBS)
with glucose concentration of 0.5mM, which exhibited almost similar
response for all the five glucose biosensors. A low relative standard
deviation (RSD=3.27%) of the five biosensors current response de-
monstrated the credible reproducibility of the developed enzymatic
glucose biosensor. The repeatability (or repetitivity) of the biosensor
was studied by consecutively recording the current responses corre-
sponding to 0.5mM glucose solution for eight times (Fig. S7). An ac-
ceptable relative standard deviation (RSD) of 3.55% for these eight
repetitive measurements were obtained, demonstrating the good re-
peatability of the developed glucose biosensor.

The long-term stability of enzymatic biosensors is a challenging
issue due to the instability of immobilized enzymes. For the stability
test, the peak currents of the same glucose biosensor were recorded
toward the same glucose concentration over 35 days with the biosensor
being stored in 0.01M PBS (pH 7.4) at 4 °C. As shown in Fig. 5B, even
after 35 days, the current response to initial value still retain at 92.4%,
verifying that the GOx@PAVE-CNTs based biosensor has excellent long-
term stability. The excellent sensing stability is definitely ascribed to
enhanced structure stability of the photo-cross-linked GOx@PAVE-
CNTs bio-nanocomposites. To illustrate the effectiveness of photo-cross-
linking on the sensor performance, the influence of UV irradiation on
the sensor performance was investigated, which indicates that photo-
cross-linking did not damage enzymes but enhanced the sensing per-
formance (Fig. S8). In addition, the current responses of biosensors
based GOx@PAVE-CNTs bio-nanocomposites with and without photo-
cross-linking at the storage of 30 days were compared. As shown in Fig.
S9, compared to crosslinked GOx@PAVE-CNTs based biosensor with
high retention of response current, un-crosslinked biosensor dramati-
cally deteriorates its current response which may be attributed to GOx
molecules debonding from swollen PAVE NPs along MWCNTs surfaces.
The photo-cross-linking of PAVE nanobeads generates robust polymer
network, which would not only provide compatible microenvironment
for preserving the enzyme activity but also effectively suppress enzyme
leakage from the electrode surface when applying in the aqueous en-
vironment (Chang et al., 2003). The stability results indicate that the
GOx@PAVE-CNTs based glucose biosensor is stable and reliable to be
potentially used for glucose determination.

3.3.4. Practical performance in real samples
To investigate feasible application of the GOx@PAVE-CNTs based

enzymatic glucose biosensor in real samples, the sensing performance
was studied in both the human urine samples from healthy young man
and human serum samples from local hospital. For glucose determi-
nation, the original samples were diluted with 0.1M PBS and the glu-
cose detection were conducted using a spike recovery method (Márquez
et al., 2017; Zhao et al., 2018). The results of glucose detection from
human urine and human serum samples are summarized in Table S2.
For original human urine samples, no glucose was detected from all the
three samples. The recoveries of spiked samples of human urine varied
from 94.6% to 104.8% with highly acceptable RSD values between
2.43% and 3.21%. For original human serum samples, glucose con-
centrations were detected by our glucose biosensor and calculated ac-
cording to the calibration equation, which are within the healthy range
of blood glucose in human body. The recoveries of spiked samples of
human serum are between 95.8% and 98.2% with desirable RSD values.
All the recovery data and the respective RSD values are in acceptable
range for application in real samples. These highly satisfactory results
from real samples well illustrated that the GOx@PAVE-CNTs biosensor
would serve as a practical and effective sensing platform for monitoring
glucose contents in biomedical diagnose and health monitoring.

4. Conclusions

In summary, we presented a novel and robust enzymatic biosensing
platform with high sensitivity and fast response based on facile one-step
co-assembly of oxidative enzymes with amphiphilic poly(AA-co-VMc-
co-EHA) (PAVE) copolymer and MWCNTs. The glucose oxidase (GOx)
as a model enzyme was simultaneously encapsulated during the co-
assembly process of the photo-cross-linkable PAVE copolymer with
MWCNTs in aqueous solution. The obtained enzyme-loaded nano-
composite (GOx@PAVE-CNTs) showed necklace-like structure with
GOx-containing polymeric nanoparticles as the nanobeads and
MWCNTs as the long string through these nanobeads. For biosensor
fabrication, the GOx@PAVE-CNTs nanocomposite as a whole was de-
posited onto electrode surface by a facile electrophoretic deposition
technique. After subsequent photo-cross-linking, GOx@PAVE-CNTs
formed interlaced porous composite sensing film on the electrode sur-
face, and thus an enzymatic glucose biosensor was successfully con-
structed. The biosensor exhibited ultrafast response (less than 3 s) to
glucose determination with significantly wide linear response range
(1.0 μM∼5mM) and low detection limit (0.36 μM) for glucose detec-
tion. Thanks to the hierarchical structure of GOx@PAVE-CNTs which
involves the synergistic effect of nanosized polymeric particles and the
micron-long conducting MWCNTs, the biosensor showed high sensi-
tivity and selectivity toward glucose. In addition, high sensing stability
and reproducibility of the enzymatic biosensor were also demonstrated
benefiting from the structural stability of the composite biosensing film

Fig. 5. (A) Interference test of the glucose
biosensor with successive addition of
0.5mM glucose, 0.5 mM of each interfering
species including uric acid (UA), ascorbic
acid (Vitamin C, VC), Dopamine (DA) and L-
lysine (L-lys), respectively in 0.1M PBS (pH
7.0); (B) The histogram of long-term stabi-
lity measurement of the enzymatic glucose
biosensor based on GOx@PAVE-CNTs for
35 days, where I0 and It are the initial cur-
rent and the response current after t days,
respectively.
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and the compatible microenvironment for enzymes preservation pro-
vided by photo-cross-linking of the amphiphilic copolymers. To our
satisfaction, reliable results were obtained from both human urine and
serum samples for glucose detection using the developed GOx@PAVE-
CNTs based glucose biosensor, demonstrating a promising feature for
practical application in biomedical diagnostics and human health
monitoring. By virtue of the purposeful design of polymer structure,
ongoing work in our lab will involve some functional monomers with
high electro-activity and affinity to enzymes into the polymer frame-
work, which is expected to bring out the most potential of polymer/
CNTs nanocomposites as highly efficient biosensing material via one
step co-assembly strategy. Overall, the present methodology demon-
strates a facile, efficient and robust strategy for enzymatic biosensor
fabrication, which can be generalized to many other enzymatic bio-
sensor systems due to the versatility of polymer functionalization. The
whole strategy will definitely provide useful reference and inspiration
for new generation of biosensing devices and integrated sensing elec-
tronics.
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