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TiO2, glucose oxidase and carbon nanotube microparticles were ultrasonically formed to provide a large surface
area for enzyme immobilisation and a favorablemicroenvironment for direct electron transfer. This simple archi-
tecture nanostructure was used to construct a glucose oxidase biosensor, which demonstrated good analytical
performance with high reproducibility, and good detection for pathological glucose level.
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1. Introduction

Accomplishing a transfer direct of electrons between the active site
of an enzyme, and an electrode is a great challenge in the development
and commercialization of bioelectrochemical devices such as analyte
biosensors or energy production from biofuel cells (BFCs) and other
bioelectrocatalytic applications [1]. Direct electron transfer (DET) not
only avoids using redoxmediators with their associated problems relat-
ed to the cost, and stability potential but also endeavours to engineer a
more simple electrode architectures which could lead to smaller
bioelectrochemical systems [2,3]. DET is generally hard to achieve via
redox metal centers or tunneling phenomena because of inadequate
orientation of the active site of the enzymes to substrates, the burying
of active centers inside the protein structure, the denaturation of en-
zymes resulting from the adsorption, and electrode passivation when
the enzyme is immobilised onto the electrodes [2,4]. Mediating DET
by engineering bio-electrochemical structures at the nanometer scale
is considered one of the most promising approaches. Structured
nanomaterials composed of metal oxides [5–7] and conducting poly-
mers [8–10] as well as carbon-based nanomaterials [11,12] such as car-
bon nanotubes [13–18] and graphene [11,19,20], can possess high
electrical conductivity, good biocompatibility, ease of functionalization,
and high surface-to-volume ratio. By virtue of the scale of the structure
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relative to the size of an electrically active site on a protein, they can ef-
fectively diminish the electron-tunneling distance to achieve DET of
redox enzymes. Considerable work on enzyme immobilisation onto
nanostructures has been achieved, nevertheless accomplishing DET
without affecting the accessibility of the reactants to the active site
whilst providing thermal stability, high catalytic activity and reuse
etc., is still challenging. Previously we developed a room temperature
self-assembly method [21] that does not require the use of toxic agents
allowing enzyme immobilisation during the assembly without altering
its native conformation [22]. Among the different bioelectrochemical
technologies, enzymatic biosensors and biofuel cells require an efficient
electrical contact between electrodes and enzymes and the develop-
ment of new nanomaterials to perform not only as immobilisation sup-
port, but also as electron carrier remains crucial. The majority of the
literature on biosensors is related to glucose monitoring with glucose
oxidase (GOX) principally for its medical importance in glycemic con-
trol [23,24]. Glucose oxidase immobilisation for sensing with DET has
previously been achieved through complex architectures [25–28], mul-
tistage fabrication processes [29,30], and expensive materials [31–33].
Clinically one of the main issues is reproducibility rather than detection
limit since the lower limit of the physiological glucose range is 3.9 mM
yet severe hypoglycemia requiring medical intervention is 2.2 mM
away at 1.7 mM [34]. Multiple factors related to the biosensor such as
design, materials, immobilisation methods can significantly affect the
device variability. Thus new, simple, and low cost immobilisation tech-
niques combinedwithDET that can give consistent electrochemical per-
formance, are of interest. In thiswork, GOXhas been immobilised in one
stepwithinmicroparticlesmade fromTiO2 and carbon nanotubes (CNT)
that electrically connect all the components and ‘wire’ the electrons
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from theGOX active site to themetallic support. Efficacy, sensitivity and
reproducibility were determined at glucose concentrations up to 3 mM.

2. Experimental section

2.1. Materials

Titanium Dioxide nanopowder (Aeroxide® P25 TiO2, Ø ~ 20 nm)
was supplied by Evonik Industries (Parsippany, NJ), glucose oxidase
GOX from Aspergillus Niger (Sigma-Aldrich). All other chemicals used
were of reagent grade or better and were supplied by Sigma Aldrich
Canada, unless stated otherwise.

2.2. Synthesis

2.2.1. Glucose oxidase adsorption
TiO2 and glucose oxidase (GOX) exhibit an isoelectric point of 5.8,

and 4.2–4.3 respectively. In order to create opposite charge thereby en-
hancing the adsorption process between the two materials, a pH of 5
was chosen. GOX from Aspergillus Niger (Sigma Aldrich) was therefore
diluted in a potassiumphosphate buffer (0.1M, pH=5) to obtain afinal
concentration of 0.2 mg mL−1. Both enzyme solution and TiO2 (P25,
Degussa, 1 mL per 0.1 g of TiO2) were stirred for 2 h at room tempera-
ture, and then kept in the fridge for 12 h before self-assembly process.

2.2.2. Microparticle synthesis
A solution of 1 mg ml−1 of carbon nanotubes (carbon nanotube

multi walled b50 nm, Sigma Aldrich) in isopropanol was prepared
and sonicated for five minutes. Briefly, 2 g of enzymatically modified
Fig. 1. SEM picture at lowmagnification of the self-assembled CNT/TiO2 microparticles (A), and
(C) and commercial carbon nanotubes (D).
TiO2 and 12 mL of CNTs solution (1 mg ml−1) were mixed together
with a final weight ratio of P25/CNT of 0.6 wt%, and 2 mL of Na3PO4 so-
lution (90 mM) per gram of solid was added. Then the mixture (CNT
and GOX/TiO2) was dispersed in isopropanol, and assembled into po-
rous microparticles upon one hour of ultrasound [21]. Finally, the sus-
pension was filtered through a 250 μm and 75 μm sieves and only the
particles between 250 and 75 μm diameter were collected and dried.
To examine variability from materials synthesis, triplicate measure-
ments of current response with glucose concentration of three CNT/
TiO2 microparticle electrodes were performed on three electrodes
with three fresh batches of microparticles made with a second batch
of enzyme.

2.3. Characterisation

All experiments were performed with Milli-Q water
(18.2 MΩ ∙cm−1) obtained from an AquaMax-Ultra apparatus. Specific
surface area (SSA) determination of TiO2 (P25) nano- and micro-
particle was performed on a TriStar surface area and porosity analyzer
(Micromeritics) using the Brunauer-Emmett-Teller (BET)method of ni-
trogen adsorption/desorption. Sample morphology was investigated
with a SEM FEG Quanta Scanning Electron Microscope (Inspect F50,
FEI Company, Hillsboro, OR, USA). Thermogravimetric analyses (TGA)
were done with a TA Intruments SDT Q600 TGA/DSC. The samples
were heated from 25 °C to 1000 °C in air at 10 °C min−1 at flow rate
of 100mLmin−1. Fourier Transform Infrared Spectroscopy (FTIR) spec-
trumwas obtained using a Perkin Elmer device, Spectrum Two IR spec-
trometer. Spectrum was measured from 4000 cm−1 to 450 cm−1.
Finally, X-Ray Diffraction (XRD) measurements were realised with a
highmagnification of the self-assembled CNT/TiO2 microparticles (B), TiO2 microparticles



Fig. 2. GOX adsorption on the TiO2 function of time by the Bradford method [36] (Inset:
GOX calibration curve).
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Bruker D8 Discovery X-Ray Diffractometer (VANTEC Detector Cu-
Source). Absorbance measurements were realised using a Molecular
Devices, SpectramaxM2E spectrophotometer. The samples were placed
in Suprasil quartz glass cells with a light path of 10 mm. During the ad-
sorption process, a small amount of the supernatantwas periodically re-
moved and measured using the Bradford method [35] to measure the
concentration of enzyme in solution over the time thereby the enzyme
adsorption on the particles. The activitymeasurementswere performed
with o-dianisidine (100 μL, (97%, Fisher)) and horseradish peroxidase
(100 μL, Fisher, 1kU) in PBS solution (600 μL). The monitoring the
absorbance with a UV–Vis spectrophotometer at 440 nm starts after
addition of glucose (100 μL). To study the enzymatic stability of the
microparticles, samples were kept in a refrigerator at 4 °C in buffer
solution at pH 6.8 for 4 weeks. Every 3–4 days supernatant was re-
moved, microparticles were rinsed and the absorbance of the superna-
tant was measured. Once the measurements were performed,
particles were washed three times and then returned to refrigerator.
Electrochemical characterisation was performed with a potentiostat
VersaSTAT 3, Princeton Applied Research. PBS (0.1 M, pH = 7)
(deoxygenatedwith nitrogen), Pt wire and Saturated Electrode Calomel
(SCE) were used as electrolyte, counter and reference electrode
respectively. CV scans were performed at a scan rate of 50 mV s−1 in
the potential range of−0.2–0.60V (vs. SCE). CV analyseswere repeated
to determine the stability and the reproducibility of the synthesis. A
catalytic ink including P25/CNT/GOX microparticles and Nafion, was
drop cast and dried on a glassy carbon electrode. A least squares linear
fit of glucose/current relations were plotted in Microsoft Excel to give
a line of the form y = mx+ c where m is the current density per mM
of glucose (A mM−1 cm−2) and c is a constant current, for
each electrode and standard deviations were calculated at
each concentration for each electrode. One way ANOVA with Tukey
post-hoc test (P b 0.05) was performed using the Vassarstats.net online
calculator.
Fig. 3. Lineweaver–Burk plots of free
3. Result and discussion

3.1. Characterisation of the CNT/TiO2 microparticles

The morphology of CNT/TiO2 composite microparticles was investi-
gated with SEM (Fig. 1). The three-dimensional microparticles exhibit
an open porous structure providing a large surface-to-volume ratio
(Fig. 1A), allowing a large amount of enzyme to be immobilised inside
as well as on the surface. It can be clearly seen at higher magnification
the carbon nanotubes entangled with the TiO2 nanoparticles (Fig. 1C)
compared to the pristine TiO2 (Fig. 1B) and commercial carbon nano-
tubes (Fig. 1D). No shifts in peak positions due to the self-assembly pro-
cess were observed with XRD measurement (Fig. S1A).

BET analysis shows only a small increase in surface area between the
constituent TiO2 nanoparticles (30 m2 g−1) and the assembled CNTs/
TiO2 microparticles (48 m2 g−1). CNT exhibits a SSA of
40–600 m2 g−1, thus the increase in SSA for CNTs/TiO2 microparticles
is likely the result of the incorporation of the CNTs in the TiO2micropar-
ticles. Knowing the molecular weight of GOX (155 kDa) and its radius
(4.3 nm), a maximum of ~1017 enzymes per g of CNTs/TiO2 microparti-
cles could be immobilised. Although CNT exhibits a high SSA and could
provide the electrical wiring, GOx was not absorbed on CNT because
carbon nanotubes alone do not assemble upon ultrasound. The amount
of GOX loaded in CNTs/TiO2 microparticles was directly calculated from
the measurement of the concentration of GOX in solution using the
Bradford method for a 24 h period (Fig. 2) [36].

Fig. 2 represents the amount of GOX in solution The GOX loading on
CNTs/TiO2 microparticles due to the high specific surface area and the
electrostatic interaction between the TiO2 and GOX at pH 5was relative
fast after 4 h (Fig. 1D). After 5 h, 92.1mg of GOXwas immobilised in 1 g
of microparticles. The presence of the enzyme in the CNTs/TiO2 micro-
particles after ultrasonic welding was confirmed with FTIR spectrosco-
py. (Supplementary information Fig. S1). 1651 cm−1, 1393 cm−1 and
1095 cm−1 peaks correspond to the amide I, the C\\H bending and
the C\\O stretching of the enzyme respectively [37].

3.2. Catalytic activity of the CNTs/TiO2/GOX microparticles

The biocatalytic activities of GOX in solution (free) and GOX
immobilised onmicroparticles were investigated bymonitoring the ox-
idation of glucose in the presence of horseradish peroxidase. The enzy-
matic activities of the free and immobilised GOXwere determined for a
given enzyme concentration. The kinetic parameters such as maximum
rate at which the enzyme can perform (Rm) and theMichaelis constant
(Km) for the free GOX and immobilised enzyme were calculated from
the Lineweaver − Burk plots (Fig. 3) following the Eq. (1):

1
V
¼ Km

V max
� 1

S½ � þ
1

V max
ð1Þ
(A) and immobilised GOX (B).

http://Vassarstats.net


Fig. 4. Remaining activity of immobilised GOX modified microparticles over time at 4 °C.
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where V is the reaction velocity, Km is the Michaelis–Menten constant,
Vmax is the maximum reaction velocity, and [S] is the substrate
concentration.

A Km value of approximately 17.5 mM and 23.5 mMwas found for
free and immobilised GOX respectively, confirming that the ultrasonic
process and the nano-environment do not alter the affinity of the en-
zyme for the substrate. However, a Vmax for the immobilised GOX
(0.063 μM/min) was found to be ten times lower than the free enzyme
(0.65 μM/min).

Although adsorption of GOX and CNTs/TiO2 microparticles has
shown no conformational change of the enzyme or destruction of its ac-
tive center, with a Km values between free and immobilised enzyme
comparable (23.5 vs. 17.5 mM). When GOX is immobilised in the
CNTs/TiO2 microparticles, there are interactions, which are mainly by
hydrogen bonds, multiple salt linkages, and Van der Waal's forces be-
tween GOX and CNTs/TiO2 microparticles that can hamper the accessi-
bility of the active site for the substrate as well as slow down the
diffusion of the substrate and the product to the enzyme and the solu-
tion respectively. Fig. 4 shows the storage stability for the immobilised
enzyme within CNTs/TiO2 microparticles at 4 °C in PBS buffer (50 mM,
pH 5), physiological conditions where no activity loss was recorded
for the free enzyme. The residual activity for the modified CNTs/TiO2
microparticle remained high after 30 days with a gradual decrease up
to 30% of its initial activity after 30 days storage (Fig. 4). This mild de-
crease of catalytic activity may have been as a consequence of the de-
sorption of a small amount of enzyme from the microparticles
resulting in a leaching of the enzyme.
Fig. 5. (A) Cyclic voltammograms of 3 electrodes modified with GOX/TiO2/CNTs synthesized
voltammograms comparison of GOX/TiO2/CNTs electrode in N2-saturated (blue) and air-satur
the reader is referred to the web version of this article.)
3.3. Direct electrochemistry of glucose oxidase

In order to examine the electron transfer, the electrochemical be-
haviour of TiO2/CNTs/GOX microparticles was investigated using cyclic
voltammetry (Fig. 4).

Cyclic voltammogramswere recorded in the potential range of−0.2
to −0.6 V. In the absence of GOX (Fig. 5A), no significant redox peaks
were noticed in this potential range for TiO2/CNTs microparticle elec-
trode. However, the TiO2/CNTs/GOX electrode exhibits a pair of well-
defined redox peaks at ~−0.46 V, related to GOX and more specifically
to the redox active center (FAD/FADH2) (Fig. 5A). The peak-to-peak sep-
aration of cathodic to anodic current intensity was roughly 80mV, indi-
cating a rapid electron transfer, probably due to the large surface area of
the TiO2 nanoparticle and the CNTs and fast electron communication
resulting from the assembly of CNTs with TiO2 (Supplementary infor-
mation Fig. S2A). The oxidation peak current versus the scan rate
displayed a linear relationship, indicating that the electron transfer re-
action of the FAD/FADH2 active center is a surface-controlled electro-
chemical process [38] (Fig. S2B). The CV of the bioelectrode in N2-
saturated and air-saturated PBS shows that the reduction current de-
creases in the presence of oxygen, suggesting that the TiO2/CNTs/GOX
microparticles catalyze the reduction of O2 (Fig. 5B). This result shows
that the Oxygen Reduction Reaction is catalyzed at the TiO2/CNTs/GOX
electrode by GOX [39], through a direct electron transfer process as
follows:

2GOX-FADH2 + O2 → 2GOX-FAD +2H2O

However, when glucose is added in the air saturated PBS, the ca-
thodic peak current decreases because of the enzymatic reaction be-
tween the oxidized form of GOX and glucose thereby restrained the
electroreduction of O2. This confirms the key role of the CNTs assembled
with TiO2 in promoting successfully thedirect electron transfer between
GOX and the electrode surface.
3.4. Detecting glucose at the TiO2/CNTs/GOX microparticle electrode

Then, detection of glucose by the prepared biosensor was investigat-
ed by amperometric method and the reproducibility of the processing
method assessed independently with cyclic voltammetry. The experi-
ment was realised in air-saturated PBS 0.1 M (pH = 7) and from Fig. 5
an applied potential was chosen at E = −0.4 V to facilitate the GOX
re-oxidation [24]. Afterwaiting for the stabilisation of the signal, glucose
was added to the stirred PBS successively (in order to obtain a range be-
tween 100 μM and 400 μM of glucose) and the maximal increase of the
reduction current was observed each time (Fig. S3). Indeed, as glucose
at different time with electrode modified with TiO2/CNTs (black curve) and (B) Cyclic
ated (red) pH 7.4 PBS. (For interpretation of the references to colour in this figure legend,



Fig. 6. Linear relationship of steady-state currents versus glucose concentrations.
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was added to PBS, the reduction current increased because of consump-
tion of glucose in oxidation reaction to gluconolactone following [40]:

GOX (FAD) + Glucose→ GOX (FADH2) + Gluconolactone

From the amperometric measurement, a calibration curve was done
(Fig. 6) and showed that the current increase was proportional to the
glucose concentration in solution from 100 to 400 μM. Thus, from this
curve, the glucose concentration from an unknown sample can now
be determined.

From Fig. 6, based on the calculated slope (3.3 μA.mM−1) and the
area of the electrode (0.19 cm2), the glucose biosensor exhibited a sen-
sitivity of 17.16 μA mM−1 cm−2 comparable with other expensive and
more complex systems using osmium and gold materials (in Supple-
mentary information Table S1). Moreover the selectivity of the TiO2/
CNTs microparticle biosensor was studied with the addition of 0.5 mM
of acid ascorbic and 0.5 mM of acid aspartic in a 0.1 M PBS during the
amperometric measurement. No detectable change in the signal was
observedwhereas an oxidation current is directlymeasured after a sim-
ple addition of 0.5 mM of glucose (in Supplementary information,
Fig. S3B). The reproducibility of the GOX/TiO2/CNTs bioelectrode to-
wards glucose was investigated. The bioelectrodes were remade (N =
3) and the current response for each electrode was measured on three
separate occasions, an average sensitivity of 11.3± 1.3 μAmM−1 cm−2

was calculated (Fig. S4). There was no significant difference (ANOVA,
Tukey posthoc, P b 0.05) between the values at a given glucose concen-
tration for any electrode, confirming reproducibility. Whether normal-
ized to the current value at 0 mM glucose or not, (Fig. 7), current
Fig. 7. Normalized current density at 400 mV versus glucose concentrations of GOX/TiO2/
CNTs electrodes.
values were significantly different, (ANOVA, Tukey Posthoc, P b

0.05), between all glucose concentrations, except between 1 and
2 mM, (P = 0.051).

According to Eqs. (2) and (3) [41]:

yLOD ¼ yblankþ tα;k‐1sy ð2Þ

xLOD ¼ tsy
m

ð3Þ

Where y is current and x is concentration, LOD is limit of detection,
tα, k-1 is the Student's t-function with k − 1 degrees of freedom and α
= 0.05, sy standard deviation and m is the slope, the LODs were
−74.6 μA/cm2 and 0.96 mM, similar to values for enzymatic
colourimetric techniques [42]. Although GOX immobilised on carbon
nanotubes [43] or graphene [44] with functionalized ionic liquid
(PFIL) have shown a direct electron transfer, they generally obtained a
response in themilli molar range limiting their application to the deter-
mination of blood sugar concentration in normal condition (4-6 mM).
Slightly reducing the response range to 0.1 mM has been achieved ei-
ther with a more sophisticated approach including Au nanoparticles
[45], CdS [46], a multilayer films via layer-by-layer self-assembly of
multiwall carbon nanotubes [30], or by simple casting process with
Nafion, GOX and carbon nanotubes (0.25 mM) [47]. The latter lead to
the detection at a positive potential of 0.7 V, which could interfere
with some other related biomolecules. A detection range of
0.010–1.42 mM associated with a low limit of detection of 10 μm and
a sensitivity of 5.32 μA mM−1 cm−2 has been described with TiO2-
SWNCT electrode [16]. This sensor exhibits a nanowire-structured com-
posite with a high porosity fabricated by the deposition of SWCNTs on
ITO using a simple arc discharge followed by TiO2 coating via MOCVD.
Here, our TiO2/CNTs biosensor exhibits comparable sensitivity for the
glucose detection at a high selectivity with a simpler and cheaper pro-
cessing method with a good reproducibility.

4. Conclusion

In summary, CNTs/TiO2 composite microparticles, prepared in one
step synthesis, exhibited good electronic properties and biocompatibil-
ity. GOX was immobilised into this composite during the self-assembly
process. This novel architecture achieved successfully the direct elec-
tron transfer between the FADH/FAD redox center of the enzyme and
the electrode surface and maintained strongly the bioactivity of the en-
zyme. Finally, we have successfully tested this material for the electro-
chemical detection of glucose, and prove that it could become a
potential possibility for the further fabrication of biosensors. In conclu-
sion, we proved that our ultrasonic mediated fabrication process can
generate robust microparticles from a variety of materials, which can
be easily tuned for use with different enzymes and electrochemical
applications.
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