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We present a fast, highly sensitive, and efficient potentiometric glucose biosensor based on

functionalized InN quantum-dots (QDs). The InN QDs are grown by molecular beam epitaxy. The

InN QDs are bio-chemically functionalized through physical adsorption of glucose oxidase (GOD).

GOD enzyme-coated InN QDs based biosensor exhibits excellent linear glucose concentration

dependent electrochemical response against an Ag/AgCl reference electrode over a wide logarithmic

glucose concentration range (1� 10�5 M to 1� 10�2 M) with a high sensitivity of 80 mV/decade. It

exhibits a fast response time of less than 2 s with good stability and reusability and shows negligible

response to common interferents such as ascorbic acid and uric acid. The fabricated biosensor has

full potential to be an attractive candidate for blood sugar concentration detection in clinical

diagnoses. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4758701]

III-V semiconductor materials have promising applica-

tions in electronic and optoelectronic devices. Indium nitride

(InN) has engrossed a lot of attention in the development of

electronic and photonic devices due to recent progress in the

growth of InN based nanostructures. The growth of InN

nanostructures by molecular beam epitaxy (MBE) paved the

way to investigate their unusual optical and electrical proper-

ties.1–5 It has been investigated and confirmed by many

research reports that undoped, as-grown InN nanostructures

contain an intrinsic electron accumulation at the surface

which is very unusual among III-V semiconductors. Efforts

to eliminate the surface electron accumulation by chemical

or physical treatments have not yet been successful. It has

been reported that the positively charged donor surface state

density of InN nanostructures is as high as 1013 cm�2 which

causes the highest native electron accumulation observed in

III–V semiconductor nanostructures.6–11

Due to the high surface charge density and robust sur-

face properties, InN nanostructures are very attractive candi-

dates for sensing applications. Indeed, InN has been

proposed to be useful for sensing applications.11–15 The de-

velopment of biosensors based on InN QDs is potentially

very interesting taking advantage of their low dimensional-

ity, high surface to volume ratio, and largest native surface

electron accumulation, being dominating parameters for bio-

sensing. Moreover, the planar arrangement of the epitaxial

InN QDs promises rapid signal response. The high density of

positively charged surface donor states of InN should allow

negatively charged ions in solution to be selectively attracted

to the InN surface. This is the base of the sensor principle to

determine the glucose concentration by measuring the poten-

tial difference between the electrically contacted InN QDs

and a Ag/AgCl reference electrode. This potential difference

is produced by the change of surface charge density of the

InN QDs due to the redox reaction with H2O2 which is gen-

erated by the reaction between glucose and glucose oxidase

in the electrolyte solution.16

There are many techniques for the sensing of bio-

molecules, and among them the enzymatic electrochemical

biosensing technique is an important alternative to other non-

enzymatic biosensing techniques as it requires only a simple

experimental setup, short execution of the experiments, and

cheap chemicals. The enzymatic biosensors are fabricated by

immobilization of different types of enzymes onto the surface

of the biocompatible sensing material, which are selected

according to the target molecules. Glucose oxidase (GOD) is

the most commonly employed enzyme in glucose biosensors

because of its high selectivity to glucose molecules.

In our life, the controlled level of glucose concentration

in the blood is a crucial parameter for the prevalence of many

major life threatening diseases. This strongly motivates the

fabrication of robust, simple, cheap, and non-invasive glucose

biosensors with high sensitivity, good selectivity, fast and sta-

ble response, and high thermal stability. Here we present a

glucose biosensor based on InN QDs functionalized through

immobilization of glucose oxidase onto the surface. The fabri-

cated glucose biosensor exhibits fast and stable output

response along with good linear sensitivity over a wide loga-

rithmic glucose concentration range from 1� 10�5 M to

1� 10�2 M which easily covers the range of glucose concen-

tration in human blood.17 Additionally, the presented biosen-

sor not only reveals a rapid response time but also

demonstrates good selectivity and repeatability at room tem-

perature. It also exhibits good reusability, altogether revealing

full potential to be used for practical applications.

The chemicals used were GOD type GO3A from Aspergil-

lus niger, 360 U/mg (BBI Enzymes (UK) Ltd.) and Nafion

(5 wt. %), glutaraldehyde (50% solution), Bovine serum
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addresses: nhalvi@isom.upm.es and r.noetzel@isom.upm.es. Tel.: þ34

915495700 ext. 8065.
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albumin (BSA� 98%), and d-(þ)-glucose (99.5%) from

Sigma–Aldrich. A phosphate buffered, 10 mM solution (PBS)

from Na2HPO4 and KH2PO4 (Sigma–Aldrich) was prepared

with sodium chloride having concentration of 0.134 mM. The

pH value of the PBS solution was adjusted to 7.4.

For biosensor fabrication, first a GOD stock solution

was prepared. 10 mg/ml GOD was dissolved in PBS with pH

value of 7.4 and kept stirring for 24 h. The InN QDs sample

was dipped in a 5 ml enzyme solution (GOD) for 20 min at

room temperature for surface functionalization and dried in

air for 2 h. To prevent possible enzyme leakage and elimi-

nate foreign interferences a 3 ll aqueous solution of 2.5%

glutaraldehyde and 0.5% Nafion was applied onto the elec-

trodes surface. All glucose biosensors were stored at 4 �C in

dry condition when not in use. The electrochemical measure-

ments were performed in glucose solutions with concentra-

tions ranging from 10 lM to 100 mM versus an Ag/AgCl

reference electrode from Metrohm (3MKCl) and recorded by

a computer controlled Keithley 2400 source meter.

Figure 1(a) shows the atomic force microscopy (AFM)

image of 2 monolayers InN QDs grown on a 80 nm thick

In0.54Ga0.46 N layer on a (0001) GaN/sapphire substrate by

plasma assisted molecular beam epitaxy (PA-MBE). The

AFM image of the bare InGaN layer is shown in Fig. 1(b).

Details of the growth will be presented elsewhere. The QDs

exhibit an average height of 4 nm, mean diameter of 35 nm,

and density of 4.5� 1010 cm�2, and the InGaN layer has a

smoothly modulated surface. Figures 1(c) and 1(d) depict the

I–V curves measured with two Al contacts, half a millimeter

apart, deposited on the InN QDs and bare InGaN layers,

respectively, showing excellent ohmic behavior with low re-

sistance. This is due to the high n-type conductivity com-

monly established in high In composition (>50%) InGaN

layers. Figure 2 depicts the schematic illustration of the glu-

cose sensing setup using the working electrode comprised of

functionalized InN QDs against a Ag/AgCl reference elec-

trode. It also illustrates the electrochemical reaction near the

biosensing electrode.

Figure 3 depicts the electrochemical cell voltage (EMF)

response of the fabricated biosensor measured for different

glucose concentration solutions ranging from 1� 10�5 M to

1� 10�2 M. The EMF is linear versus the logarithmic con-

centration of glucose increasing from 410 mV for 10 lM to

658 mV for 100 mM, and it shows a significantly high slope

value of 80 mV/decade. The sensor performance is found to

be independent of any influence of sensing area that is

dipped into the glucose electrolyte solution and the quantity

of the glucose electrolyte solution. Repeated experiments

(denoted Exp. #1–3) with the same biosensor show reproduc-

ible results confirming the stability, linearity, and reusability

of the fabricated glucose biosensor.

The presented glucose biosensor also delivers fast out-

put voltage (EMF) response as a function of time. A very sta-

ble output signal is achieved within 2 s, as shown in Figure

4(a), attributed to the planar arrangement of the InN QDs.

The time response of the bare InGaN layer, which also has

been measured, is much slower, and the maximum EMF is

significantly lower. The output signal is not stable and drops

FIG. 1. (a) AFM image of InN QDs grown on InGaN layer. (b) AFM image

of InGaN layer grown on GaN. (c), (d) I-V curves measured with two Al

ohmic contacts deposited on InN QDs and InGaN layer, respectively.

FIG. 2. Schematic illustration of the glucose sensing setup using working

electrode comprised of InN QDs coated with GOD against a Ag/AgCl refer-

ence electrode, along with the possible electrochemical reaction near the

electrode.

FIG. 3. EMF as a function of the logarithmic glucose concentration ranging

from 1� 10�5 to 1� 10�2 M. Exp. #1–3 denote three different experiments.

153110-2 Alvi et al. Appl. Phys. Lett. 101, 153110 (2012)
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in time, as shown in Figure 4(b). This reveals the major con-

tribution of the InN QDs for precise and stable glucose sens-

ing, attributed to the high surface charge density.

The selectivity of the presented glucose biosensor was

also investigated in particular with regard to well known

interfering agents such as ascorbic acid and uric acid. Upon

the addition of 50 lM ascorbic acid or uric acid to 500 lM

glucose solution the output (EMF) signal does not substan-

tially change, as shown in Figure 5(a). This reveals that the

presented biosensor has good selectivity which is attributed

to the perm selective (charge-exclusion) property18,19 of the

Nafion film coated on the sensing electrode.

Moreover, the presented glucose biosensor exhibits

excellent storage stability as evidenced by a series of

repeated experiments for fourteen consecutive days as shown

in Figure 5(b). These measurements were performed to

ensure that the biosensor can be used for routine diagnosis

retaining its sensitivity and reusability for long durations of

time.

Temperature has an effect on the output EMF response of

the fabricated glucose biosensor, shown in Figure 6. The out-

put EMF response at a certain glucose concentration increases

with increasing temperature up to 40 �C and then decreases.

This reveals that at temperatures below 40 �C the activity of

the enzyme decreases, as well as at temperatures above 40 �C,

leading to a decrease of the output EMF. Hence, care needs to

be taken to control the temperature during glucose sensing

measurements, which however is not related to the excellent

sensing properties of the InN QDs.

In all, our presented glucose biosensor has high sensitiv-

ity, excellent reusability, good selectivity, and rapid response

time, withstanding any comparison with other available enzy-

matic glucose biosensors, as shown in Table I, listing the

functional properties of different available enzymatic glucose

biosensors developed by using different techniques.20–26

FIG. 4. (a) EMF as a function of time of the InN QDs based potentiometric

glucose biosensor for 500 lM glucose concentration. (b) EMF as a function

of time of the InGaN layer based potentiometric glucose biosensor for 1 mM

glucose concentration.

FIG. 5. (a) EMF as a function of time with adding 50 lM ascorbic acid

(AA) and uric acid (UA) in 500 lM glucose solution. (b) Repeated experi-

ments for fourteen consecutive days in 500 lM glucose solution using same

biosensor.

FIG. 6. EMF as a function of temperature of the InN QDs based biosensor in

500 lM glucose solution.
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To summarize, we fabricated a glucose biosensor based

on the combination of glucose oxidase and InN QDs. The pre-

sented biosensor utilizes the substantial advantages of high sur-

face charge density and low-dimensionality of the InN QDs

for highly sensitive and rapid response. We have investigated

the sensitivity, reusability, and selectivity over a large glucose

concentration range from 1� 10�5 to 1� 10�2 M. The fabri-

cated glucose biosensor had an excellent sensitivity slope of

80 mV/decade with fast output response of 2 s. The high sensi-

tivity, excellent reusability, good selectivity, and rapid

response time reveal that our glucose biosensor is a promising

candidate for glucose determination in clinical diagnoses.

R.N. likes to thank the BBVA foundation for financial

support.
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