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ABSTRACT: In this letter, the facial noncovalent adsorption
of single-stranded DNA (ssDNA) provided single-walled
carbon nanotubes (SWNTs) with biofunctionality while their
superior properties were retained. In this case, we innovatively
demonstrated the feasibility of employing the negative surface
charge of ssDNA-SWNTs to realize layer-by-layer electrostatic
self-assembly. On the basis of such a sandwichlike structure, an
applicable glucose microbiosensor with direct electrochemistry
and high performance was fabricated. The proposed protocol
provided an ideal platform for various sensing applications, and
might have profound influence on related nanotechnology.
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B INTRODUCTION

Single-walled carbon nanotubes (SWNT) have recently been
applied in a variety of nanoscale biosensor applications as the
sensing element because of their unique physicochemical
properties. ~* However, their insolubility and tendency to
aggregate greatly affect the formation of a thin and uniform
SWNT film on the transducers’ surface, which is regarded as
one of the most crucial steps during the biosensor fabrication.
To overcome this barrier, single-stranded DNA (ssDNA) was
reported to significantly improve the solubility of SWNT in
water,” thus opening up a new approach for solution phase
SWNT applications. Because ssDNA-SWNTs are individually
suspended in water, the strains among any of the nanotubes to
form the film are equivalent in all directions.’ As a result, the
acquired nanotube film is uniform and adheres tightly to the
electrode surface so that it will not easily fall off when dipped in
solution. In addition, SWNTSs have a relatively inert surface,
which makes it difficult to modify their sidewall. Receptor
molecules could only be immobilized on the edges of
nanotubes through covalent bonds.” Although with acid or
alkali treatment, SWNT could be modified with some active
functional groups on the sidewall, there is no doubt this process
would potentially damage the surface crystal structure of
SWNTs simultaneously, thus affecting their electrical property.
Therefore, in order to immobilize receptor molecules to a great
level, ssDNA is a good candidate to modify the side wall of
SWNT without destructing its original structure and properties.
It has been demonstrated that the redox overpotential was
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reduced® and the electroanalytical current was dramatically
enhanced’ by incorporating ssDNA-SWNTs in electrochemical
process. So far, ssDNA-SWNTs have been introduced in
biosensors for the detection of glucose,m proteins,11 uric acid, '
dopamine,""* and ascorbic acid."* Despite all the successful
applications of ssDNA-SWNTs in biosensors, few researchers
have exploited the negative surface charge of ssDNA-SWNTs
complex for biosensor construction via electrostatic interactions
and biosensing enhancement.

On the other hand, layer-by-layer (LBL) self-assembly is a
simple and inexpensive technique of assembling ultrathin films
of a variety of organic and inorganic compounds, which allows
for the control of layer thickness in nanometer range.">~"
Recently, LBL self-assembly has been successfully employed for
the design and construction of biosensors."*™** It has been
reported that LBL protocol not only facilitated the direct
electron transfer between the redox sites and electrode, but also
provided a satisfactory microenvironment for the en-
Zymes, 922427

Here we present a fundamentally new nanostructured

biosensor based on ssDNA-SWNTs. By integrating the
excellent properties of ssDNA-SWNTs with the advantages of
LBL electrostatic self-assembly, a novel glucose microbiosensor
with direct electrochemistry was realized. Negatively charged
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Figure 1. (A) Hlustration diagram of LBL electrostatic self-assembly of ssDNA-SWNT, PEI, and GOx on Pt/Ir wire microelectrode. Inset: schematic
of ssDNA-SWNT; (B) AFM image of individual ssDNA-SWNTs; (C) Vis—NIR adsorption spectra of dispersed ssDNA-SWNTs solution; (D) zeta
potential graph of dispersed ssDNA-SWNTs solution. Inset is the comparison of dispersed ssDNA-SWNTs solution with deionized water.

Glucose oxidase (GOx) was effectively immobilized on the
negatively charged ssDNA-SWNTs through a thin layer of
cationic poly(ethylenimine) (PEI) (Figure 1A). Major
parameters of the fabricated biosensors were characterized to
demonstrate their further applications on the self-referencing
system”® in physiological sensing environment. More impor-
tantly, we initiatively explored the possibility of employing
negatively charged ssDNA-SWNTs to do electrostatic self-
assembly, which might have profound influence on related
nanotechnology.

B MATERIAL AND METHODS

Chemicals and Reagents. All solutions, if not specified,
were prepared in deionized water (DI) of resistivity 18.2
MQ.cm (Milli Q). Glucose oxidase (E.C.1.1.3.4, 100 000—250
000 units/g, from Aspergillus niger), sodium chloride (NaCl),
potassium chloride (KCI), ascorbic acid, uric acid and
acetaminophen were purchased from Sigma Aldrich.

Dispersion of SWNTs Using ssDNA. HiPco SWNTs
(Unidym, Sunnyvale, CA) were mixed with an aqueous
solution of single-stranded, 30 base-long poly T oligonucleo-
tides (Integrated DNA Technologies, Coralville, IA). The initial
concentration of SWNT's was 200 mg/L. Then the mixture was
sonicated for 1 h and centrifugated for 30 000 rpm for 150 min
to remove impurities, aggregates and bundles, leaving the
acquired solution at a concentration estimated to be around 30
mg/L (~15% of the original suspension) which is determined
by measuring its absorption at 633 nm (egyny = ~0.036 X 10°
L mg_1 cm_l).29

AFM Characterization. Fifty microliters of diluted sample
solution was deposited on a SiO, substrate. After 30 min, it was
thoroughly rinsed with DI and dried with N, steam. Taping
mode was used to acquire an image under ambient conditions
(Bruker Dimension Icon AFM system)

Fabrication of Microbiosensors. A Pt/Ir wire micro-
electrode (PI20033.0A10, S1 mm length, 0.256 mm shaft
diameter, 1—2 um tip diameter, 3 pm parylene-C coated metal
shaft) (Figure 1A), on which the ssDNA-SWNT, PEI, and
GOX were successively deposited through layer-by-layer
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electrostatic self-assembly, was used to fabricate the micro-
biosensor. First of all, the ssDNA-SWNT solution (2 uL) was
cast on the tip of the microelectrode using a pipet, and the
microelectrode was subsequently air-dried for 10 min to form a
thin and uniform SWNT Ilayer on the tip. GOx was
immobilized on the negatively charged ssDNA-SWNT surface
through a layer of positively charged PEI Prior to it, the
detailed experimental parameters were optimized. It was found
that the optimal and reasonable immersing time for the
assembly of PEI and GOx layers was 2 and 10 min, respectively.
On this basis, the microelectrode covered with ssDNA-SWNT
was dipped in PEI solution (MW 60000, 3 wt %) for 2 min.
After it was rinsed with DI and dried in nitrogen steam, a
cationic layer of PEI was acquired. Then the resulted PEI/
ssDNA-SWNTs electrode was dipped into GOx solution (10
mg/mL) for 10 min at 4 °C. During this period, the negatively
charged GOx (PI = 4.6) molecules were adsorbed to the
positively charged PEI surface through electrostatic interaction.
The loosely attached GOx molecules were removed by a
thorough rinse with DI, followed by air-dried for 10 min. The
obtained GOx/PEI/ssDNA-SWNT's microelectrodes were then
kept at 4 °C in refrigerator when not in use.

B RESULTS AND DISCUSSION

DNA has been demonstrated to be very effective at dispersing
SWNTs in aqueous solutions because of its amphiphilic nature.
For ssDNA-SWNTs (Figure 1A, inset), a model proposed that
the helical form DNA can wrap around a nanotube, and the
hydrophobic nitrogen bases are adsorbed to the nanotube
surface via noncovalent 7—n stacking while the hydroghilic
sugar phosphate backbone is directed into water.>** To
characterize the dispersion quality, we employed atomic force
microscopy (AFM). The AFM image (Figure 1B) shows that
ssDNA-SWNT's have a length distribution from 50 to 1000 nm,
with nanotube diameter ranging from 1.2 to 2.3 nm which is
larger than the expect value of 0.7 to 1.1 nm for HiPco
nanotubes.>** However, the results are consistent with DNA
coated nanotubes.” The individual nanotubes on substrate
demonstrate good dispersion rather than aggregation. In the

dx.doi.org/10.1021/am500118k | ACS Appl. Mater. Interfaces 2014, 6, 3784—3789



ACS Applied Materials & Interfaces

(A) 45 (B) (C) 751
90+ y/mVs”
30 —10 —100 504
b
15 25
<

E 0+ = E 01

-15 -254

-304 -50 1
45 L, . . . . . -90-L, . . . . : 751 . : : : ;
08 06 -04 -02 00 02 08 0.6 -04 02 00 02 0 60 120 180 240 300

E/V (vs. Ag/AgCl) E/V (vs. Ag/AgCl) y/mVs’

Figure 2. (A) Cyclic voltammograms of different modification of standard Pt electrodes in PH 7.0 deoxygenated PBS at a scan rate of 100 mV/s. (a)
Bare Pt electrode, (b) ssDNA-SWNTs/Pt, (c) PEI/ssDNA-SWNTs/Pt, (d) GOx/PEl/ssDNA-SWNTs/Pt; (B) cyclic voltammograms of GOx/
PEI/ssDNA-SWNTs/Pt in PH 7.0 deoxygenated PBS at 10, 20, 50, 100, 150, and 300 mV/s. (C) Dependence of anodic and cathodic peak current

on scan rates.
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Figure 3. (A) Amperometric responses of the GOx/PEI/ssDNA-SWNTs/Pt microprobe at +500 mV (vs Ag/AgCl) upon successive addition of
glucose solution to 20 mL of pH 7.0 PBS stirred at 350 rpm. (B) Calibration curve of amperometric response toward glucose concentration
variation. (C) Amperometric responses to PBS, 0.1 mM AA, 0.1 mM UA, 0.1 mM AP, and 1 mM glucose for fabricated microprobe.

absorption spectra (Figure 1C), the well-defined peaks also
suggest lack of large aggregation in the solution by removing
bundles through centrifugation. Nevertheless, the absorption
features of aggregated SWNTs sample are red-shifted and
broadened (data not shown here).

More importantly, DNA is negatively charged due to the
phosphate group. For zeta potential measurement of ssDNA-
SWNT (Figure 1D), a single and sharp peak with a peak width
of 47 mV indicates a uniform charge distribution on SWNT
surface. The mean value of zeta potential is —45.9 mV at 25 °C,
demonstrating ssDNA-SWNT is negatively charged, and thus
theoretically proved the feasibility of electrostatic LBL self-
assembly.

In order to characterize the GOx/PEIl/ssDNA-SWNT
multilayer assembly process, cyclic voltammetric measurement
of different modification of standard Pt electrode (d = 2 mm)
were performed in pH 7.0 deoxygenated PBS at the scan rate of
100 mV/s (Figure 2A). For bare Pt (curve a), ssDNA-SWNTs/
Pt (curve b), and PEI/ssDNA-SWNTs/Pt (curve c) electrodes,
they only contain nonfaradic current in the applied potential
window. However, from a to b, the background current
increases significantly due to the large specific area of
nanotubes after ssDNA-SWNTs are deposited.”**> From b to
¢, after PEI is adsorbed onto the ssDNA-SWNTs/Pt electrode,
the back current decreases, which may be ascribed to the
nonconductivity of PEL For curve d, with another layer of GOx
adsorbed on PEI through electrostatic interaction, a pair of
well-defined redox peaks is observed, indicating good electron
transfer of stably fixed GOx. However, when the layer number
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for each component was increased to two, the current response
deceased by an order of magnitude due to the nonconductive
PEL. Therefore, only one layer for each component was
adopted for this configuration.

Figure 2B shows cyclic voltammograms of GOx/PEI/
ssDNA-SWNTs/Pt in pH 7.0 deoxygenated PBS from 10 to
300 mV/s. The anodic and cathodic peak currents increase
linearly with an increase of the scan rate, which is characteristic
of a surface-controlled electrochemical process. Besides, taking
50 mV/s for example, anodic peak potential (E,,) and cathodic
peak potential (E, ) are respectively —0.497 and —0.532 V with
a small peak potential separation (AE,) of 35 mV, revealing a
fast electron transfer process. Additionally, the formal potential
(Ey = 1/2 (E,, + E,)) of the redox couple is calculated to be
—0.514 V, which is close to the standard electrode potential for
FAD/FADH, at pH 7.0. Meanwhile, the anodic peak current is
almost equal to the cathodic peak current, suggesting a quasi-
reversible process. All these results demonstrate a direct
electrochemistry reaction is achieved, which can be attributed
to the more detailed nanostructure formed by ssDNA-SWNT's
because of the excellent dispersion of SWNTs in aqueous
solution.

According to the Laviron equation,®* the concentration of
electroactive GOx (', mol cm™) outside the PEI layer was
estimated to be 8.27 X 107'° mol ecm™2, which is much higher
than the theoretical value of 2.86 X 1072 mol cm™ for the
monolayer of GOx on the bare electrode surface. Furthermore,
compared with other reports based on carbon nanotubes with
direct electrochemistry, such as 8.77 X 107" mol cm™ for
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CdTe quantum dots/carbon nanotubes electrodes,® 2.56 x
107"° mol cm™ for biomediated gold nanoparticles/multi-
walled carbon nanotubes (MWNTSs) electrode®® and 4.7 X
107"° mol cm™ even for GOx/PEI/MWNTs electrode through
LBL assembly,”* the result we acquired has certain advantages.

The electron transfer rate constant (K,) was estimated to be
1.58 s7! which is extremely close to 1.61 s™" for GOx directly
adsorbed on carbon nanotubes powder microelectrode,’’
demonstrating the introduction of a thin PEI layer does not
have significant effect on electron transfer. Moreover, this value
is larger than 0.91 s~! for DNA/Chitosan film based electrode®®
and 1.01 s™' for carbon nanotube-gold colloid modified
electrode.”” The results indicate multilayers tightly combined
through electrostatic interaction can provide more specific
surface area for enzyme loading and a suitable microenviron-
ment that facilitates the electron transfer between GOx and
electrode.

The amperometric response performance of fabricated
microelectrode was evaluated at applied potential of +500
mV in stirring PBS with successive addition of glucose (Figure
3A). The time required to reach 95% of the steady-state current
was within 3s. Figure 3B is the calibration curve of steady-state
current vs glucose concentration. The sensitivity was calculated
to be 6 nA/mM that is much larger than 0.53 nA/mM for the
same kind of Pt/Ir microelectrode modified with Platinum
black, MWNTs and Nafion,*® 0.43 nA/mM for a carbon fiber
microelectrode modified with ruthenium and GOx,*' and 7 pA/
mM for a microsensor with 8 ym tip diameter.** The detection
limit was estimated to be 38 uM at a signal-to-noise ratio (S/N)
of 3. The linear range was up to 9.4 mM with a correlation
coefficient of 0.998, which covered glucose concentration of
around 5 mM in normal human blood and many cell culture
medias such as 5.5 mM in mesenchymal stem cell basal
medium,* indicating an obvious improvement over previously
reported microbiosensors™"**** or carbon nanotube based
glucose biosensors.**® This could be attributed to the huge
surface area of the more detailed 3D structured formed by
ssDNA-SWNT's, which is more favorable for immobilization of
large amount of active GOx molecules, consisting with the
calculated concentration of electroactive GOx (I").

The microprobe also exhibited a high selectivity over
electroactive, interfering species commonly found in human
serum samples. As shown in Figure 3C, between two obvious
steps came from 1 mM glucose increasement, addition of PBS
solution, Ascorbic acid (AA), uric acid (UA) and acetamino-
phen (AP) were injected. The response to 0.1 mM AA and 0.1
mM UA were 0.7% and 0.8% that of 1 mM glucose, whereas
PBS solution and 0.1 mM AP did not cause obvious current
change, demonstrating the microprobe has an acceptable anti-
interference ability, and thus is promising for applications in
physiological environment. After the fabricated microprobes
were stored at 4 °C for 3 weeks, they retained 91% of their
original current responses. Meanwhile the relative standard
deviation (R.S.D) of the response to 0.1 mM glucose was 2.6%
for ten successive measurements. The R.SD for detection of 0.1
mM glucose with 6 different probes under the same conditions
was 5.1%. Unlike other reported work,***7 even without
permselective membrane such as Nafion working as a
protective layer or stable support matrix such as PEDOT, the
result we obtained still indicated good selectivity, stability, and
reproducibility. This can be ascribed to the LBL fabrication
process that stabilizes the biosensor structure through electro-
static interaction between each layer.
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B CONCLUSION

We have initiatively demonstrated the example of using
ssDNA-SWNTs through LBL layer self-assembly technique in
an electrochemical biosensing application. The well dispersed
ssDNA-SWNTs formed a more detailed 3D nanostructure
which is beneficial for realizing direct electrochemistry of GOx
with extended linear range up to 9.4 mM and enhanced
sensitivity of 6 nA/mM. Furthermore, we innovatively
introduce ssDNA-SWNTs into electrostatic self-assembly by
taking advantage of its negative charge. The sandwich structure
acquired through adsorption of oppositely charged layers is
favorable for steady immobilization of a large amount of GOx
and enhancement of stability and anti-interference ability of the
biosensor. Further research is underway to perfect ssDNA-
SWNT-based electrostatic self-assembly nanostructure as a
promising platform for versatile practical sensing applications.
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