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Abstract

This study presents fabrication of a liquid-gatedzyene field effect device and its
implementation as a glucose biosensor. The dedosisted of four electrodes on a glass substrate
with a channel functionalized by carboxylated mulélled carbon nanotubes-polyaniline
nanocomposite (MWCNTCOOH/PAnN) and glucose oxid@ke. resistance of functionalized channel
increased with increasing the concentration of gdecovhen an electric field was applied to the tqui
gate. The most effective and stable performanceoltsned at the applied electric field of 100 mV.
The device resistance, R, exhibited a linear @tatip with the logarithm of glucose concentration

in the range between 0.005 and 500 mM glucose.dékection limit (S/N=3) for glucose was about
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0.5 uM. Large effective area and good conductivity prtips of MWCNTCOOH/PAN

nanocomposite were the key features of the falaicaensitive and stable glucose biosensor.

Keywords:
Liguid-gated enzyme field effect device; glucosesensor; MWCNTs-polyaniline nanocomposite;

glucose; diabetes.



1. Introduction

Nowadays, diabetes is introduced as a worldwiddiptbalth crisis. Diagnosis of diabetes and
its control require continuous and exact monitorofgblood glucose level. Accordingly, many
devices with different designs, fabrication proaeduand detection protocols have been proposed [1-
4] for glucose determination. However, manufactyriof a cheap, easy to use and fully
biocompatible device is still a challenge. Among tarious devices which have been developed for
glucose detection, glucose biosensors find a sppldae. In general, a biosensor is an analytical
device in which a biological component has beenhinad with a physicochemical transducer for
the detection of a specific analyte. The transdtia@rsforms the arising signal from the interaction
of the analyte with the biological element into aasurable signal (e.g. current, voltage, etc.) whic

can be quantified easily [5-7].

A field-effect transistor (FET) is a promising di@nic device which can be employed as a
physicochemical transducer for the fabricationh&f miniaturized biosensors. The electric field in a
field-effect transistor controls the conductivityits channel. In the other word, the voltage aggpli
between gate and source terminals of a FEJs Whfluences the current between its drain and@ur
terminals (bs) [8-11]. It seems one-dimensional (1D) nano-matsrare attractive candidates not
only for the formation of conductive channels blsoafor the providing high effective area for the
immobilization of bio-molecules [12-17]. Based & tmentioned idea it is possible detect very low
concentrations of various analytes using a FET tcocted by 1D nano materials which its channel
region has been functionalized with the biomolecsileh as enzyme or antibody [18-20]. The
binding of the analyte to the functionalized chdroi¢he mentioned FET causes a change in the gate

electric field and consequently changegg |



In this work, the channel of the proposed fieldzetf device (FED) was functionalized by
carboxylated multi-walled carbon nanotubes-polyaaihanocomposite (MWCNTCOOH/PAN) and
glucose oxidase (GOx) to fabricate a glucose bmmenThe proposed nanocomposite polymer
provided a high effective surface area in the cbhAmwith a confined electric transport. In the
proposed design, the applied electric field affébts device performance but not in the usual way

which is seen in FETSs.

2.  Experimental
2.1. Chemicals and reagents

All chemicals were of analytical reagent grade asdd without further purification. Multi-
walled carbon nanotubes (MWCNTSs, 95% purity, OD0=3D nm, ID = 5-10 nm and length = 0.5-
500 nm) and 1-ethyl-3-(3-dimethylaminopropyl) cattimide hydrochloride (EDC) were purchased
from Aldrich (Steinheim, Germany). The aniline mamer, dimethyl sulfoxide (DMSO), HN
H3PQ,, KOH and KCI were obtained from Merck (Darmsta@grmany). N-hydroxysuccinimide
(NHS) and ethanol (96%) were obtained from Flukads, Switzerland). Glucose oxidase (GOx,
EC 1.1.3.4, type VII from Aspergillus Niger, 221rog") and D (+)-glucose (97%) were obtained
from Sigma (St. Louis, MO, USA). Aniline and DMSCQCere purified before use. Deionized water

was used throughout.

0.01 M HPO, and 0.01 M KCI were used to prepare phosphateebstilution (PBS, 0.01 M)
as supporting electrolyte and its pH was adjusted.8 using KOH solution. 0.8 mg of GOx was

dissolved in 40QL of PBS (0.01 M, pH=7.3) to prepare a 442 U hitf GOx working solution. A
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stock solution of glucose (1 M) was prepared usiaipnized water and stored at 4 °C when not in
use. The glucose stock solution was allowed to rotdage at room temperature for at least 24 h
before use. Standard working solutions of glucoseevprepared freshly by diluting its stock solution

with PBS (0.01 M and pH=7.3).

2.2. Preparation of MWCNTCOOH/PANn nanocomposite

Carboxylated multi-walled carbon nanotubes (MWCNTOH) was prepared by refluxing of
MWCNTs (30 mg) in HNQ@ (40 mL, 70%) for at least 16 h. The product waserfdd, washed
thoroughly to reach a pH of 7.0 for the filtrate darthen dried in a vacuum oven.
MWCNTCOOH/PANn nanocomposite was synthesized u#iiegprocedure reported previously by

Hua et al. [21] without modification.

2.3. Preparation of MWCNTCOOH/PAN/GOx functionalized FED

Glass substrate (GS) was used as a cheap substréabricate the proposed FED-based
glucose biosensor. After cleaning with piranha sotu(H,SO, - H,O,, 3:1 V/V), Ti/Au layers with
respective thicknesses of 100 nm and 200 nm wepesited on the glass substrates. A pair of gold
interdigitated microelectrodes as shown in Fig.ith\s0 fingers (finger dimensions: width 4n,
length 4000um, interfinger spacing 4am) was patterned on Ti/Au layer via a photolithqdyia
process to prepare S and D terminals of the prapBE®. Six mg of MWCNTCOOH and six mg of
MWCNTCOOH/PAN were dispersed in 1 ml of PBS byasdtnic agitation for 15 min. A solution

containing of 20ul of each suspension was prepared and drop casheosurface of S and D
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terminals and the solvent was evaporated at roompéeature. The MWCNTCOOH/PAnN
functionalized FED was later treated with a mixtaf0 mM NHS and 10 mM EDC solution for 2 h
and then 50uL of PBS containing desired amount of GOx was plaom the surface of
functionalized S and D terminals. The GOx-treatattfionalized FED was left for about 1 h at room
temperature to bind GOx and then rinsed with deshiwater to remove unbounded GOx. The
prepared FED with the functionalized channel wasest in a refrigerator at 4°C for further use. The

whole reactions were carried out in PBS (0.01 Myktof 7.3 and 25 °C.

2.4. Apparatus and measurements

A Metrohm 691 pH meter was used for pH adjustmé&intld emission scanning electron
microscopy was performed on a HITACHI S-4160 (Hiiaclapan). A Plexiglas chamber with a
volume of 1 mL was fabricated for all solution-bdgeeasurements. As shown in Fig.1, a liquid-
gated field effect device was configured using theepared Plexiglas chamber. Electrical
measurements were conducted using a Keithley 2a8fdnpeter analyzer with a four-terminal setup.
An Ag|AgCI|KCky electrode and a platinum wire were immersed iotedgte solution (PBS, 0.01
M, pH=7.3) and used as the reference (R) and anxi(iC) electrodes, respectively. Two terminals of
Keithley analyzer were connected to the R and Cthadther two terminals were connected to the S
and D terminals of the prepared functionalized FEBe distance between the R and S/D terminals
was carefully controlled. The S terminal was comeeédo the ground and the gate voltaged\Wvas
applied between S and R. The counter electrodeusad to minimize the current passed through the
electrolyte solution between the gate and S/D. Akasurements were performed at room

temperature.



3. Resultsand Discussion

The SEM images of the prepared MWCNTCOOH, MWCNTCORAh and
MWCNTCOOH/PANn/GOx are shown in Fig. 2. It can beersethat the modification of
MWCNTCOOH by PAn and GOx produced a smooth surfeitle a slight increase in tube diameters
of both PAN/MWCNTCOOH and MWCNTCOOH/PAN/GOx nanoqmsites. Fig. 3 illustrates the
current-voltage {s-Vps) characteristics of the MWCNTCOOH/PAnN functionatizFED before and
after immobilization of GOx in dry status i.e. woilt electrolyte. As shown in Fig. 3, both
MWCNTCOOH/PAN functionalized FED and MWCNTCOOH/P&®x functionalized FED
showed ohmic behavior, linear I-V characteristicthva constant dI/dV values (conductivity). The
conductivity of conductive channel between S andnDMWCNTCOOH/PANn (0.0241Q™") was
higher (for about 1.8 times) than that observed KOWCNTCOOH/PAN/GOx (0.01340Q™)
functionalized FED. The decline of conductivity thfe conductive channel between S and D in
MWCNTCOOH/PAN/GOx functionalized FED can be expédrby the fact that the covalent bond
between the GOx and MWCNTCOOH/PAn nanocompositairactates positive charges on the
nanocomposite surface because of the presence tohemative surface charge of GOx. This
electrostatic interaction reduces the hole conditgtiof the p-type polymer by decreasing the
number of available holes for conductance. Sinpl@nomenon has been observed in previous study
[13] in which the change of conductance in recefitactionalized field effect transistors has been

attributed to the charge accumulation in the channe

In order to determine the lower and upper limitstiod gate voltage (3) in experimental
measurementspd was recorded while sweepings¥between -0.2 and +1.2 V in the absence of

glucose. As shown in Fig. 4, the redox reactiompaliymer and reduction of dissolved oxygen are
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observed at the starting potentials about 0.5 8V, respectively. Therefore, the applicablesV

was in the range between -0.1 and 0.5 V.

In order to investigate the effects of PAn and GRAmobilization on the sensor response, the
gate voltage, ¥s, was fixed at 100 mV. Thereafter, current-voltabg-{/ps) characteristic curves
obtained for MWCNTCOOH/GOx, MWCNTCOOH/PAn and MWCEDOH/PAn/GOx
functionalized FED in the absence and presenc® ol glucose in PBS (0.01 M and pH=7.3). As
shown in Fig. 5, the conductivity of conductive shal between S and D in MWCNTCOOH/GOx
(0.0030Q™") was about 4.3 times of that observed for MWCNTG@®AN/GOXx (0.000%2™) in the
presence of 10 mM glucose. But, the conductiviticafiductive channel in the absence of glucose
for MWCNTCOOH/PAN/GOx and MWCNTCOOH/PAN was simitand about 0.0038 ™. Also, the
conductivity of conductive channel for MWCNTCOOH/RAn the absence and presence of 10 mM
glucose was similar and about 0.00@8. The obtained results verified that the preserfcaed
negative surface charge of GOx accumulated theip®siharges on the surface of nanocomposite,
efficiently. In the presence of a p-type polymeclsas that used in this study, PAn, the number of
available holes and consequently the hole condutctdecreased significantly by electrostatic

interaction between net negative surface charge®f and the accumulated positive charges.

Thereafter, the current-voltage p{Vps) characteristic curves obtained for
MWCNTCOOH/PANn/GOx functionalized FED in PBS (0.01avid pH=7.3) and in the presence of
glucose with the concentrations of 0.0, 0.005, 0005, 5, 50 and 500 mM at the gate voltage of 100
mV. As shown in Fig. 6 a linear behavior is obsdri@ the proposed device in the presence of the
glucose at different appliedp¥. Figure 7 demonstrates the calculated resistantiees from the

linear I-V curves shown in Fig. 6 at different ghse concentration. The decrease of conductance or
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increase of resistance, with increasing the comagonh of glucose can be explained considering
enzymatic reaction of glucose oxidase with glucaisd formation of the products [22]. Glucose is
oxidized by the immobilized GOx on the surface 0M@NTCOOH/PAN/GOx functionalized FED
and D-gluconas-lactone is produced as the product of enzymaéictren. Subsequently, D-glucono-
S-lactone is hydrolyzed and the concentration dirtdreases on surface of conductive channel of the
functionalized FED. The positive field induced by Bt the surface of channel reduces the hole
conductivity of the p-type MWCNTCOOH/PAN nanocomip@sSo, an increasing trend is observed
for the resistance with increasing the concentnabibglucose. However, the resistance value reached
to the plateau at the concentration about 500 mMage where the whole channel surface employed
for the sensing process saturated withadd adding more glucose does not change positNe fi

induced by H, remarkably.

3.1. Analytical performance of MWCNTCOOH/PAN/GOx functionalized FED towards glucose

The parameter of “Glucose Coefficient of ResistaffGCR)” shown in Eq. 1 was defined as

the normalized change of the resistance with tla@gé of glucose concentration:

1 OR
GCR _R_o% (1)

in which R, and G are the resistance of channel in the presehelectrolyte solution and glucose
concentration, respectively. Using the proposedndiein, an ideal sensor is a device which has a
constant GCR at different concentration of anabitailar to that presented for the sensitivity of
calibration curve. The log - log plot of GCR valws. concentration of glucose obtained for

MWCNTCOOH/PAN/GOx functionalized FED is shown igFB. As clear, the GCR value for low
9



concentration of glucose is much higher than thteoved for high concentration. It means, with
increasing the concentration of glucose the restigtof conductive channel due to the presence of
higher amounts of Hincreases, the surface of conductive channeldeser to saturatiordR and
consequently GCR value decreases. Also, a striighiith a definite slope, S, is observed in the
presented log - log plot that for an ideal senker$ value is zero. So, the S value can be defired

a parameter for the comparison purposes.

In order to evaluate the effect otyon the S value of the sensor, the gate voltageswapt
from -200 to 200 mV and the S value was obtainethfthe I-V plot and GCR value at the applied
Vgs The minimum S value, S = 0.89, for MWCNTCOOH/P&QX functionalized FED obtained at

Vgs= 100 mV.

Under optimum experimental conditionsgd/= 100 mV and ¥s = 10 mV, the plot of sensor
response, R, versus logarithm of glucose concémtratas linear in the concentration range between
0.005 and 500 mM glucose (Fig. 9). The detectiamtl(S/N=3) for glucose was calculated to be
about 0.5uM. The analytical features of some reported gludmssensors based on the concept of
field effect transistor (FET) are summarized in [€ab and compared with those obtained in this
study using MWCNTCOOH/PANn/GOx functionalized FEDs s8hown in Tablel, the linear dynamic
range of the proposed FED-based glucose biosersomider (2-3 orders of magnitude) than those
reported previously for some glucose biosensoreasn the concept of field effect transistor (FET)
[11, 12, 23-26]. The response time of the propdsed-based glucose biosensor (about 10 s) was
more or less similar to those reported previoustysbme FET-based glucose biosensors [11, 12, 26].

But, the limit of detection of the reduced grapherele - carboxylated polypyrrole nanotube hybrids
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(rGO/C-PPy NT) FET-based glucose biosensor [27] better (about 2 orders of magnitude) than
that obtained in this using the proposed FED-bghstbse biosensor.

The operational stability of the fabricated biosgnsas examined by monitoring of its response
towards repetitive measurements of 0.01 mM gludoséen times in each day over one week. The

response of the proposed sensor gradually decréasdmiost 90% of its initial value after one week.

3.2. Real sampleanalysis

The proposed FED glucose biosensor was employeitiéadetermination of glucose in normal
human serum, to examine its applicability for reainple analysis. 4L of human serum was mixed
with 3 mL PBS and then analyzed using the propdsesensor. The concentration of glucose in
serum was determined and compared with that detednin local hospital. The concentration of
glucose in human serum was determined to be 5.89 Thilrecovery of the analysis was about 97.3
%, considering the value determined by a local hals6.05 mM). Also, the reliability of the
proposed glucose biosensor was evaluated usinglasthraddition method with the spiking of
specific amounts of glucose to the normal humanrmseThe recovery for each measurement was
calculated by comparing the results obtained inahsence and presence of specific amounts of

glucose. The obtained average recovery for theegmlamples was 94%.

3.3. Effect of interferences
The effect of the presence of some potent interfercompounds such as carbohydrates
(galactose, maltose and fructose) and ion's &', Mg?*, NOs ,SQ%, CI, Zr** and acetate) on the

electric response, R, of the fabricated biosensas wmvestigated to evaluate the selectivity of
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proposed glucose biosensor. A series of solutiontasoing 0.01 mM glucose plus interfering
compounds (1 mM) were prepared and their respamiees compared with that obtained for standard
glucose solution. A 5 % error criterion was adopfdtke analysis of results showed that the tolerance
of biosensor response for 0.01 uM glucose wastlems 5% in the presence of 1 mM galactose,
maltose, fructose, ¥ Na', Mg?*, NO; ,SQ?, CI, Zn** and acetate. The response of the sensor, R,
increased for about more than 10% in the preseh@ M galactose, maltose, fructose;, KNa',
Mg®*, NO; ,SQ? and Zri*. But, the sensor response decreased 10% in teerue of 2 M Cland

acetate.

34. FEDvs FET

It should be mentioned that the field in the prag@bBED controls the resistance of conductive
channel but not depletion and inversion of chargieshe semiconductor/dielectric surface which
usually observed in FET. So, the presented FEisartransistor in contrary to the FET presented
by Yoon et al. [12]. The manufactured FETs are bgimg from built-in amplification (\és to Ips),
however, FED has exhibited a very low price andtstime of fabrication. The fabrication of FED is
very simple compared to the transistor fabricatiime linear behavior of FED causes to have an easy
measurement by the use of a multiplier. Moreov&D sensor can work using a simple battery in
contrary to the electrochemical sensors which maynéed to the sophisticated sweeping voltage

tools such as potentiostat.
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4. Conclusions

Implementation of a liquid-gated FED with a foue@&rode configuration for glucose detection
was successfully demonstrated. The conductive @élafrFED was functionalized by carboxylated
multi-walled carbon nanotubes-polyaniline nanocosijgoand glucose oxidase. In the proposed FED
the resistance of conductive channel was monitoresbntrary to that usually observed in FET i.e.
the depletion and inversion of charges at the semadigctor/dielectric surface. The change of channel
resistance was attributed to the change of elgatioxharges on the channel surface. The prepared

biosensor showed high sensitivity towards glucesee range of linearity and low detection limit.
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Figures captions:

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Schematic diagram of the prepared fourtedde liquid-gated functionalized field effect

device (FED) with the magnified view of the fingerd the channel.

SEM images of the prepared (a) MWCNTCOOb), MWCNTCOOH/PAn and c)

MWCNTCOOH/PANn/GOx

Current-voltage gk-Vps) characteristic curves for MWCNTCOOH/PAN functibrad FED

before (broken line) and after (solid line) GOx ionilization in dry status.

Current-voltage fk-Vgs) characteristic curve for MWCNTCOOH/PAN/GOx furetalized

FED in PBS (0.01 M and pH=7.3) and in the absehcguzose.

The effect of (A) PAn and (B) GOx immobditon on current-voltagedd-Vps) characteristic
curves of different functionalized FED. Conditiongs= 100 mV; supporting electrolyte;
PBS (001 ™M and pH=7.3); A) MWCNTCOOH/GOx (brokenine) and
MWCNTCOOH/PAN/GOx (solid line) in the presence of0 ImM glucose and
MWCNTCOOH/PAN/GOx (dotted line) in the absence hfcgse; B) MWCNTCOOH/PAN
(broken line) and MWCNTCOOH/PANn/GOx (solid line) the presence of 10 mM glucose

and MWCNTCOOH/PAN/GOx (dotted line) in the abseatglucose (dotted line).

Current-voltage -V ps) characteristic curve for MWCNTCOOH/PAN/GOXx furoetalized
FED in PBS (0.01 M and pH=7.3) and in the presai@0, 0.005, 0.05, 0.5, 5, 50 and 500

mM of glucose. és= 100 mV. Inset: magnified view of a part gV ps curve.
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Fig. 7. Plot of resistance value, R, calculateunfrthe slope ofps-Vps curve shown in Figure 6 at

different concentration of glucose.

Fig. 8. Logarithmic plot of GCR value at differemoncentration of glucose obtained for

MWCNTCOOH/PAN/GOXx functionalized FED.Q¢= 100 mV.

Fig. 9. Calibration plot of sensor response, Rswe logarithm of glucose concentration. Conditions

supporting electrolyte; PBS (0.01 M and pH=7.33s¥ 100 mV, \bs = 10 mV.
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Table1

Analytica features of some reported glucose biosensors based on the concept of field effect transistor
(FET) and fabricated MWCNTCOOH/PAN/GOx functionalized FED.

Modified surface sensitivity LDR DL Response  pH Reference
time ()

CPNTs nr 0.5-50 mM nr 5-10 7.0 [12]
PEDOT-PSS 1.6 pA/mM 1.1-165mM  nr 10-20 6.5 [11]

ZnO nr 1-100 uM ~nM <0.1 74 [23]
CVD-grown graphene nr 3.3109mM  3.3mM nr 74 [24]
rGO/C-PPy NT nr nr 1nM <1 74 [27]
EGFET 7mV/mM 2-8 mM nr nr 55 [25]

ZnO 2.7 AImM 10-30 uM nr 20 74 [26]
CNTCOOH/PAN nr 0.005-50mM  0.5uM 10 74 This work

LDR, linear dynamic range; DL, detection limit; CPNTSs, carboxylated polypyrrole nanotubes;
PEDOT-PSS, poly (3, 4-ethylenedioxythiophene-poly(styrene-sulfonate); ZnO, Zinc oxide; CVD,
chemical vapor deposition; rGO/C-PPy NT, reduced graphene oxide/carboxylated polypyrrole
nanotube; EGFET, extended-gate field-effect Transistor; nr, not reported.
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A new type of liquid-gated enzyme field effect device (FED) was introduced.
The proposed FED consisted of 4 electrodes with afunctionalized channel.
The fabricated FED was used as a glucose biosensor for glucose detection.

The FED response, resistance, increased with increasing glucose concentration.



