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ABSTRACT

In electrochemical glucose sensing, the enhancement of the sensitivity and the response time is essential in developing sta-

ble and reliable sensors, especially for continuous glucose monitoring. We developed a method to increase the sensitivity

and to shorten the response time for the sensing upon the appropriate addition of single wall carbon nanotube onto the

osmium polymer-based hydrogel electrode. Also, the background stabilization is dramatically enhanced.
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1. Introduction

For diabetes, the monitoring of a blood glucose

level is the most important to control the disease. The

electrochemical sensing is the most versatile method

because of its advantage in the point-of-care test [1].

Both glucose oxidase (GOx) or glucose dehydroge-

nase (GDH) is employed to make a selective and sen-

sitive layer for detecting glucose from the complex

mixture of blood or interstitial fluid [2].

Currently, both a single-use disposable strip sensor

to measure the glucose level in the finger capillary

blood and a continuous glucose sensor to monitor the

glucose level in the interstitial fluid of the subcutane-

ous region are in use [3]. For continuous glucose

monitoring (CGM), the increase of the sensitivity is

essential because of the presence of a thick biocom-

patible outer layer to measure the glucose concentra-

tion in the interstitial fluid under the subcutaneous

region for a long time [4]. For the enhancement of the

electron transfer rate in the hydrogel containing GOx

or GDH, the redox polymers containing ferrocene

[5], ferricyanide [6], ruthenium complexes [7], or

osmium complexes [8-12] have been utilized.

Besides, active carbons [13], graphene [14], carbon

nanotubes [15], and metal nanowires [16] were added

as conductors to the mixture of the sensing layer to

improve the conductivity and the electron transfer

efficiency [17-24].

In this paper, we report the first observation of the

dramatic increase in the sensitivity of 10 times and

the rapid response time in a few seconds upon the

addition of single-wall carbon nanotube (SWCNT) to

the sensing layer made of osmium polymer, linkers,

and GDH.

2. Experimental

2.1 Reagents, Materials, and Equipments

Glucose dehydrogenase (FAD-GDH), D-glucose,

poly(ethylene glycol)diglycidyl ether (PEGDGE,

MW 500), 2,6-dichloroindophenol (DCIP), 5-meth-

ylphenazinium methyl sulfate (PMS) are purchased

from Sigma Aldrich. Potassium phosphate, sodium

chloride, potassium chloride, disodium phosphate,

and monopotassium phosphate are from Alfa Aesar.

Single wall carbon nanotube (SWCNT) used is Tub-

allTM from Ocsial (below 2 nm diameter, >1 um

length). Polyvinylimidazole-osmium(bipyridine)2
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chloride [PVI-Os(bpy)2Cl] is synthesized based on

the literature [25]. Screen printed carbon electrode

(SPCE) is purchased from Zensor (SE100, 5 mm

diameter), Taiwan. Deionized water is from Purelab

option Q. Ultrasonication for the dispersion of

SWCNTs is performed by VC505 from Sonics Co.

Scanning electron microscopic (SEM) images are

obtained by SNE-4500M from SEC Co., Ltd. Elec-

trochemical measurements are done by CHI 1230A

potentiostat system. The spectrophotometric mea-

surements of the activity assay are performed by Agi-

lent 8453 spectrophotometer. 

2.2 Preparation of Electrode

2.2.1 Preparation of SWCNT dispersion

SWCNT is dispersed by Triton X-100 in aqueous

solution by ultrasonication for 20 minutes at 3 seconds

pulse and 3 seconds rest. The concentration is 0.5 mg/

mL for SWCNT and 5 mg/mL for Triton X-100.

2.2.2 GDH/Os-polymer/PEGDGE electrode

Stock solutions of glucose dehydrogenase (GDH),

Os-polymer (PVI-Os(bpy)2Cl), and PEGDGE are

prepared to be 40, 5, and 10 mg/mL, respectively.

Then, those are mixed in appropriate volumes to be a

weight ratio of 42:46:5.8. The concentration of the

final total solution is 4.5 mg/mL, and 5 uL of the

mixed solution is drop-coated onto an air plasma-

treated SPCE. The electrode is used after drying for

one day at ambient conditions.

2.2.3 GDH/Os-polymer/PEGDGE/SWCNT electrode

In the case of the SWCNT-containing glucose sen-

sor, 0.5 mg/mL SWCNT solution containing 5 mg/mL

of Triton X-100, is additionally added. Then, the

weight ratio of GDH, Os-polymer, PEGDGE,

SWCNT is 42:46:5.8:5.4. For the preparation of the

sensing layer, similarly, 5 uL mixed solution of

4.5 mg/mL final solution is drop-coated onto an air

plasma-treated SPCE and dried for one day before

use.

2.3 Electrochemical Measurements

For CV (cyclic voltammetry) and amperometric

measurements, SPCE working, Pt wire counter, and

Ag/AgCl reference electrodes are used. Amperomet-

ric glucose sensing is measured by adding 1 M glu-

cose solution dropwise to the stirred PBS (phosphate

buffer saline, pH 7.4) solution.

2.4 Glucose dehydrogenase (GDH) activity assay

The activity assay is modified from the literature

[26], and the assay solution is made by adding

2.0 mL of 0.1 M phosphate (pH 7.4), 300 uL of 2 M

D-glucose, 75 uL of 1.8 mM DCIP, and 50 uL of

30 mM PMS solutions. The spectrophotometric mea-

surement is started upon adding 5 uL of 0.05~0.2 mg/

mL GDH solution into the assay solution at 600 nm.

3. Results and Discussion

3.1 Activity assay 

The activity of GDH is measured by the absor-

bance decrease at 600 nm, where the oxidized DCIP

changes to the reduced form, upon accepting the

electron through PMS from the reduced GDH. The

following is the one example to measure the activity

of the freshly-prepared 0.1 mg/mL GDH solution. It

shows the specific activity of 141 units/mg (Fig. 1).

3.2 SEM analysis of the sensing layer

SEM analysis of the bare-SPCE and the sensing

layer coated SPCE is shown in Fig. 2. 

The amount of the sensing layer coated is 5 uL of

4.5 mg/mL cocktail solution. Then, the thickness of

the sensing layer can be estimated to 2 um. Because

the surface of the SPCE is quite rough, as shown in

the SEM images, it was difficult to distinguish the

bare SPCE and the coated-SPCE.

3.3 Electrochemical Properties of the GDH/Os-

polymer/PEGDGE/SWCNT electrode

The electrochemical properties of the GDH/Os-

polymer/PEGDGE/SWCNT electrode are compared

Fig. 1. An example of the activity assay of GDH upon

measuring the decrease of the absorbance at 600 nm,

where DCIP turns to the reduced form upon accepting the

electron originated from glucose.
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with GDH/Os-polymer/PEGDGE electrode and scan

rate dependent responses for the sensor with SWCNT

are recorded (Fig. 3).

The electrode containing SWCNT exhibited seven

times higher current than that of the electrode without

SWCNT, while the redox potential is not much

changed (Fig.3a). The current response to the scan

rate is linear up to 10 mV/sec (Fig.3b), and it shows

the surface-confined electron transfer reaction

through the polymer composite. While the electrode

without SWCNT does not.

3.4 Amperometric sensing of glucose

The amperometric response to glucose of the

GDH/Os-polymer/PEGDGE/SWCNT electrode is

compared to the electrode without SWCNT. It is

measured at +0.35 V vs. Ag/AgCl upon changing the

glucose concentration from 0 to 5 mM by the addi-

tion of an appropriate volume of 1 M glucose solu-

tion into 10 mL PBS solution while stirring. The

glucose response of the electrode containing

SWCNT is more than 20 times larger than that of the

electrode without SWCNT, i.e., 17.2 uA/mM for the

SWCNT-containing electrode and 0.79 uA/mM for

the electrode without SWCNT. 

The response time of the electrode with SWCNT is

much faster than that of the electrode without

SWCNT (Fig. 5). The time to reach 95% of steady-

state current(t95%) for SWCNT containing glucose

sensor is 6 secs, while for the glucose sensor without

SWCNT, it is 245 secs. The response time is 163 uA/

min for SWCNT-containing one and 0.18 uA/min for

Fig. 2. SEM image of SPCE surface(a, c) and glucose sensing layer(b, d)

Fig. 3. Cyclic voltammograms of the sensors at 10 mV/s, with and without SWCNT (a), scan rate dependent responses

from 1 to 10 mV/s for the sensor with SWCNT (b), and plot of peak current dependent on scan rate (c)
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the one without SWCNT. 

The baseline stabilization is also much faster for

the SWCNT containing electrode than the electrode

without SWCNT, i.e., the electrode containing

SWCNT is stabilized almost instantly but, in case of

the electrode without SWCNT, the stabilization time

is over several minutes (Fig. 6).

In summary, for the electrode containing the

SWCNT, the current response becomes 10 times

higher, the response time to the change of the glucose

concentration is very fast in a few seconds, and the

stabilization of the background is almost instant.

The high sensitivity and the rapid responses of the

SWCNT containing electrode can be explained by

the fast and efficient transport of charges along the

SWCNT-driven structure in the polymer composite.

The osmium-based redox polymers are known to

have an efficient electron transfer by the collisional

diffusion of the redox centers in the hydrogel (Fig.

7(a)) [27]. If SWCNTs are added, the collisional

transport pathway can be shortened by both the net-

work of SWCNT (Fig. 7(b)) and the direct electron

transfer route from the redox center to the SWCNT

(Fig. 7(c)). 

For the CV measurements (Fig. 3), the linear

response of the peak current to the scan rate for the

SWCNT containing electrode confirms the shorten-

ing of the diffusional distance shown in the above

explanation. 

Fig. 4. Amperometric response at +0.35 V vs. Ag/AgCl of

the sensors with and without SWCNT in PBS solution

while changing glucose concentration from 0 to 5 mM at

1 mM increment.

Fig. 5. Comparison of the response time with and without

SWCNT from the change of 0 to 1 mM glucose in PBS

solution.

Fig. 6. Comparison of the stabilization time of the sensor

with and without SWCNT in PBS solution.

Fig. 7. The mechanism of electron transfer through (a) the

collision of osmium redox centers, (b) the shorten the

collisional distance by SWCNT, and (c) the direct

conduction through SWCNT 
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Some reports are using a single-wall carbon nano-

tube similar to this study [28,29]; however, the elec-

tron transport capability of SWCNT is not fully

utilized because the coating was layer-by-layer of the

SWCNT first and the polymer/enzyme layer second.

In the current study, SWCNT was well-mixed with

the polymer/enzyme and formed as one coating on

the surface of the electrode. Consequently, the inter-

actions among the redox centers, the conductors, and

the enzymes are maximized. The sensing film fabri-

cated in the present method shows the high current

response, the fast response time, and the rapid stabili-

zation of the background, which can be utilized for

the sensing layer of continuous glucose monitoring. 

4. Conclusions

Upon the appropriate addition of SWCNT to the

osmium polymer-based hydrogel containing GDH,

the charge transfer rate in the sensing layer is maxi-

mized to enhance the response current, response

time. The electrode performance is enough to be uti-

lized for building a continuous glucose monitoring

sensor.
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