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Abstract 

This work reports the fabrication and electrochemical characterization of the polydimethylsiloxane (PDMS) 
microfluidic three-electrode cell chip utilizing diamond-like carbon (DLC) films as a working electrode for 
amperometric biosensing applications. The DLC films are prepared by a radio-frequency plasma enhanced chemical 
vapor deposition (RF-PECVD) technique with CH4 as a carbon precursor gas. Raman spectroscopy is employed to 
characterize the film structures. Cyclic voltammetry is used to investigate the responses of a standard redox species 
(K3Fe(CN)6 in KNO3) at the three-electrode system. Immobilization of glucose oxidase at the DLC surfaces is 
attempt through a covalent linkage. Preliminary results indicate that a mediator-free amperometric detection of 
glucose can be achieved with this device.   
 
© 2012 Published by Elsevier Ltd. 
 
Keywords: diamond-like carbon; microfluidic chip; cyclic voltammetry; glucose oxidase electrodes; mediator-free glucose detection 

1. Introduction 

Biocompatibility and chemically stability of diamond-like carbon electrodes are attractive as probing 
interfaces for biomolecular detection [1, 2]. Successful contact and efficient communication between the 
probe biosensors and the electrodes can be achieved through effective immobilization techniques. It is 
known that DLC films exposed to air are easily oxidized, and the oxygen-containing functional groups 
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are formed on the surface [3]. The oxygen-containing functional groups are useful for immobilization of 
biosensors at the electrode surface through covalent bonding.  

In this study, DLC thin films are deposited on Si substrates by radio-frequency plasma enhanced 
chemical vapor deposition (RF-PECVD) using a gas mixture of CH4 and H2. Raman spectroscopy is used 
to characterize the film structures. The DLC electrode on Si substrates is subsequently integrated in a 
polydimethylsiloxane (PDMS) microfluidic three-electrode cell chip. Cyclic voltammetry of a redox 
couple Fe(CN)6

3-/Fe(CN)6
4- is carried out to investigate the electrode responses in the cell. An 

amperometric enzyme electrode is prepared by immobilization of glucose oxidase onto the surface of 
DLC electrode via cross-linking agents. The functionality of the DLC electrodes for on-chip biosensing is 
verified by a mediator-free amperometric detection of glucose in a phosphate buffer solution.  

2. Experimental 

RF-PECVD with a gas mixture of CH4 (gas flow rate = 8.05 sccm) and H2 (gas flow rate = 32.2 sccm) 
is employed to prepare DLC films on Si substrates (25 ·cm) using Ti as an adhesion layer. The base 
pressure and the operating pressure are 2.5x10-5 and 4.8x10-1 torr, respectively. During the deposition, the 
DC bias is set at -440 V using the power of 56 W, and the substrate temperature is kept at 106 C. The 
film thickness of 140 nm is obtained after 40 min deposition time. Raman spectrometer (Jobin Yvon 
T64000) with Ar+ excitation source (wavelength = 514.5 nm) is used to study the DLC film structures and 
the data is analyzed by LabSpec software (version 3.03t).  

The DLC electrode is then inserted in a PDMS microfluidic chip [4]. The microchannel used as the 
electrochemical cell has a depth of 70 m and the overall volume of 2.24 L. As shown in Fig. 1, the 
three-electrode chip consists of a DLC working electrode (1 mm2), a Ag wire reference electrode, and a 
sputtered Au on Si counter electrode (3 mm2).  

 

Fig. 1. Fabrication result of the PDMS microfluidic three-electrode cell chip 

Cyclic voltammetry (CV) of 10 mM K3Fe(CN)6 in 1 M KNO3 is employed to study electrode 
responses in the cell. The solution is loaded to the microchanel using a syringe. The potential is swept 
from 0.7 V to -0.3 V and back to 0.7 V at scan rates ranging from 50 - 500 mV/s.  

The following reagents are used for covalent coupling of enzymes onto the electrode: glucose oxidase 
(GOx) from Aspergillus niger (E.C. 1.1.3.4, type II,  15,000 units/g), N-(3-Dimethylaminopropyl)-N -
ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), D-(+)-glucose, and phosphate 
buffer (PB, pH = 7.4) from Sigma-Aldrich. To prepare an enzyme electrode, a newly fabricated three-
electrode microfluidic chip is flushed with deionized (DI) water and loaded with a solution containing 
EDC (0.2 M) and NHS (0.05 M) for 1 h at room temperature. Subsequently, GOx (5 mg/mL) in 0.1 M 
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phosphate buffer is loaded into the channel to react with the monolayer on the electrode surface. After the 
incubation at room temperature for 1 h, the microchannel is rinsed with PB solution and used immediately 
or stored at 4 °C in PB solution when not in use.  

Prior to the glucose detection experiments, glucose solution is allowed to mutarotate for 48 h. 
Mediator-less amperometric detection of glucose is performed using cyclic voltammetry measurements of 
various concentrations of glucose in 0.1 M PB solution. The potential is swept from 0 to -0.8 V and back 
to 0 V with the scan rate of 50 mV/s. 

3. Results and discussion 

By fitting the experimental Raman data using Gaussian function, a D-peak at 1357.3 cm-1 and a        
G-peak at 1594.5 cm-1 are obtained as shown in Fig. 2. Raman spectra analysis of the sample is provided 
in Table 1. The integral intensity ratio (ID/IG) of the two bands is 0.37. It can also be seen that the G-peak 
is shifted toward higher wave numbers compared with pure graphite (1580 cm-1). These results indicate 
that our films are typical amorphous diamond-like carbon with a relatively high content of carbon in the 
sp2 hybridization state [5].  

Fig. 2. Raman spectra of the prepared DLC films 

Table 1: Analysis of the Raman spectra 
 
 Raman shift FWHM Area           Intensity The integral intensity ratio 

(ID/IG) 
D-peak 1357.3 cm-1 164.8 cm-1 100066 ID  = 275.8  

0.37 G-peak 1594.5 cm-1 204.3 cm-1 270434 IG   = 635.2 
 

  
 
 
 
 
 
 
 
 
 
 

Fig. 3. Electrochemical measurements of an on-chip DLC working electrode. (a) Cyclic voltammograms of 10 mM K3Fe(CN)6 in    
1 M KNO3 at various scan rates; (b) Plot of cathodic and anodic peak currents versus square root of the scan rates. 
 

The formal redox potential (E ') measured from the cyclic voltammograms shown in Fig. 3a is 143.88 
mV versus Ag reference electrode. Converting to Ag/AgCl scale, the resulting formal redox potential is 
278.88 mV, comparable to what reported in the literature (240 mV) [6]. When increasing the scan rate, 
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the peak potential separation ( Ep) is also increased. Fig. 3b shows the plot of cathodic and anodic peak 
currents versus square root of the scan rates. The cyclic voltammetric results suggest that the electrode 
responses in the cell are subjected to quasi-reversible charge transfer under linear diffusion.  
 

 
Fig.  4. Cyclic voltammetry results showing on-chip amperometric detection of glucose in 0.1 M phosphate buffer solution at the 
potential scan rate of 50 mV/s. 
 

The cyclic voltammograms of a mediator-free amperometric detection of glucose are illustrated in Fig. 
4. Upon adding of glucose from 0 to 4 mM, an increase in the current response is observed. The results 
indicate that electron transfer occurs between GOx and the electrode surface such that glucose 
determinations are feasible [7].  

4. Conclusion 

Cyclic voltammetry results of Fe(CN)6
3-/Fe(CN)6

4- obtained from a DLC electrode embedded in the 
PDMS microfluidic chip demonstrate that the electrode responses in the cell are subjected to quasi-
reversible charge transfer under linear diffusion. Immobilization of GOx at the DLC surfaces is achieved 
through EDC/NHS cross-linking agents. The increase of the current response with increasing glucose 
concentration suggests successful contact between the probed enzyme and the electrode.  
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