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A glucose sensing film composed of unzipped multiwalled carbon nanotubes (MWCNTS) via continuous-
wave laser irradiation is investigated. Some structural defects decorate on MWCNTs after an acid
treatment, and the MWCNTSs are unzipped into sheet-shaped layers initiated from these defects after
the laser irradiation. The laser-irradiated carbon nanotube thin films (CNTFs) possess higher conduc-
tance owing to larger contact area, and the side edges of unzipped CNTs could act as sensing sites for

hydrogen ions. Thus the laser-irradiated CNTF as a glucose sensing film could achieve a higher sensitivity
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of 0.302 mV (mg/dl)~!, equal to 7.55 mV (mg/dl)~! per centimeter square, and a larger linearity of 0.9947
than the as-sprayed one. Moreover, the fully low-temperature processes of this work also reveal the
potentials for flexible and disposable biosensors.

© 2013 Published by Elsevier B.V.

1. Introduction

Clinical diagnostics has shown great eagerness for reliable and
fast determination of glucose because the blood glucose level is an
important clinical test in the diagnosis of diabetes mellitus. Since
the first introduction of enzyme modified field-effect transistor
(EnFET) sensor proposed by Caras and Janata in 1980 [1], one has
been able to fabricate highly sensitive and selective enzyme-based
biosensors by the incorporation of enzyme with a transducer. In
recent years, an alternative structure of separated EnFET has been
introduced with lower cost, simpler to package, more insensitive
to environment, and better long-term stability [2]. The glucose-
sensing mechanisms of EnFET and separated EnFET are the same,
and the glucose detection could be described as [3]

B-p-glucose oxidase
—

B-p-glucose + 0, D-glucono-8-lactone+H,0,, (1)

D-glucono-d-lactone — D-gluconate + H*. (2)

The sensing mechanism is based on detecting the variation of
hydrogen ions generating from the reaction of (3-p-glucose and
glucose oxidase (GOD). Therefore, sufficient sensing sites for the
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detection of hydrogen ions and immediate transmission of signal
play important roles in the biosensor design.

Recently, carbon nanotube (CNT) has been regarded as one
of promising glucose sensing materials since its’ high surface-
to-volume ratio, excellent electron-transfer rate, outstanding
mechanical strength, and nontoxicity [4-6]. By an acid-treated
step, the sidewalls of CNTs bond with oxygen-containing functional
groups [7,8], making the CNTs hydrophilic to dissolve homoge-
neously in most solvents, and the CNTs can be deposited onto
substrates uniformly to form a carbon nanotube thin film (CNTF).
However, these oxygen-containing groups on CNTs are insufficient
to take accurate response to the variation of H* ions [9]. Fur-
thermore, carriers in the length-limited CNTs need to cross a lot
of junctions from one CNT to another [10], and then the CNTFs
generally attain a resistance too high to meet the requirements
in practical uses nowadays. In this work, continuous-wave laser
is applied to achieve the high-performance CNTFs, with higher
conductance and more sensing sites, as a glucose sensing film of
separated EnFET sensor. The laser-irradiation effects on the CNTs
are discussed and a mechanism is also proposed.

2. Experimental
2.1. Materials

The multi-walled carbon nanotubes (MWCNTSs) were synthe-
sized by a thermal chemical vapor deposition system as mentioned
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Fig. 1. (a) Schematic diagram of the measurement system for the pH response of extended- gate field-effect transistors (EGFETs). (b) Schematic diagram of the V-t

measurement system for the separated EnFET.

in our previous work [11]. Both potassium phosphate monoba-
sic (KH;PO4) and potassium phosphate dibasic (K;HPO4) were
purchased from Katayama Chemical Co., Ltd. (Japan). KH;PO4
and K,HPO4 were mixed in deionized water to obtain pH=7.4
of 0.1 M phosphate buffer saline (PBS) solution. Glucose oxidase
(GOD, specific for 3-p-glucose, 100,000-250,000 units/g solid, from
Aspergillus niger), glucose powder (CgH120¢6, 3-D-glucose, reagent
grade), and Nafion (5 wt%) were obtained by Sigma Chemical Com-
pany (USA).

2.2. Preparation of separated EnFET

The as-grown CNTs were suspended in a mixture of concen-
trated H,SO4 (95%), HNO3 (70%), and deionized water. The derived
acid-treated MWCNTs were dissolved in a mixture of ethanol and
ethylene glycol, and then ultrasonicated for 5 h. After centrifugaliz-
ing, a homogeneous MWCNT solution with approximate 0.5 mg/ml
concentration of CNTs was sprayed onto a quartz substrate to form
a CNTF, and then the CNTF was placed into a chamber pumped
down to 2 x 10~2 Torr. Subsequently, the Nd:YAG laser irradiation
(wavelength =532 nm) was executed under the laser power of 4 W
and the scan speed of 5mm/s. Finally, both as-sprayed CNTF and

laser-irradiated one with a sensing window defined as
2mm x 2 mm were bonded to the metal wires with silver paste,
packaged with epoxy resin, and baked at 120 °C for 30 min to form
sensing heads.

For the glucose oxidase (GOD) immobilized process, a GOD solu-
tion was prepared by mixing 6 mg GOD and 10 ml PBS solution. The
Nafion solution was then adopted to immobilize the enzyme and
mixed with the GOD solution. Finally, the 3 .l enzyme mixed solu-
tion was dropped on the surface of sensing head and stored at 4°C
for 12 h. The different concentrations of the glucose solutions were
controlled as 60, 120, 180, 240, 300, and 360 mg/dl, respectively.

2.3. Measurement

Before immobilizing the GOD, the CNTF and a reference elec-
trode (Ag/AgCl) are immersed into buffer solutions with different
pH values and measured the transfer characteristics (Ips—Vggr) for
the pH response of extended-gate field-effect transistors (EGFETs),
as shownin Fig. 1(a). AKeithley 236 semiconductor parameter ana-
lyzer was utilized to measure the Ips—Vger characteristics of the
pH-EGFETs, connected to the gate of commercial standard MOSFET
device (CD4007UB),in pH=1, 3,5, 7,9, 11, and 13 buffer solutions.
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Fig. 2. HR-SEM pictures of (a) as-sprayed and (b) laser-irradiated CNTFs. (¢) The TEM picture for an as-sprayed CNT with etched sidewalls indicated by arrows, and the lattice
constant is about 3.4 A. (d) The TEM pictures for laser- irradiated CNT with some sheet-shaped layers surrounded by dash line. The magnified image of squared area is shown

in the inset and a lattice constant of about 3.4 A is measured.

For the glucose sensing measurements, the sensing head and ref-
erence electrode were immersed in the different glucose solutions
with a commercial instrumentation amplifier (ICLT1167) and a dig-
ital multi-meter (HP 34401A). All measurements were carried out
in a dark box at room temperature. The output voltage-time (V-t)
measurement systems are shown in Fig. 1(b).

3. Results and discussion

Fig. 2(a) and (b) shows the high-resolution scanning electron
microscopy (HR-SEM) pictures of CNTFs before and after laser
irradiation, respectively. The as-sprayed MWCNTs are randomly
distributed as the continuous wires, as shown in Fig. 2(a). After the
laser irradiation, a significantly changed morphology of the CNTF
could be observed in Fig. 2(b). The original wire-shaped structure
is almost altered to enlarged wire segments. To further realize the
effect of laser irradiation on the CNTs, the transmission electron
microscopy (TEM) pictures are investigated as shown in Fig. 2(c)
and (d), respectively. For the as-sprayed CNTF, the sidewalls of CNTs
are etched to be irregular and several concave holes are observed, as
indicated by the arrows in Fig. 2(c). It was reported [7,8] that acids,
a mixture of H,SO4 and HNOjs in this work, would make sidewalls
of CNTs bond with oxygen-containing groups to form some struc-
ture defects. As the duration of acid treatment increased, concave
holes on the surface could be observed. After the laser irradiation,
CNTs are unzipped into numerous sheet-shaped layers surrounded
by dash line, as demonstrated in Fig. 2(d). To confirm the structures
of these sheet layers, a lattice constant of about 3.4 A is measured
from the magnified image, as shown in the inset of Fig. 2(d), which

implies that these sheet layers still maintain graphite structure
even after the laser irradiation.

The normalized Raman spectra of CNTFs indicate that the inten-
sity ratio of D band (Raman shift at about 1350 cm~1) to G band (at
about 1580cm™1), Ip/Ic, is about 1.02 for the as-prayed CNTF and
1.31 for the laser-irradiated one, as shown in Fig. 3. Such a high ratio
of Ip/I¢ for the as-sprayed CNTF represents the existence of defects
induced by the acid treatment and this can also be confirmed by the
TEM image as mentioned in Fig. 2(c). After the laser irradiation, the
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Fig. 3. Raman spectra of as-sprayed and laser-irradiated CNTF, respectively.
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Fig. 4. XPS analyses for (a) as-sprayed and (b) laser-irradiated CNTF with the quan-
titative analyses exhibited in the figures, respectively.

laser-irradiated CNTF attains a still higher Ip/I ratio of 1.31 which
is attributed to the extra site edges from the unzipped CNTs.
X-ray photoelectron spectroscopy is performed to examine the
decorated functional groups on CNTs after laser treatment, as
shown in Fig. 4. Both the high-resolution XPS C 1s spectra of as-
sprayed CNTF and laser-irradiated one can be deconvolved into five
component Gaussian peaks. The main peak at 284.1 eV is attributed
to the sp2-hybridized C=C bonds. The peak at 285.1eV is corre-
sponding to the sp3-hybridized C—C bonds. Other peaks at 286.2
and 287.2 eV are considered to originate in carbon atoms binded
to one oxygen atom with a single bond and one oxygen atom
with double bonds, respectively. As compared to the quantitative
analysis between the as-sprayed CNTF and laser-irradiated one,
correspondingly depicted in Fig. 4(a) and (b), it is obvious that
the quantity of sp2 C=C bonds decrease but the oxygen-containing
groups, such as C—0 and C=0 bonds, increase after laser irradiation.
The sheet resistance of CNTF measured by four-point probe
versus the spraying times is shown in Fig. 5. For the as-sprayed
CNTF, the sheet resistance decreases from 331 K to 33 K€2/sq as the
spraying times increases from 3 to 10 times. After laser irradiation,
the sheet resistance of the laser-irradiated CNTF can remarkably
decrease to 29 K 2/sq even for the spraying times as low as 3 times
and decrease to 1K €2/sq for 10 times. The sheet resistance of 3-
times-sprayed CNTF can be reduced by over 10 times after laser
irradiation as compared with the as-sprayed one. Furthermore, the
laser-irradiated CNTFs possess much lower resistance variation,
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Fig. 5. Sheet resistances of CNTFs with different spraying times for as-sprayed and
laser-irradiated CNTFs.

reflecting a more uniform film for the laser-irradiated CNTF than
the as-sprayed one.

The schematic diagram of the sensing head structure is depicted
in Fig. 6(a). Before GOD immobilizing process, the pH-sensing
characteristics of as-sprayed CNTF and laser-irradiated one, with
10-times spraying, are examined as well. The transfer characteris-
tics (drain current versus reference electrode voltage, Ips—Vggr) for
the pH-EGFET sensors in the linear region with as-sprayed CNTF
and laser-irradiated one are shown in Fig. 6(b) for Vps fixed at
0.2V and Vggr varied from O to 4V. The Ips—Vggr curves in the
linear region for these pH-sensing films exhibit that the thresh-
old voltages shift from left to right with decreasing hydrogen ions
concentration in the range of pH 1-13. The sensitivity and linear-
ity of both CNTFs could be calculated from the slopes of the Vggg
defined at a fixed Ips of 0.2 mA and Vpg of 0.2V as a function of
the pH value, as shown in the inset of Fig. 6(b). Consequently,
the sensitivities of the as-sprayed CNTF and laser-irradiated one
are 33.6 mV/pH and 45.2 mV/pH, respectively. Furthermore, the
extracted pH voltage linearity for the laser-irradiated one is 0.9956
much better than 0.9510 for the as-sprayed one. The V-t charac-
teristics of the as-sprayed CNTF and laser-irradiated one as glucose
sensing films of glucose sensors in the 60-360 mg/dl glucose con-
centrations are shown in Fig. 6(c) and (d), respectively. The output
voltage is measured for the 30-second duration for each glucose
solution and the output voltage shift depends upon the glucose
concentration. The calibration curves of both glucose biosensors
at glucose concentrations ranging from 60-360 mg/dl are shown in
the inset of Fig. 6(c) and (d), respectively. It is evident that the laser-
irradiated glucose biosensor demonstrates a rapid and sensitive
response to the variation of glucose concentration. The sensi-
tivity of laser-irradiated glucose biosensor is 0.302 mV (mg/dl)~!,
equal to 7.55mV (mg/dl)~! per centimeter square, much better
than 0.16 mV (mg/dl)~?, equal to 4.0 mV (mg/dl)~! per centimeter
square, for as-sprayed one. Moreover, the extracted linearities of
the laser-irradiated and as-sprayed glucose biosensors were 0.9947
and 0.9881, respectively, indicating the laser-irradiated glucose
biosensor could take a much linear response to different glucose
concentrations from 60 to 360 mg/dl.

A possible mechanism is proposed to explain the effect of
continuous-wave laser irradiation on the CNTF. The photon energy
of the continuous-wave laser used in this work is about 2.3 eV,
which is much lower for breaking C—C (3.4eV) or C=C (7.4eV)
bonds [12], therefore, the heat generated by the light absorption
of CNTF plays the dominant role for the unzipping of CNTs. As the
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Fig. 6. (a) The schematic diagram of the glucose sensing head structure. (b) The transfer characteristics, Ips—Vggr, of the pH-EGFET sensors in the linear region for the as-
sprayed CNTF and laser-irradiated one. The extracted pH voltage sensitivity and linearity for as-sprayed CNTF and laser-irradiated one are shown in the inset of (b). The V-t
characteristics of the (c) as-sprayed and (d) laser-irradiated CNTFs as sensing films of glucose biosensors in the 60~360 mg/dl glucose concentrations. The calibration curves
of both glucose biosensors at glucose concentrations ranging from 60 to 360 mg/dl are shown in the insets, respectively.

continuous-wave laser with wavelength of 532 nm irradiates on
CNTs, CNTs then unzipped into numerous sheet layers. These sheet
layers possess higher conductance owing to larger contact area as
compared to the as-sprayed CNTs only connect others at contacts.
Accordingly, laser-irradiated CNTF can immediately transmit sig-
nals because of its higher electrical conductance. Moreover, the
laser-irradiated CNTF also supplies additional sensing sites for the
adsorption of hydrogen ions. Though, both the surfaces of as-
sprayed CNT and laser-unzipped one have already been decorated
with oxygen-containing functional groups after the acid treatment,
and these functional groups could assist H* ion sensing [13]. After
laser irradiation, the extra site edges of unzipped CNTs will par-
tially form functional groups such as carbonyl and C—H bonds [14].
Therefore, additional sensing sites after laser irradiation make the
laser-irradiated CNTF exhibit high-performance glucose sensing
characteristics as compared to the as-sprayed ones.

4. Conclusion

In summary, a more accurate and precise glucose biosensor
with laser-irradiated CNTF has been developed. After the laser
irradiation, CNTs are unzipped into numerous sheet layers, and
these sheet layers can supply sufficient sensing sites for the
detection of hydrogen ions and transmit signals immediately.
Therefore, The sensitivity and linearity of laser-irradiated CNTF as a
sensing film of glucose biosensor are 0.302 mV (mg/dl)~!, equal to
7.55mV (mg/dl)~! per centimeter square, and 0.9947 much better

than the as-sprayed one. This approach implies the ultrasonic-
sprayed CNTF irradiated by continuous-wave laser are promising
for the practical applications in flexible and disposable biosensors.
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