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Abstract

We have studied the fabricationuof the highly efficient glucose sensors by using well-
ordered heterogeneous ZnO/ZnS core/shell nanotube arrays CSNAs. The modified
electrodes exhibita  superior capability in electrochemical response towards
ferrocyanide/ferricyanide and in glucose sensing. Further, the fabricated glucose
biosensor exHibited good performance over an acceptable linear range from 2.39x10™ to
2.66x10™ mM, with a sensitivity as 188.34 mA mM ™ cm 2, which is higher than those of
the ZnO NAs counterpart. The low limit detection was realized to 24 uM is good over the
electrodes based on the conventional structures. In addition, the enhanced direct

electrochemistry of GOXx indicates a fast electron transfer of ZnO/ZnS CSNAs electrode,
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with a heterogeneous electron transfer rate constant (Ks) of 1.69 s*. The fast electron
transfer attributed to the high conductivity of the modified electrodes. The presented ZnS
shell can facilitate the construction of future sensors and enhance the ZnQ,surface in a

biological environment.

Keywords: Glucose detection, Fast immobilization, High sensitivity; ZnO/ZnS structure,

an electrochemical biosensor.

1. Introduction

Diabetes is an old disease that needs continuing. medical care and patient self-
management education to prevent acutescomplications and to minimize the hazard of
long-term complications. In recent years, thesnumber of diabetes patients rapidly
increases all over the world and in turn monitoring glucose concentration has emerged as
a critical health care issue. Thus, nowadays many researchers have focused on developing
the strategies for accurate determination of glucose concentration. It is highly required to
develop a cheap, simple, roaJst and rapid glucose biosensor with high sensitivity and
lower limit of detection (LOD) [1,2]. Among the techniques for detecting glucose
efficiently, the electrochemical method turns out to be standard. Various materials
including metal oxides/sulfides and carbon have been proposed as efficacious blocks for
constructing the according to electrodes. Ascribing to the low cost, high chemical
stability, and nontoxic biocompatibility, ZnO and ZnS have received a substantial

research attention. In addition, the high isoelectric points enable these materials to be

ideal 'to immobilize enzyme with a low isoelectric point during the electrostatic
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interaction. In order to load more bioactive materials and enhance the detecting
resolutions, the heteronanostructure electrode is more advantageous than .the planar
counterpart. In particular, the electrode with heterogeneous nanostructure. has gained
extensive interests. The benefit arises from the dramatically increased surface area and
the favorable kinetics of charge transfer. To avoid the performance instability from
irregularly distributed of the conventional electrode for glucose sensing; the well-ordered
nanostructure arrays fabricating is a great superiority for thispurpose. Due to the well-
controlled dimensional features, provide a good platform to' optimize the sensing
performance, among the various methods to prepare well-ordered nanostructure arrays
based on anodic aluminum oxide (AAO). Powerful andydiversity nanostructure arrays
could be feasibly realized such as nanotubes, nanorods, and nanodot [3-10]. Not only in
biosensors, these nanostructures could be widely used in protein separation and DNA
sequencing [11,12], cell growth [13];.tissue engineering and drug delivery [14]. Herein,
we fabricated highly ordered ZnO/ZnS core/shell nanotube arrays (CSNAS) by using
AAO template with atomic'layer deposition (ALD) and rapid thermal deposition method.

N
The resultant electrodes showed a higher electrochemical response to [Fe(CN)g]

3—/4—
(FCN) than the ZnO.nanotube arrays (NAs). For glucose sensing, the enzyme-modified
electrode presented a lower LOD than the ZnO NAs counterpart and the previously

reported electrodes:

2. Materials.and methods

2.1 Materials
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Glucose oxidase (E.C. 1.1.3.4) was purchased from Aspergillus Niger. Potassium
hexacyanoferrate (I11), KsFe(CN)gs (99.98%), potassium hexacyanoferrate (1), trihydrate,
K4Fe(CN)g-3H,0 (98.5%), Nafion (5 wt%), glutaraldehyde (50 wt %) and.d(+)-glucose
were purchased from Sigma-Aldrich. Potassium chloride (KCI 99.0%) was purchased
from VWR (NASDAQ: VWR) and Phosphate buffered (PBS) 0.1 Msolution was
prepared from Na,HPO, and KH,PO, (VWR) solution with NaCl, the pH was adjusted to

7.4. The materials were used without any further purification.

2.2 Methods

The anodic aluminium oxide (AAO) templateS were fabgicated by means of a two-step
anodization method as shown in (Figure 1: step.1) by using high-purity (99.99%)
aluminium foil as the starting material. The ZnO. nanotube arrays on (AAO) templates
(Figure 1: step 2) were grown by aPicoSun ALD system. This procedure was repeated
for 250 to 300 cycles according to the desired wall thickness of ZnO nanotubes as
described in details in our previous reports [15,16]. Then, the ZnO/AAO nanotube
samples were immersed in 031 M sodium sulfide (Na,S) (98%, Aldrich) solution at 60°C
for 60 min to get ZnS shellthickness about 12 nm, this procedure could remove the AAO
simultaneously as shown in (Figure 1 step: 3) [15]. The top surfaces of ZnO/AAO NAs
and ZnO/znS CSNAsWwere initially evaporated with a thin layer of Zn (10 nm), then a 30
nm Au_layer was deposited on ZnO/AAO/Zn or ZnO/ZnS/Zn by electron beam
deposition (Kurt J. Lesker PVD225, deposition rate 0.2 A/s). Thereafter a thick layer of

Ni wasevaporated to support the surface of the sample during the removal of Al foil. The

Al backside was removed by a mixture solution of CuCl, (85 wt %) and HCI (15 wt %).
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Then, the AAO template was removed from ZnO/AAO/Zn/Au/Ni by using NaOH
solution (0.1 M) at 40°C (Figurel: step 4). The samples were initially connected to the
copper wire by using a silver paste conducting. Afterward, the silver paste dayer was fully
coated with varnish protective coating.

Initially, the sensor electrodes as illustrates in Figure 1 are investigatedawith respect to
the electrochemical response towards ferrocyanide/ferricyanide [Fe(CN)s]>"*" 1.0 mM
standard redox system in aqueous 0.1 M KCI solution, »to investigate the surface
modification. For the immobilization process, 10 uL of GOx solution 20 mg mL™* was
prepared in 0.01 M PBS (pH 7.4), afterward was drop-coated on the top of the two
electrodes. The whole electrode was dried at room tempegature for 24 h (Figure 1: step 5).
Before the immobilization of the enzyme; the electrodes were rinsed with PBS to generate
a hydrophilic surface [11]. The cross-linking procedure was performed by adding 10 puL
aqueous solutions containing 2.5% glutaraldehyde and 0.5% Nafion onto the electrodes
surface, and the electrode was dried at 23+2°C (Figure 1: step 6). The sensor electrodes
were stored at 4 °C before usage. After completing these steps, a cyclic voltammetry
method was applied by using\ a.computer-controlled system (EC-Lab software V10-19) at
room temperature. A conventional three-electrode system of working electrode (WE),
reference (Ag/AQCl) electrode (RE) and counter electrode (CE) were used as the
electrochemical cell-setup as presented in Figure Sla. To study the behavior at the
electrode/electrolyte interface we require both potential and current to be monitored as
illustrated in the simplified diagram in Figure S1b. In this cell the current moves between

the WE and the CE. In the same time the potential difference between RE and WE is

controlled all the time during the measurement. The potential between the WE and CE
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usually is not measured. This is the voltage applied by the control amplifier andit is
limited by the compliance voltage of the instrument, so that the potential difference
between the WE and RE will be equal to the potential difference. This configurationallows
the potential across the electrochemical interface at the WE to be controlled with respect to

the RE. The cyclic voltammograms (CV) curves were recorded in the potential range from

—0.1V to +0.5 V and —1V to +1V vs. Ag/AgCl for [Fe(CN)s]’Z* and glticose, respectively.

The scan rates (v) during the experiments ranging is from 0.02-.0.12\/'s *.

Nafion

G ) ]
@ &J \ij-[@‘\‘ sglutaraldehyde’

Figure 1. Schematic diagram of the biosensor. In steps (1-3) is the synthesis of highly
ordered nanotube.arrays. AAO templates, ZnO NAs and ZnO/ZnS CSNAs. In steps (4-6)
is the preparation of the electrodes for the electrochemical process on the surface and
inner wall of the nanotubes. In step (4) is the removal of AAO templates after depositing
Zn, Au, and Nitlayers. In step (5) is the immobilization of enzyme glucose oxidase (GOXx)
ontthe surface of the sensor electrodes. In step (6) is the coating of glutaraldehyde and
Nafion /solution onto the electrodes surface. The active site of the glucose oxidase

catalyzed a reaction on the electrodes as illustrates in step (6).
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3. Results and Discussion

3.1 Characterization of ZnO NAs and ZnO/ZnS CSNAs electrodes

Figure 2a shows a representative of the typical scanning electron micrascopy (SEM)
images of the nanopore arrays, in which an array of well-ordered alumina pores could be
clearly observed with a high regularity, large scale and without defects¢The average
diameter of the pores is around 70 nm, with a thickness of 1800 nm. Figure 2b exhibits
the ZnO nanotube array prepared by a typical ALD procedure. The ZnO freestanding
nanotube after the AAO was removed as shown in Figure,2c the wall thickness of the
ZnO is estimated around 18 nm associated with, ALD cyecles. Figure 2d presents the
Zn0/ZnS, the shell thickness around 12 nm belongs to.sulfidation time. These electrodes
with well-ordered nanostructure offer¢a:good scaffold to load bioactive materials and
increase the according to sensitivity. Figure 2e shows the cross sectional of the ZnO/ZnS
CSNA:s after loading of 10 uL glucese oxidase solution with a high uniform coverage of
Nafion-glutaraldehyde solutionsin the wall nanotubes could be concluded. The presence
of the biomaterials of the'enzyme and the Nafion could also be supported by EDX

N
patterns as shown in Figure 2f.
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N 2Encri,{\'(Kc6\/)
Figure 2. (a) SEM image of the AAQ template ‘with a high regularity before deposing
ZnO. (b) ZnO NAs after 300 cycles of ALD depesition at 250°C with the inset of cross-
section view. (c) SEM image of bare ZnO nanotube arrays after removing AAO template
with NaOH (0.1 M) solution.(d) ZnO/ZnS CSNAs array after 50 min sulfidation time. (e)
Zn0O/ZnS CSNA:s after depasiting of Nafion with glutaraldehyde. (f) EDX spectrum.

A S

3.2 Electrochemical performance of ZnO NAs and ZnO/ZnS CSNAs toward [Fe(CN)s]*
/4-

Prior, to all’'experiments the solutions were purged with high—purity nitrogen to eliminate
the dissolved oxygen. The CVs curves presented in Figure 3a and b show some
interesting characteristics. Firstly, it is obvious that the electrochemical peaks oxidation
of the [Fe(CN)s]*™ solution on ZnO and ZnO/ZnS surface are clearly separated from

each other.
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3-/4-

Upon increasing the concentration of [Fe(CN)¢]"", its oxidation peak currents

enhance, indicating the effect of the change of concentration at 7.93x10°-2.15x10™* mM

at the scan rate of 0.05 V s *. The ratio of the observed currents at reversesand forward

scans is equal to the relation (iifed =1.0), pointing that there are no_chemical reactions
14

coupled to the electrode process, and confirm the charge-transfer process is completely
~
reversible (it is well known that such reactions can largely.raise the ratio of peak
currents). The oxidation potential of bare ZnO is 0,078 V vsi Ag/AgCl, while for
ZnO/ZnS is about 0.061 V. This could be attributing to. the difference in the surface
chemistry of the two materials, and could improve.the electrochemical response of
heterogeneous nanostructures. The CVs curves of/the Zn(; electrode look somehow noisy
and the current at the oxidation peak currentis.around 0.0158 mA whereas, the curves of
the ZnO/ZnS electrode are smooth andsthe oxidation peak current is up to 0.226 mA. This
indicates that the ZnO/ZnS.is superior over ZnO in electrochemical response. The plots

of anodic current versus [Fe (CN)6]3_/ +

concentration are given in Figure 3c and 3d, and
the current increases with increasing the concentration. The error bars in Figure S2
display the standard dewviations of the measured data for the ZnO NAs and ZnO/ZnS
CSNAs and it represents the 95% confidence intervals of the average value. It is our
delight to write the Zn®/ZnS CSNAs showed 2 times higher sensitivity (333.4 mA mM™*
cm ?) in/comparison with ZnO NAs (151.81 mA mM™ cm ), by calculating the slope
from the linear portion of the plots in Figure 3c and d. The limit of detection (LOD) was

calculated.from the formula (3xo | slope), o is the standard deviation of the current

densityJ17,18].
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Figure 3. CVs spectra measured in range concentration (from C1=7.93x10° to
C8=2.15x10"*) mM of [Fe(GN)e]*™* in (0.1 M KCI) at the scan rate=0.05 V s on (a)
ZnO NAs and (b) ZnO/ZnS CSNAs. The corresponding sensitivity and the lower limit of
detection are present in(c) and (d), respectively.

It was found.that the LOD of CSNAs as 24 uM is lower than NAs 31 uM at a lower
concentration/of 7:93%20 > mol L, which means that the modified sensors are sensitive
to lower concentrations and higher modification. The sensors are sensitive to lower
concentrations. The variation of electrochemical responses with scan rate is studied in
briefly./Figure 4a and b represent the CVs recorded at different scan rates (0.02-0.12 V

s:!). under constant concentration 1.38x10* mol L™ of [Fe(CN)s]*’*. A linear
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relationship was realized between the reduction peak and oxidation peak currents (ipred
and ipox) With the square root of scan rate as presents in Figure 4c and d. Upon increasing
the scan rates, the redox peak currents and peak separation increase linearly. Meanwhile,
the cathodic peak and anodic peak currents show a small shift with the fallowing increase
in the peak-to-peak separation. Particularly, the anodic and cathodic peak, of potential
separation AE, of the bare ZnO NAs was found to vary with the.concentration of the

electroactive compound [Fe(CN)e]?’"A'

as shown in Figure 5a and b.(red curve). Namely,
the increase of the potential separation AE, with the concentration increasing to finally
reach the value of AE, is 0.102 V at scan ratesv= 0.05 W s for the concentration
2.15x10™ mol L™ &

Whereas the peak potential separation AE, of Zn©/ZnS CSNAs was recorded as 0.114
V at the same concentration and scan rate: It is‘@bvious that the AE, values obtained on
ZnO/ZnS CSNAs (0.089 V) are smaller than those determined on ZnO NAs thus,
showing somewhat higher electron transfer kinetics in ZnO/ZnS CSNAs. However, the
electron transfer Kkinetics are independent with the concentration of the electroactive
compound while the effect of\the uncompensated resistance dependents on concentration.
The results indicated that the increase of AE, with concentration could be mainly
attributed to resistance effects namely, to the resistance that remains uncompensated [19].

By using the Nicholson relation [20]. The heterogeneous electron transfer constant (Ks)

of [Fe(CN)g]® '+ was calculated in the investigated concentrations and scan rates.
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Figure 4. CVs spectra of ZnO-[Fe(CN)s]>’* (a) and ZnO/ZnS [Fe(CN)s]*™ (b) at
different scan rate (0.02-0.12 V §™)u(c.and d) Curves present the linearity peak current
with the square root of scan rate, labeled by the oxidation peak current iy and the
reduction current ipreg.

The results reveal thatsthe variation of Ks with the concentration is the inverse with
AE, as shown in Figure 5a and b (blue curve). Specifically, the value of Ks=6.12x10" cm
s ! for ZnO measured initially for C=7.93x10° mol L™* at scan rate of 0.05 V s .

Gradually, the decrease Ks with the increase of the electro-active compound
concentrationto réach'the final value of K=4.34x10° cm s at C=2.15x10* mol L%,
undér scan rate v=0.05 V s %, In contrast, it is very interesting that the value of K of the
ZnO/ZnSECSNAs of Ks = 23.4x10° cm s * in the concentration range of 7.93x10°-
2.15x10™ mol L™, is higher than the K of ZnO under at the same measurements as

shown in Figure 5a and b (curve blue). Furthermore, the real surface active area of the
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electrode (A) was calculated from the slope of concentration—current calibration curve.at
the constant of scan rate (v) as shown in Figure 4¢ and d, according to the Randles-Sevcik
equation [21].

i, = (2.69 x 105)n3/2 ADY2 (/2 (1)
Here, n and A represent the number of electrons transferred (n=1) and A the'active area of
the electrode (cm?), respectively, F is the Faraday’s constant (96485 coulombs/mole).
The concentration of the [Fe(CN)s]*"* is denoted by C where,thexdiffusion coefficient
(cm? s™) and time (s) are denoted by (Do=7.63x10%.cm®s2), v/is the scan rate (V s ™).
Thus, the active area of the ZnO NAs based electrode is calculated to be 0.44 cm? and
that of ZnO/ZnS CSNAs electrode is 0.41 cm®. The actiVe area of ZnO/ZnS CSNAs is

smaller than that of ZnO NAs due to the enlargement of nanostructure size during the

ZnS shell formation.

10
1] T T T L) L} T T L 6'4 T T T T T T T T
1 200 Zn0/Zn0 L 25
- [ . °
" N\, l/ 6.0 9 ____m—a—n
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Figure 5. Variation.of peak potential separation (red curve) and heterogeneous electron

transfer_rate‘constant (blue curve) with concentration in CVs recorded on either ZnO NAs

(a) 0r.ZnO/ZnS CSNAs (b) for [Fe(CN)g]*™ solutions (0.1 M KCl) at v=0.05V s

3.3 Electrochemistry measurement of glucose sensing
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Owing to the advantages of the nanostructure arrays, the biosensor performance was
analyzed by the cyclic voltammograms CVs of GOx in the concentration' range of
2.45x107°-2.66x10™ mM. Figure 6 displays the CVs curves acquired at thetbare electrode
(a) and the modified electrodes (b) at a scan rate of 50 mV s 2.

The CVs curves are evidenced that the ZnO/ZnS CSNAs recorded<high current
response comparing with the ZnO NAs. The GOx immobilized electrodes exhibit a pair
of standard redox peaks for glucose sensing and the peaks positions aré in agreement with
previous reports [22,23]. The formal potentials are 0.485 V. and 0.344 V were realized
from ZnO NAs and ZnO/ZnS CSNAs based electrodes, respectively. The CVs have
displayed a quasi-reversible electrochemical redox peakyit is attributed to the electron
transfer of redox active sites in GOx. The, active site’of this enzyme is a flavin adenine
nucleotide (FAD) that exists in one of two forms-oxidized (FAD) or reduced (FADH,).
FAD oxidizes glucose to gluconic acid;.and the FADH, generated by this reaction can be
oxidized to FAD by oxygen (hydrogen peroxide is a by-product of this reaction). This
mechanism is shown in Figure 1 (Step 4). The GOx catalyzed reaction can be described
as following the reaction [24;6]:

GOx + FAD + 2eT 4+ 2H" < GOx+ FADH, )
GOx — (FAD)+ Glucose + 0, — GOx — (FAD) + Gluconolactone + H,0, (3)
It is worth mentioning that the fabricated ZnO/ZnS CSNAs was recorded the higher
sensitivity (188.34 mA mM* cm®) in comparison with ZnO NAs (153.73 mA mM*
cm 2). The limit detection (LOD) were realized to 0.42 pM and 0.29 pM for ZnO NAs
and ZnO/ZnS CSNAs respectively, were calculated from the slopes between the anodic

current density and the variation of concentration as shown in Figure 6 ¢ and d. The
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sensitivity improvement is attributed to the role of the ZnS shell and the heterojunction
structure is beneficial for transporting the charges efficiently. The effect of scan rate on
the GOx/ZnO nanotubes and GOx/ZnO/ZnS CSNAs electrodes with concentration 12.19
uM at scan rate from 0.2 to 0.12 V st is illustrated Figure S3. The oxidation peak current
Ipox and reduction peak current ipeq Show a linear relationship with increasing the scan
rates, showing that the redox reaction of GOx at the compaosite eleetrode is a typical
surface-controlled quasi-reversible process. The sensitivity and.limit.detection of glucose
detection for the ZnO/ZnS CSNAs is significantly highhwhen' comparing with other
previously reported glucose biosensors based on differently modified working electrodes,
as shown in Table S1. The reference performances are cited from the literatures
previously reported. Thus, a superior qperformance. of our biosensors over the reported
ones could be concluded. The heterogeneous electron transfer constant (Ks) of GOx/ZnO
nanoarrays NAs for GOx/ZnO/ZnS:CSNAs electrodes has been calculated by using
Laviron’s equation [27].

Log Ks = aLog(1 — a)Loga — Log(RT /nFv) — a(1 — a)nFAE,/2.3RT 4)
Where: « is a dimensionless\ parameter known as electron transfer coefficient, n is the
number of electrons:involved in redox process (n = 2), F is Faraday constant (96485 C
mol™), v is séan raten(0.05 V s %), R is a gas constant (8.314 J mol™* K™, T is a
temperature i K (T=293 K). AEp is the peak separation of the FAD/FADH; redox couple.
The value of « is'0.46 that could be calculated from the slopes of anodic (Eps) and the
cathodic (Epc) peaks potentials vs. scan rate. The Ks value of the GOx immobilized
ZnO/ZnS CSNAs is recorded as (1.65 s %) higher than that of the bare ZnO NAs (0.95

s ). The high conductivity and good microenvironment of the ZnO/ZnS CSNAs facilitate
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the direct electron transfer between the enzyme matrix and the electrode surface. The
value (ks) of ZnO/ZnS CSNAs is very close to the values that reported previously on
Multiwall carbon nanotubes based ZnO (MWCNT) (1.66 s %) [28], and MWCNT within
a dihexadecyl phosphate (1.69 s ) [29], higher than those reportedion boron-doped

MWCNTSs (1.56 s %) [24], MWCNTs modified with gold (1.08/s™) [30], and CNTs

.. _1
modified (1.53 s ) [31]. ~
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Figure 6. Cyelic voltammogram of bare ZnO NAs (a) and ZnO/ZnS CSNAs (b) in PBS
(0.01M) @t scan rate’50 V s * were measured in the potential range from —1 to +1 V.
Variation of oxidation peak current density with concentration of glucose recorded in
CVs oneither ZnO NAs (c) or ZnO/ZnS CSNAs (d).

The glectric circuit that demonstrates how the two electrodes ZnO NAs and ZnS/ZnO

CSNAs nanotube arrays are used of the sensor is illustrated in the simplified diagram in

Page 16 of 22
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Figure S3. The circuit controls the potential of the working electrode and turns into the
signal current to a voltage is named a potentiostat. By operational amplifier A2, the signal

(current) from the working electrode is converted to a voltage. This circuit:also controls

©CoO~NOUTA,WNPE

the potential of the working electrode at the bias potential, VV bias., The reference
13 electrode potential is compared to the stable input potential, V' bias. At the counter
15 electrode, the operational amplifier A1 produces a potential which<is-just sufficient to
18 produce a current that is quite equal and reverse of the working.electrode current. On the
20 other hand, a constant voltage is preserved between the working and the reference

electrodes.

28 4. Conclusions

31 We have constructed glucose ‘sensorsubased on well-ordered ZnO/ZnS CSNAs. The
advanced heterogeneous nanestructure is better than the ZnO NAs counterparts are in term
36 of electrochemical response towards, FCN. As for the glucose sensing, a high sensing
38 performance of the Zn@/ZnS*CSNAs electrode over ZnO NAs based devices and other
reported sensors is realized. We hope that our work could ascend future attentions on using
43 well-ordered nanoarrays for glucose sensors and might be transferred to other applications

45 in the field of sensors.
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