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ABSTRACT: Zinc oxide (ZnO) is considered to be one of the most
promising candidates for the third-generation DNA biosensor because of its
good chemical stability, wonderful biocompatibility, easy surface modification,
and numerous kinds of nanostructures. In this work, we report a new and
simple method to modify ZnO surface for the immobilization of
oligonucleotides by electrochemical covalent grafting of diazonium salts.
The atomic force microscope, X-ray photoelectron spectroscopy, surface
contact angle system, and electrochemical workstation were employed to
characterize the functionalization process. Fluorescence results show that this
kind of DNA biosensor from covalently linking strategy has an enhanced
performance compared to that based on an electrostatic adsorption route. The
functionalized ZnO biosensor has the capability to distinguish four-base
mismatched, one-base mismatched, and complementary DNA sequences.
Moreover, a linear relationship has been observed between the fluorescence

intensity and the concentration of the complementary DNA in the solution within the range from 107 to 10~° M, offering us a
possibility in the qualitative determination of the level of target DNA.
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B INTRODUCTION

Many diseases such as tuberculosis,' sexually transmitted
diseases,” and cancers are the result of some specific base
sequences on DNA. Meanwhile, the mutation of DNA
sequences has a strong relationship with specific diseases.
Consequently, it is necessary to develop the DNA biosensor for
the detection of specific DNA fragments. It is widely known
that the solid platform for immobilizing probe DNA should be
biocompatible, nontoxic, and chemically stable.® Gold, silicon,
and carbon materials*> were widely used as solid substrates to
inspect the target DNA sequences. However, these DNA
biosensors lack stability due to the gradual dissolution in
aqueous solution, which in turn results in the degradation of
the biosensing response.”® Besides, the biocompatibility of
silicon is reported to be quite limited.” Therefore, a new
category of stable ceramic materials for linking the DNA
molecule is urgently needed to improve the performance and
the lifetime.

ZnO is a wide band gap (3.37 eV) material with novel
mechanical and optical properties, high electron mobility, high
exciton binding energy (60 meV), and low cost,® which is
usually used in solar cells, short wavelength light emitters,
acoustic wave devices, mechanical or piezoelectric sensors, and
ultraviolet (UV) lasers.” Meanwhile, ZnO also has high
chemical stability and good biocompatibility. It has a high
isoelectric point (IPE) of ~9.5 and can be conductive by
doping. Furthermore, the possible fabrication of various ZnO
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nanostructures such as nanowires, particles, flowers, and
nanowalls with a large surface area also offer us more choices
for specific applications.lo’11 Hence, ZnO is considered as one
of the most promising candidates for the third generation of
DNA biosensors.'> Most of the reported ZnO biosensors are
constructed by a principle of the weak physical and electrostatic
adsorption.”™"> However, such a weak bonding could cause
the problem of the probe DNA biomolecule desorption during
the sensing process, which leads to gradually deteriorated
response. Furthermore, the hydrophobicity of bare ZnO surface
also hinders the adsorption of biomolecules.'® In contrast, ZnO
biosensors have shown an enhanced performance, which are
designed by the covalent biolinkers, such as thiol groups,
carboxylic groups through fatty acid modification,'” and amino
groups via organosilane modification.'®'” However, thiol and
carboxylic bonding are strongly dependent on the structure of
compounds as well as the experimental conditions. Moreover,
acids may also etch ZnO, which limits their application.'”
Alternatively, amino groups can also be used to modify the
electrode for biosensor applications.”* >> Zhao et al. observed
that, after amino groups functionalization via organosilanes,
nonspecific adsorption of DNA onto the ZnO surface can be
reduced.'® Kumar et al. discovered that covalent amino groups
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Scheme 1. Illustration of Fabricating ZnO Biosensors via Electrochemical Method
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functionalization via organosilanes could improve the sensitivity
of the ZnO-arrays-based biosensors.'”” However, covalent
linking via organosilanes strongly depends on the concentration
of hydroxyl groups.>® In addition, to achieve a higher sensitivity,
a monolayer of organosilane on the surface is preferred. This is,
however, very difficult to achieve, which requires precise
control of the trace amount of water on the ZnO surface.”* In
this context, developing a facile approach to link amino groups
onto the ZnO surface becomes imperative. It was reported that
amino groups can be introduced to the electrode surface by
simple electrochemical attachment of diazonium salts with
good controllability.** This functionalization strategy via the
linkage of amino groups have been applied in metal surfaces,®
carbon materials,”>*” and silicon carbide®® to improve the
performance of biosensors. Compared with the above materials,
ZnO is cheaper and easier to obtain and has been popularly
used as a biosensor.> However, until date, the electrochemical
grafting of diazonium salts to the ZnO surface has not yet been
investigated. On the basis of the above discussion, in this work,
the ZnO biosensor was designed for the first time by
electrochemical grafting of amino groups using diazonium
salts. Atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), and cyclic voltammetry results show the
successful introduction of covalent biolinkers to the surface of
ZnO. Decreased contact angle indicates that functionalized
ZnO is more suitable for a biological system owing to the
higher hydrophilicity. Finally, after the attachment of target
DNA molecule, the performances of this kind of ZnO
biosensor were characterized by an electrochemical workstation
and fluorescence microscope compared with that based on
physical adsorption.

B EXPERIMENTAL SECTION

Materials and Instruments. Nanocrystalline aluminum
(Al)-doped ZnO films were purchased from Kaiwo China,
which were fabricated by a sputtering method on the glass
substrates. 4-Nitrobenzenediazonium tetrafluoroborate, tetra-
butylammonium tetrafluoroborate (TBABF,), and sulfosucci-
nimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate
(SSMCC) were purchased from Sigma-Aldrich. All chemical
reagents were of analytical grade and used as received without
further purification. Aqueous solutions were prepared with
deionized water (18.2 MQ-cm) produced by a Millipore Milli-
Q_system.

DNA used for detection was bought from TaKaRa, and the
sequences are as follows: 5-HS-C¢H,-T,-GCTTATC-
GAGCTTTCG-3' (probe sequences); 5'Cy5-CGAAAGCTC-
GATAAGC-3' (complementary sequences); 5’-CyS-
CGAATGCTCGATAAGC-3’ (one-base mismatched sequen-
ces); 5'-CyS-CGATTGCTCCTTAAGC-3’ (four-base mis-
matched sequences), where Cy$ indicates a red fluorescence
marker. As the target DNA is labeled with CyS fluorescence
label, after hybridization, a fluorescence signal can be observed.
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The fluorescence intensity can be used to detect the amount of
target DNA. According to the intensity of the fluorescence
signal, it would be possible to quantitatively determine the
amount of DNA on the ZnO surface.

The crystal structure of ZnO films were examined by a
Rigaku RINT 2000 X-ray powder diffractometer (XRD) with
Cu Ka radiation, and the scanning electron microscope (SEM)
images were recorded on Zeiss Supra 55. AFM surface
morphologies were examined on an Innova system from
Bruker. For XPS measurements, a monochromated Al Ka beam
was used as an X-ray source. The contact angles of samples
were examined by a Dataphysics 1SEC contact angle analyzer.
The fluorescence images were recorded on an Olympus BX51
microscope. An Autolab PGSTAT302N workstation was used
for electrochemical experiments. A conventional three-
electrode system was employed with a ZnO film as a working
electrode and a platinum wire as a counter electrode. A Ag/Ag*
(0.01 M) reference electrode was used in organic solvents while
a Ag/AgCl (3 M KCl) reference electrode was applied in
aqueous solutions.

Methods. The fabrication of ZnO biosensors is shown in
Scheme 1. The grafting of ZnO films was performed in
dehydrated acetonitrile containing 1.0 mM 4-nitrobenzene
diazonium salts with 0.1 M TBABEF, as supporting electrolyte.
For cyclic voltammetry, the initial, upper, and lower potentials
were 0, 0.2, and —0.8 V (vs Ag/Ag") and the scanning rate was
200 mV s~L. After grafting, the electrochemical behavior of the
modified ZnO was recorded in blank solution (dehydrated
acetonitrile containing 0.1 M TBABF,). And the surface was
reduced in 0.1 M KCl solution of C,H;OH-—H,O (V/V = 1:9)
solvent for the next DNA attachment step, the scanning range
was between 0.5 and —1.5 V (vs Ag/AgCl), and the scanning
rate was 100 mV s,

After the reduction process, the modified ZnO surface was
soaked in 1.5 mM solution of the SSMCC as cross-linker for 20
min at room temperature; 2 uL probe DNA oligonucleotides
were then put on the modified surface with SSMCC cross-
linked at 37 °C in the humid box while the other 2 yL target
DNA were placed on the sensor surface overnight. After each
step, the sample surface was washed with deionized water to
remove adsorbed molecules. To study the different perform-
ances of the ZnO DNA biosensor covalently linked and
physically absorbed, respectively, the center area of ZnO film
was modified by electrochemical grafting and cross-linker
introduction. Then the whole ZnO surface except the margin
was exposed to probe DNA. After incubation, the covalent/
physical adsorption ZnO DNA biosensor was used to detect
the target DNA. To investigate sensitivity of the biosensor, the
concentration of target DNA was varied from 107 to 10~ M.
Three different DNA sequences were used to reveal the
selectivity of the biosensor.
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Figure 1. High-resolution SEM image (a) and XRD spectrum (b) of a ZnO film.
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Figure 2. Cyclic voltammograms of electrochemical grafting nitrophenyl layers onto ZnO in 0.1 M TBABF, solution containing 1 mM 4-
nitrobenzene diazonium salts: (a) scanning range, from 0.2 to —0.8 V (vs Ag/Ag"); (b) density of transferring electrons during (a); (c) larger
scanning range, from 0 to —1.8 V (vs Ag/Ag"); and (d) cyclic voltammograms in 0.1 M TBABF, solution (blank solution) after (a) and scanning

range from 0.2 to —0.8 V (vs Ag/Ag").

B RESULTS AND DISCUSSION

Figure la shows the surface morphology of the ZnO film
prepared on the glass substrates by a magnetron sputtering
method. The grain size is about 50—200 nm. The sheet
resistivity is measured to be 9.3 + 0.1 £2/sq. by the four-point
probe method. The XRD spectrum of the film shows a typical
wurtzite structure of ZnO in Figure 1b. The presence of only
the diffraction peak corresponding to the (002) reflex indicates
the preferential orientation of ZnO with the c-axis perpendic-
ular to the substrate surface.

Cyclic voltammograms of electrochemical grafting of 4-
nitrophenyl (C4H;—NO,) groups onto the surface of ZnO
electrode are shown in Figure 2a. The first cycle (the thicker
line) shows an irreversible reduction peak centered at about
—0.27 V (vs Ag/Ag*). This is due to the reduction of
diazonium salts which generates active aryl radicals (-CqHs—
NO,) covalently bonding to ZnO surface.””*® It was noticed
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that the peak current decreases significantly during the second
scan and shifts to more negative potential in subsequent cycles
(the thinner lines). Such a phenomenon can be attributed to
the formation of insulating C;qH;—NO, layers on ZnO during
the grafting process,”’ which in turn blocks further electron
transfer. This can also be reflected by the continuous decrease
of current during the positive scan. The current after the
turning point is negative and stays negative even at positive
potential; this characteristic shape of the reverse scan curve also
reveals the occurrence of self-inhibition.*” Forty-three percent
of the total electron density of 1.5 X 10'® cm™ is exchanged
during the first cycle (Figure 2b) while the number of
exchanged electrons decreases with increasing cycles.
Nevertheless, the cathodic peak is still observable even after
four cycles. This behavior is similar to that of the SiC
electrode,® but different from that on the diamond surface. For
the case of the diamond electrode, this peak quickly disappears
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after only one cycle,>* indicating the forming of C;Hs—NO,
layers on the diamond surface is much faster than that on ZnO
films. The reason might be that a greater proportion of radicals
produced by reduction of the diazonium salts diffuse and react
in the solution rather than attach to the ZnO electrode
surface.”” When the electrochemical scanning range of grafting
is larger, other waves appear (Figure 2c). An irreversible
cathodic peak (—1.12 V vs Ag/Ag") appears in the first scan
which is probably caused by a small amount of unattached
diazonium salts and disappears in the second scan. While the
other two reversible cathodic peaks (—1.32 and —1.50 V vs Ag/
Ag") still exist in the second cycle and their positions turn to
more positive potential. The decreasing peaks during the
second scan indicate the forming of insulating C;H—NO,
films. Those two peaks are related to the two-electron
reduction process of the NO, group in the CH;—NO,
layers.” Such a phenomenon is similar to that of diamond,
but different from one-electron redox reaction on glassy carbon
and other carbon materials,>"** which implies the dianion
species are more stable on ZnO and ZnO electrode can
enhance voltammetric resolution.”*

After electrochemical grafting of C;qH;—NO, groups onto
ZnO electrode, the electrochemical response of CqH—NO,
layers on ZnO in 0.1 M TBABF, solution (blank solution) is
shown in Figure 2d. There is only one anodic peak while three
cathodic peaks appear during the first scan. The first cathodic
peak (—1.03 V vs Ag/Ag") is similar to that of diazonium salts
grafting as shown in Figure 2¢ and disappears in the second
scan, which is perhaps caused by a small amount of adsorbed
diazonium salts. The other two cathodic peaks are related to
the two-electron reduction of NO, group in the C¢H;—NO,
layers.”> The anodic peak (—1.06 V vs Ag/Ag") is only due to
the one-electron oxidation of CsHs—NO, molecules attached
to ZnO surface. However, its shape is not similar to its
corresponding cathodic peak. The reason is that the cathodic
wave is also influenced by the decomposition of supporting
electrolyte and the reduction of trace impurities.>> The absence
of dianion anodic peak indicates dianion species are not stable
enough in blank solution, and further study is necessary. The
roughnesses (Rq) of ZnO surface before and after grafting of 4-
nitrophenyl groups were measured by AFM measurement. As
shown in Figure 3a, the roughness of bare ZnO is 11.9 nm.
After grafting, the roughness of surfaces is 21.8 nm (Figure 3b)
and it indicates the modified ZnO surface is rougher than the
bare one.

4-Nitrophenyl-modified ZnO also can be reduced in the
solution of 0.1 M KCl in C,H;OH—H,O (V/V = 1:9) solvent
(Figure 4). During the first scan, an irreversible reduction peak
appears at —0.86 V (vs Ag/AgCl). This cathodic wave is

-58.3 nm

400.0 nm 400.0 nm

Figure 3. AFM surface images of (a) a bare ZnO film and (b) 4-
nitrophenyl layer on ZnO.

—()

Current density (mA/cm?)

1.5 10 05 0.0 0.5
Potential (V vs.Ag/AgCl)

Figure 4. Cyclic voltammograms of reduction of nitrophenyl films on
ZnO in solution (C,H;OH—H,0O (V/V = 1:9)) containing 0.1 M KCJ;
scanning rate, 100 mV s™". (a) First scan; (b)—(d) second to fourth
scans.

induced by an overall 6 e~ two-step electrochemical reduction
of 4-nitrophenyl to aminophenyl (C4H;—NH,).>** During the
process, hydroxyaminophenyl (CqH;—NHOH) is formed as
intermediate product.®” In the subsequent cycles, this reduction
peak drastically diminishes, indicating that most of C{H;—NO,
groups are reduced in the first scan. During the anodic scan,
reversible redox peaks appear at E,,, = —0.28 V (vs Ag/AgCl),
which results from the hydroxyaminophenyl/nitrosophenyl
interconversion.”®*” As a result, the reduction process of
C¢H;—NO, into CsHs—NH, during the cathodic scan is
incomplete. The currents of the oxidation/reduction peaks will
decrease with the increasing scans and finally disappear after
enough rounds of scanning. This is caused by the coupling
reaction of C;H;—NO, groups with C,H;—NH, groups to
generate either azo or azoxy compounds, which inactivates the
grafted film.*® In this work, there are a few coupling reactions
for only four cycles of scanning and still enough C;H;—NH,
groups for the next DNA attachment step.

The surface modification can be further confirmed by the
XPS measurement. As shown in Figure S, the N(1s) is not

Intensity (a.u.)

410 408 406 404 402 400 398 396 394
Binding Energy (eV)

Figure S. N(1s) XPS spectra (405.9 eV, NO, group; 399.8 eV,
reduced groups) of a bare ZnO film, 4-nitrophenyl layers on
ZnO(ZnO-NO,), and after reduction of 4-nitrophenyl groups on
ZnO(ZnO—NH, ).

observable on the bare ZnO. After grafting of C;H;—NO,
groups to ZnO surface, two peaks emerge. The peak located at
405.9 eV corresponds to NO, group, which indicates the
successful grafting of the diazonium salts. A minor peak locating
at 399.8 eV is also observable, which is due to the reduction of
the NO, groups into NH, groups.®® After the reduction of
C¢Hs—NO, groups, the peak at 406 eV decreases while the
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peak at 399.8 eV increases, implying that a significant amount
of C¢H;—NO, groups has been reduced to C;H;—NH,
groups.”® Nevertheless, the existence of the N(1s) (405.9 eV)
peak indicates the conversion is incomplete, which is in good
accordance with the cyclic voltammetry results shown in Figure
4.

Surface wettability is an important factor for considering the
application of electrodes in biological systems. This is because
specific biomolecule adsorption will be promoted or supfressed
by tuning the surface hydrophobicity/hydrophilicity.”>** In
accordance with previous reports,* the water contact angle of
the bare ZnO is 104.0 + 3.3° indicating the bare ZnO is
hydrophobic. Such a hydrophobic surface might hinder the
approaching of biomolecules in the solution to the surface,
which reduces the amount of immobilized biomolecules on the
surface.'® After grafting of C¢H;—NO,, the water contact angle
decreases to about 90° due to the large amount of NO, group.
However, the surface is still hydrophobic to a certain extent as
shown in Figure 6. After reduction, a greater portion of groups
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Figure 6. Contact angles of a bare ZnO film, 4-nitrophenyl layers
coated ZnO(ZnO—NO,), and after the reduction of 4-nitrophenyl
groups on ZnO(ZnO—-NH,).

such as C¢Hy—NH, and CqH;NHOH groups form, rendering a
hydrophilic surface with a water contact angle of 51.2 + 3.5°.
The result is similar to that of the modified ultra-nanocrystal-
line diamond (contact angle =55.3 + 2.9°).> The above results
not only show the versatility of electrochemical functionaliza-
tion of ZnO using diazonium salts but also imply the
superiority of ZnO as the electrode for electrochemistry in
organic solution. The improved hydrophilicity of the function-

alized ZnO could be beneficial for the
biomolecules in aqueous biological systems.'®*'

After modification, the electrochemical behavior of ZnO
electrode may be different since the insulating organic films
might hold back the transfer of electrons and restrict the
performance of ZnO biosensor. To clarify this, Fe(CN)s> /4
(inner-sphere transfer mechanism) and Ru(NH;)¢**/** (outer-
sphere transfer mechanism) were used to measure the change
of electrochemical behavior of the ZnO electrode before and
after functionalization. As shown in Figure 7a, symmetric redox
peaks of Fe(CN)¢>~/* are recorded on bare ZnO at E, , = 0.23
V (vs Ag/AgCl). Its electrical response is totally suppressed on
the C;H;—NO, modified surface, which is due to the presence
of C¢H;—NO, groups as a physical barrier.”® After reduction, a
large quantity of NHOH and NH, groups enhance the electron
transfer and the defects generated during the reduction process
also allow Fe(CN)s>~/*~ species to reach the ZnO surface. As a
result, the overall response of Fe(CN)¢>~/#~ is similar to that on
the bare ZnO electrode. In contrast to the Fe(CN)>~/+"
system, the response of Ru(NH;)**/** (Figure 7b) is less
affected by the transformation of the electrode surface
condition; symmetric redox peaks of Ru(NH,)¢**/3" are
recorded on the bare ZnO at E;,, = 0.16 V (vs Ag/AgCl).
Their intensities decrease slightly after CsH;—NO, functional-
ization. After reduction, a small shoulder appears along with the
redox peaks. This is probably due to the slight stripping of
organic layers on ZnO, which is noncovalently attached to the
surface. According to the literature, it could be suppressed in
the solution with the lower pH value due to the protonation of
NH, groups.®® On the basis of the above results, the
electrochemical response of functionalized ZnO is not
deteriorated and still suitable for electrochemical analysis.
Therefore, ZnO platform via electrochemical immobilization of
DNA molecules shows a great potential for an electrochemical
biosensor. Such work is beyond the main scope of the present
study and is underway in our lab.

After functionalization, probe DNA (ss-DNA) was further
linked to the functionalized ZnO and hybridized with its
complementary DNA (cyS, a red fluorescence label at the S’
end to detect DNA target molecules) to form double-stranded
DNA (ds-DNA). The hybridization process is monitored using
a fluorescence microscope. As shown in Figure 8, three different
regions with different fluorescence intensities can be observed.
Region 1 shows the bare ZnO area without any probe DNA
molecule. Region 2 represents the ZnO with only physically

detection of
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Figure 7. Cyclic voltammograms in 1 mM Fe(CN)~#~ (a) and 1 mM Ru(NH,)¢**/** (b) solution of bare ZnO film, 4-nitrophenyl layers on
ZnO(ZnO—NO,), and after reduction of 4-nitrophenyl groups on ZnO(ZnO—NH,).
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Region 1

Region 2

Figure 8. Fluorescence image of bare ZnO (region 1) and ds-DNA-
functionalized ZnO without (region 2) or with (region 3) biolinkers.

adsorbed ss-DNA. Region 3 depicts the functionalized ZnO
with covalently attached ss-DNA. Clear differences can be
observed. For the case of region 3, where ZnO is functionalized
with diazonium salts, strong fluorescence signal from the CyS
label can be observed. This indicates that the ss-DNA has been
linked to the surface of ZnO film via the amino groups and is
still bioactive. The fluorescence signals of bare ZnO film and
physically adsorbed region show no obvious difference and the
intensity is weak. Such a phenomenon indicates that no
detectable physical adsorption of DNA presents in the present
study, which is beneficial in obtaining a high signal-to-noise
ratio during fabricating ZnO-based DNA biosensor.

While talking about DNA biosensors, it is essential to
distinguish DNA with only a slight difference in their
sequences, i.e., one-base mismatched DNA. This is because a
small disparity in genetic code can result in the significant
variations in phenotypes and biologically activated micro-
organisms.” To clarify this point, the detection of one-base
mismatched DNA, four-base mismatched DNA, and comple-
mentary DNA was carried out on the functionalized ZnO
surface. As shown in Figure 9a, the fluorescence results
illustrate almost no difference between four-base mismatched
sequences functionalized area and bare ZnO, which indicates
no hybridization occurs on the surface. When one-base
mismatched DNA is employed, a relatively weak fluorescence
signal is observed, indicating the occurrence of a slight
hybridization. This is expected that ss-DNA and one-base
mismatched DNA can form ds-DNA during the molecular

recognition process, but this duplex is weaker than that formed
by ss-DNA and its complementary DNA.** Nevertheless, its
intensity is only about 30% of that of complementary
sequences. According to the above results, the ZnO biosensor
has very good selectivity for DNA sequences detection. Besides,
it is also possible to distinguish the amount of complementary
DNA in the solution by measuring the intensity of the
fluorescence signal. As shown in Figure 9b, the fluorescence
signal increases linearly with the logarithm of the concentration
of the target DNA in the solution in the concentration range
from 107 to 107 M. This offers us a possibility in the
qualitative determination of the concentration of target DNA in
the solution. Moreover, lifetime is an important concern during
the fabrication of DNA biosensor, and in our future work, we
will seriously take the lifetime into consideration. Meanwhile,
we are making the electrochemical detection of DNA in the real
sample. And then, the ZnO biosensor was used to detect the
complementary DNA several times. The intensities of
fluorescence signals for the same concentration of target
DNA change slightly, showing the biosensor has good
reproducibility.

Bl CONCLUSIONS

In summary, diazonium salts were reduced electrochemically to
C¢Hs—NH, groups and used to functionalize ZnO surface.
Successful functionalization is confirmed by electrochemical
response, AFM, XPS results, and contact angle measurements.
Probe DNA was covalently electrochemically bonded to the
surface of ZnO via the C{H;—NH, groups for the detection of
the target DNA in the solution in a fluorescence microscope.
The functionalized ZnO surface shows good sensitivity and
selectivity for the target DNA, which is able to distinguish four-
base mismatched, one-base mismatched, and complementary
DNA. Moreover, a linear relationship within the range from
107% to 107 M has been observed between the fluorescence
signal and the logarithm of the concentration of the target
DNA in the solution.
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