Analytica Chimica Acta 936 (2016) 83—90

Contents lists available at ScienceDirect

Analytica Chimica Acta

journal homepage: www.elsevier.com/locate/aca

Titania nanotubes decorated with gold nanoparticles for @CmssMark
electrochemiluminescent biosensing of glycosylated hemoglobin

Qun Zhao *", Shan Tang ¢, Chen Fang <", Yi-Feng Tu "

2 Institute of Analytical Chemistry, Dushu Lake Campus, Soochow University, Industrial Park, Suzhou, 215123, PR China
b College of Chemistry and Chemical Engineering, Nantong University, Nantong, 226019, PR China
¢ Second Affiliated Hospital, Soochow University, Suzhou, 215004, PR China

HIGHLIGHTS GRAPHICAL ABSTRACT
e The enhanced electro-

chemiluminescence of luminol by N = N

AuNPs/TiNTs. .

e An ECL biosensor for HbAlc assay
with ultra-high sensitivity.

e A promising disposable device for
diabetic diagnosis and treatment
even for POCT.

o The excellent regression of detected
results with gold-standard method.
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with titania nanotubes decorated with gold nanoparticles. The property of nanocomposite was charac-
terized by transmission electromicroscopy, scanning electron microscopy, electrochemistry and spec-
troscopy. Under the optimum conditions, fructosyl valine was detected by this biosensor. It exhibited a
linear detection range from 4.0 x 10°° M to 7.2 x 10~ M, and a limit of detection for 3.8 x 10~ M at the
signal-to-noise ratio of 3. Thus the HbA1c level in whole blood samples of healthy individuals or diabetic

:-:(fgcvtvroorg;émiluminescence patients were evaluated with designed biosensor after pre-treatment of hydrolysis. The results of our
Luminol detection were closely consistent with that of the standard method. At the same time, our biosensor has
AuNPs/TiNTs some advantages including high sensitivity, disposable usage and low cost, which implies its great
Glycosylated hemoglobin promising application in point-of-care testing of HbAlc.

Fructosyl amino-acid oxidase © 2016 Elsevier B.V. All rights reserved.
1. Introduction to 79) were suffered from diabetes mellitus worldwide, and still in

ever-increasing rapidly [1]. Diabetes mellitus is a chronic metabolic
The 2014 report of International Diabetes Federation (IDF) has disease characterized by high blood glucose. Diabetes itself does
pointed out that 8.2% (about 387 millions) of adults (aged from 20 not affirmatively result in severe harm to patients, but a chronic
high blood glucose level will lead to dangerous syndromes for
. heart, brain, blood vessels, eyes, kidneys, feet, peripheral nerves,
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e . . ) . teeth and so on. According to the report of WHO, there are more
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Conclusively, diabetes mellitus has already been proved to be a
global public health issue. In a representative sample, the preva-
lence of diabetes of Chinese adults has exceeded 10%, which shares
in the greatest portion of diabetic patients in the world [5—7].

The blood glucose index [8] reflects an immediate fluctuating
glucose level, but it is easily disturbed by daily diet thus requires
frequent measurements. Another more useful diagnostic marker,
glycated hemoglobin (HbA1c), an irreversible coalition of hemo-
globin with D-glucose via the N-terminal group of its B-chain, is
accepted as a months-long standard of diabetic condition [9—14].
Not only related to the concentration of blood glucose, the HbA1lc
index reflects the average blood glucose level during past 2—3
months without fluctuation since it has a half-life time of 7—8
weeks [15]. This is the most beneficial feature of HbA1c assay for
diabetes diagnosis and treatment.

Currently, the methods include high-performance liquid chro-
matography (HPLC), electrophoresis, electroendosmosis, ion ex-
change chromatography, boronate affinity chromatography,
isoelectric focusing method, immunoassay, liquid chromatography-
tandem mass spectroscopy, fluorometry, colorimetry and so on
have been applied for clinical HbA1c assay [12]. Among them, HPLC
is generally accepted as the gold standard method. But these
methods require expensive equipments, complex operation,
consuming time, high cost and trained persons to operate. And
there are multiple controversies due to the discrepancy on preci-
sion and accuracy between various commercial methods [16]. The
development of portable HbA1c testing device, with high accuracy,
simple/convenient operation and low cost, is still in broad prom-
ising application and also has high commercial value.

Nowadays, the electrochemical biosensors have been proved to
be a kind of widespread, multitudinous and gradually commer-
cialized devices. The matrix of electrochemical biosensors always
include a biological recognition element to ensure its unique
identification and high selectivity towards target molecule. They
are widely used in chemistry, biology, food safety, environmental
monitoring, pharmaceutical or clinical laboratories and so on [11].
Recently, considering the possibility to overcome those mentioned
limitations of the methods for HbA1c assay, the electrochemical
biosensor profiles a bright future. The prominent advantages of
electrochemical biosensor for HbAlc generally including minia-
turized size, portability and convenient usage make it most likely
succeeding in clinical point-of-care testing (POCT) [16—18]. But,
only few reports have focused on it until now.

There are two categories of electrochemical HbAlc biosensor
known as the enzyme sensor [19—24] (based on detection of
fructosyl valine (FV) under the catalysis of fructosyl amino-acid
oxidase, FAO) or immunosensor [25—28]. The advantages of enzy-
matic method include good reliability, high sensitivity and rela-
tively fast response. The principle for HbA1c assay is supposed to
consist of following steps:

HbAlc

Fru-Val-His-Leu-Thr-Pro-Glu-Glu-Lys-ser... Protease Fructosyl valine

(N-terminal residue of b-chain in HbA1c) (FV)

endoproteinase Glu.C Fru-Val-His-Leu-Thr-Pro-Glu-Glu-Lys-ser...
(N-terminal residue of b-chain in HbA1c)

FV+ 0, + HZOmValine + D-glucose + H,0, (3)

The electrochemiluminescent (ECL) analysis is an attractive
method owing to its high sensitivity, good controllability,
simplicity, rapidity, and low cost [29—31]. Because of the non-
toxicity, cheapness, and high light-emitting quantum yield, luminol
is one of the most significant luminophore and has been used in ECL
detection of some biomarkers [32—35]. The HbA1c in blood sam-
ples will be transformed into FV during the enzymolysis, and
thereafter to be oxidized under the catalysis of FAO. As one of the
reactive oxygen species (ROSs), the co-produced H,0, of this re-
action will greatly intensify the ECL of luminol [36,37]. But, as far as
we know, no related work about ECL enzyme sensor for HbA1c has
been reported yet.

Series of specially structured nanosized titania, as nanotubes,
arrayed nanotubes, nanobelts, nanowires or nano-rods have been
prepared and applied in a lot of important researches because of
their outstanding performance [38—41]. We have also synthesized
and intensively studied the application of hollowed titania nano-
shell (HTNSs) [42] and titania nanotubes (TiNTs) [43] in ECL anal-
ysis with luminol as a luminophore. These two materials can pro-
mote the redox of hydrogen peroxide, to further increase the ECL of
luminol and greatly promote the sensitivity of H»O; detection. Also
as we all know, AuNPs have a large specific surface area, excellent
electrical conductivity and good biocompatibility, it also can pro-
mote the ECL of luminol [44]. In recent years, we have also reported
some modified electrodes of TiO, and AuNPs or AuAg alloy nano-
composite for enhancement of the luminol ECL [45,46].

In this work, we successfully prepared an Au/TiNTs nano-
composites by the means of physical/chemical functions of (3-
aminopropyl)trimethoxysilane (APTMS). Then it was covered on
an indium tin oxide (ITO) glass together with cross-linked FAO to
acts as a sensing matrix for ECL detection of FV in pretreated blood
sample. It is known that two FV molecules would be released
during the protease digestion from one HbAlc molecule, thus a
quantitative relation toward HbA1c is established and therefore the
HbA1c level (HbAlc %) can be calibrated as the ratio of glycated
hemoglobin to total hemoglobin. Compare with other current
testing methods, including electrochemical methods, the fabricated
ECL sensor showed a higher sensitivity, lower detection limit, good
reliability and faster implementation. The design of this new sensor
is not only to simply assemble those materials and signaling technic
together, but also to deeply exploit the potentiality of synergic ef-
fect between those nano-materials themselves, the ROSs from
enzymatic reaction and the electrolysis induced redox to trigger
stronger light-emission of luminol which proportionally related to
the concentration of substrate. This is a sole report about the ECL
biosensor for HbA1lc with highest sensitivity but equally simple
preparation/operation.

(1)

(amino acid),, 4 (2)
(His, Leu, Thr)
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2. Experimental
2.1. Materials and reagents

(3-aminopropyl)trimethoxysilane (APTMS) was purchased from
Aladdin Industrial Co. Ltd. (Shanghai, PR. China). HAuCls-4H,0
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, P.R. China). TiO, powder (P-25) was purchased from
Degussa Co. Ltd. (Germany). Luminol were obtained from Fluka
Chemical Co. Ltd. (USA). Fructosyl-amino acid oxidase (FAO, 5.4
U mg~!) was purchased from Beijing Springup Scientific Co. Ltd.
(Beijing, P.R. China). FV was procured from Toronto Research
Chemicals Inc. (Canada). Phosphate buffer solution (0.2 M) were
prepared by varying the ratio of NaH,PO4 to Na,HPO,4 and NaOH. All
of the other chemicals were obtained from Chemical Reagent
Company of Shanghai (Shanghai, P.R. China). All of the chemicals
were analytical grade and used without further purification. ITO
glass was purchased from Suzhou Nippon Sheet Glass Electronics
Co. Ltd. (Suzhou, PR China). Ultrapure water (ALH-6000-U ultra-
pure water system, Aquapro, P.R. China) was used throughout the
experiments.

2.2. Apparatus and instruments

The ECL analysis is carried out on our lab-built installation. A
three-electrode system, including a bare or functionalized ITO glass
(1 cm x 5 cm) as the working electrode, a platinum wire as auxil-
iary electrode and a silver wire as reference electrode, was
employed. The micromorphology and the size of TiNTs, AuNPs, Au/
TiNTs and fabricated electrodes were observed by scanning elec-
tron microscopy (S-4700 scanning electron microanalyzer, Hitachi,
Japan) and high resolution transmission electron microscopy
(G220, at an accelerating voltage of 200 KV, FEI, USA). The elec-
trochemical experiments were carried out on a CHI 800 Electro-
chemical Workstation (ChenHua Instrument Co. Ltd., Shanghai, P.R.
China). The UV—Vis absorption spectra were obtained with a 2810

UV—Vis spectrophotometer (Hitachi, Japan). Centrifugal treatment
was carried on an Allegra 64R Centrifuge (Beckman Coulter, USA).
The blood samples of healthy volunteers and diabetics were ob-
tained from Second Affiliated Hospital of Soochow University, with
EDTA as anticoagulant, and reserved at 4 °C. The standard HbAlc
values of those samples were determined by Alere Afinion AS100
Analyzer (Alere Inc., USA).

2.3. The preparation of Au/TiNTs nanocomposite

TiNTs were synthesized by a hydrothermal method consulted to
previous reports [47,48]. AuNPs with about 5 nm of diameter were
prepared following a typical procedure [49]. The Au/TiNTs nano-
composite were prepared referring to the literature [50]. The first
is to attach a polymer layer on TiNTs by the hydrolysis of APTMS.
0.05 g of TiNTs was dispersed into 20 mL of ethanol in a beaker
equipped with magnetic agitator, followed by addition of 200 pL of
APTMS and 4 mL of 7.5 M ammonia. After 12 h, the solid was
centrifugal separated and rinsed for 4 times with ethanol and
water, and finally dispersed them in 10 mL of ultrapure water.
Under the sonication, the AuNPs was mixed in, and kept the
agitation for 30 min, then centrifuged and washed for 3 times with
distilled water. Finally, dispersed them in 400 pL of ultrapure water
for further use.

2.4. The preparation of Au/TiNTs/ITO electrode

Pieces of ITO glass were cut into 1 cm x 5 cm, and then treated in
sequence under ultrasonication with water, ethanol/1 M NaOH (1:1,
v/v), acetone and water for 15 min each. After dried with nitrogen-
blowing, certain volume of Au/TiNTs suspension was cast onto it,
then dried under infrared lamp.

2.5. The preparation of biosensor (FAO/Au/TiNTs/ITO)

The glutaraldehyde (GA, 0.25 wt%), bovine serum albumin (BSA,
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Fig. 1. (A) The TEM image of AuNPs/TiNTs, here the inset is the picture of AuNPs; (B) the SEM image of TiNTs/ITO; (C) the SEM image of AuNPs/TiNTs/ITO; (D) the SEM image of

resultant biosensor.



86

0.5 mg mL~!) and FAO (30 U mL~!) were well mixed together (all of
these materials were dissolved in phosphate buffer, pH = 7.0), then
dropped onto an Au/TiNTs/ITO electrode with 5 pL of total amount.
The biosensor was accomplished after the finish of cross-linking
reaction during a period of quiescence in a refrigerator at 4 °C.

2.6. The optimisation of important factors of ECL measurements

All electrochemical characterization and measurements were
carried out using a conventional three-electrode system with the
sensor as working electrode, a Pt wire as auxiliary electrode, and an
Ag wire as reference electrode. The volume of detection cell is 5 mL.
The fittest acidity for FAO activity is around pH 6.0, but the signal of
luminol ECL is very weak in this pH. Considering the
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counterbalance between enzyme activity and the condition for
luminol ECL, pH = 8.0 was decided as the best selection. At the
same time, in order to facilitate the experimental operation and the
feasibility of POCT device, the ambient temperature (25 °C) was
chosen as the experimental condition.

We optimised all of the parameters that strongly influenced the
ECL performance of luminol. First of all, concerned the basal elec-
trode, Au/TiNTs/ITO, including the mass ratio of TiNTs to AuNPs, the
usages of AuNPs, the dosage of APTMS and the used amount of Au/
TiNTs, were all optimised. Next, the dosage of FAOQ, the concentra-
tion of cross-linking matrix (GD, BSA), the employed volume of
matrix were investigated too. At the same time, the detection
conditions such as upper/lower limiting potential and pulse period
were also optimised.
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Fig. 2. The effects of biosensor components on ECL response of (A) the volume of APTMS; (B) the mass ratio of TiNTs to AuNPs; (C) the usage of FAO; (D) the mass ratio of GD to BSA.
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Fig. 3. (A) The UV—vis absorption spectra of (a) AuNPs, (b) TiNTs and (c) Au/TiNTs; (B) the cyclic voltammograms of 0.1 mM luminol on (a) bare ITO, (b) TiNTs/ITO and (c) AuNPs/
TiNTs/ITO in buffer solution of pH 8.0 at a scan rate of 50 mV s~'; here the inset is the real map of the ECL signal correspondingly and (C) the electrochemical impedance
spectroscopy of (a) bare ITO, (b) TiNTs/ITO, (c) APTMS/TiNTs/ITO, (d) AuNPs/APTMS/TiNTs/ITO and (e) the resultant biosensor, in 0.1 M KCI solution containing 5 mM [Fe(CN)s]*~,

inserted is the real maps of corresponding ECL signals.
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2.7. The detection of HbA1c in whole blood samples by the
biosensor

Before the HbAlc testing, the whole blood samples will be
pretreated following the instruction of enzyme kit (Afinion®). Un-
der the optimal conditions, the HbA1c test was carried on with FV
as the calibration standard. Thus the HbA1c % value was calculated
as the ratio of HbA1c (mM) toward total hemoglobin (mM) which
was obtained from the hospital laboratory. Finally, the results were
compared with that obtained by the standard immunoassay
method using Alere Afinion AS100 Analyzer.

3. Results and discussion

3.1. The characterization of prepared Au/TiNTs and resultant
biosensor

3.1.1. The morphology of nano-materials and sensor

The structure and morphology of Au/TiNTs hybrid nanomaterial
were characterized by TEM, showed in Fig. 1A. The image clearly
demonstrates that the TiNTs present as the form of long and hollow
nanotubes with the inner diameter of about 10 nm and an outer
diameter of approximately 20 nm. In addition, it can be observed
that the diameter of the AuNPs is about 5 nm and attached uniformly
on the surface of the TiNTs. The insert in Fig. 1A is the enlarged TEM
of AuNPs, which presents its uniform size and distribution.

APTMS plays a key role in the preparation of Au/TiNTs nano-
composites. After rapid hydrolysis, APTMS quickly forms a thin
polymer film, and the surface of TiNTs is wrapped by the film
through physical embedding. The —NH; groups of APTMS acts as
the linker provided the hydrogen bond and metal-ligand bond for
junction of AuNPs. At the same time, the methoxy groups of ATPMS
turned into hydroxyl groups after hydrolysis, then combined with
the hydroxyl groups of TiNTs on its surface. To summarize, APTMS
expresses dual functions of physical embedding and chemical
bonding, ensured tightly decoration of AuNPs uniformly on the
surface of the TiNTs.

The surface morphologies of TiNTs/ITO, Au/TiNTs/ITO, and
resultant sensor were observed using SEM. The TiNTs shows its
loosely intertwined structure with the length of several hundreds
of nanometre (Fig. 1B). The SEM image of the Au/TiNTs/ITO also
exhibits the tubular TiNTs and attached dots of AuNPs (Fig. 1C). The
surface of resultant sensor appears as a glutinous paste after
immobilizing FAO, showed in Fig. 1D, demonstrated the formation
of the sensing matrix.
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3.1.2. The optimisation of the biosensor fabrication

According to the previous discussion, immoderately thick film of
hydrolyzed APTMS on TiNTs will impede the electron transfer
thereafter to restrain the ECL of luminol, but less amount of APTMS
is not conducive to AuNPs attachment on the surface of TiTNs. To
mostly take the effect of the TiNTs and AuNPs to get maximized ECL,
there must be a suitable usage of APTMS. Fig. 2A shows that the
optimal volume of APTMS was 75 pL. The usage of AuNPs also af-
fects the performance of ECL, as shown in Fig. 2B, the optimal mass
ratio of TiNTs to AuNPs is about 675:1.

As can be seen from Fig. 2C, the ECL intensity increased at first
then decreased afterward along with the increasing FAO dosage.
The ECL intensity reached to maximum at the actual dosage of
0.05U FAO. As a coupling agent and enzyme stabilizer [51—-53], the
mass ratio of GD to BSA was optimised as 4:1 (see Fig. 2D).

3.1.3. The spectrometric and electrochemical properties of
nanocomposite

The formation of Au/TiNTs nanocomposite was confirmed by
UV—Vis absorption spectra in Fig. 3A. Compared with pure TiNTs
(curve b), the AuNPs (curve a) and Au/TiNTs (curve c) display the
typical absorbance band at 515 nm obviously, confirm the existence
of AuNPs.

Fig. 3B represents the cyclic voltammograms (CV) of 0.1 mM
luminol on bare ITO, TiNTs/ITO or Au/TiNTs/ITO in buffer solution.
As we can see, no oxidation peak can be observed on curve a, but a
very clear oxidation peak emerged around the potential of 0.8V on
curve b, and a further increased peak on curve c. Meanwhile the ECL
signal of 0.1 mM luminol on those electrode are inserted in Fig. 3B,
which was totally consistent with the result of CV. These results
strongly support our previous discussions about the ECL enhancing
mechanism of luminol [36,37,54] and the acceleration of the oxy-
gen reduction to yield the 10, which boost the excitation of luminol
[42,43,45] by those nanomaterials of metals or their oxide
(MONPs), as illustrated in Scheme 1.

The electrochemical impedance spectroscopy (EIS) had been
employed to investigate the change of impedance of the electrode
when FAO was immobilized on. As we can see from Fig. 3C, the bare
ITO electrode (curve a) has small degree of semicircle domain,
while that of the TiNTs/ITO (curve b) become larger because of the
largish electron transfer resistance of TiNTs. When APTMS/TiNTs
were coated on the ITO, the electron transfer resistance increased
dramatically (curve c). Then, Au/APTMS/TiNTs/ITO (curve d)
exhibited a significant decrease of the electron transfer resistance,
which must be attributed to the excellent electrical conductivity of
AuNPs. Finally, curve e (FAO/Au/APTMS/TiNTs/ITO) showed an
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Table 1

The comparison of present biosensor with reported biosensors.
Types of biosensor Linear range Detection limit (S/N = 3) Ref.
FAO/MNPs/Au 0-2 mM 0.1 mM [9]
FAO/ZnONPs/Au 0.1-3.0 mM 50 uM [10]
iridium-modified SPE 0—500 uM — [11]
FAO/PVA—SbQ/glass plate 0.2-10 mM 0.2 mM [12]
carbon paste electrode 0—1 mM 0.05 mM [14]
FAO/Au/TiNTs/ITO 40 x10°M-72 x 107" M 38 x107°M Present work

obviously increased diameter when FAO was immobilized on,
because the enzyme layer obstructed the electron transfer. The
insert here displays the ECL signals of 0.1 mM luminol on those
electrodes, clearly reflects the variation of ECL performance along
with the surface alteration.

3.2. The optimisation of analytical conditions

The ECL intensity relates to the potential and period of pulsed
electrolytic power. For consideration of the signal/noise ratio, it is
clear that the maximum ECL intensity appeared at —0.2 V of lower
limiting potential and 1.3 V of upper limiting potential, showed in
Fig. 4A. Furthermore, Fig. 4B demonstrates the optimal pulse period
of 3 s.

The interference of several possible interfering substances on
the biosensor were investigated, such as 1 x 10~ M triglycerides,
1 x 1074 M glucose, 1 x 10~ M ascorbic acid, 1 x 10~4 M bilirubin
and 1 x 10~% M uric acid. There were tiny degrees of quenched ECL
intensity from them (see Fig. 4C), just opposite to the enhancing
effect of FV with an equivalence of far larger than 200 of tolerances.
The results demonstrate a high selectivity of prepared biosensor
toward FV.

3.3. The evaluation of biosensor for FV and blood determination

Under the optimised experimental conditions, the ECL output of
resultant sensor upon subsequent addition of different concen-
trated FV was recorded as shown in Fig. 5A within the concentra-
tion range from 4.0 x 107° M to 1.6 x 10°% M. The ECL signal
increased linearly along with the concentration of FV, but gradually
slow-down when the FV concentration reach a certain level. There
is a linear regression between ECL intensity and FV concentration
within the range from 4.0 x 1072 M to 7.2 x 10~7 M (shown as the
insert in Fig. 5A) with a detection limit of 3.8 x 1072 M (S/N = 3).
Here, Table 1 lists the performance for FV detection by some other
enzyme sensors. It is so clear that the present biosensor is one of
the most sensitive ones among them. To determine the repeat-
ability of the resultant biosensor, 5.0 x 10~ M FV was investigated
for three times by single sensor successively. The relative standard
deviation is 2.2%, which implied a rather good precision.

The accuracy of the present method was tested by comparing
HbA1c values in 5 whole blood samples using present sensor (y)
with those obtained by standard method (x), which was proceed by
Alere Afinion AS100 Analyzer (immunoassay method). The values

Table 2
The recoveries of FV determination.

Sample  FVinblood Added Found Recovery (%)  RSD
no. (1078 M) (10°8M) (1078 M) (%, n=5)
1 7.65 2 9.46 90.5 2.85
2 11.9 10 22.2 103 3.05
3 204 30 48.6 94.0 2.95

obtained in two methods showed a good correlation with a
regression coefficient of 0.991 (Fig. 5B), which demonstrated
adequate reliability of our sensor. The recovery tests were con-
ducted using standard addition method with the results in Table 2,
ranged in 90.5%—103%, which indicated a good accuracy of the
biosensor.

3.4. The stability of the biosensor

The long-term stability of the biosensor was evaluated over 20
days by monitoring the ECL response upon 5.0 x 10~/ M FV under
the optimised conditions. The activity of the sensor remains above
97% of its initial value after 10 days and 95% for 20 days when it was
stored at 4 °C. The reproducibility of the biosensor was also
investigated by the detection of 5.0 x 10~7 M FV with five parallel
biosensors. The relative standard deviation were 4.5%, which
implied a commendable performance.

4. Conclusion

A novel ECL biosensor for HbA1c has been prepared, based on
immobilization of FAO onto an Au/TiNTs nano-functionalized ITO.
This disposable, low-cost biosensor is applicable for the detection
of HbA1c by monitoring the produced FV during its enzymolysis.
The sensor shows high sensitivity than other reported enzymatic
biosensors, and also exhibits enough stability and accuracy. It is in
great promising of use in the diagnosis and management of diabetic
patients.
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