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Abstract 

Glucose, a chief energy source in cellular metabolism, has a significant role in cell 

proliferation. Cancer cells utilize more glucose than normal cells to meet the energy 

demand arising due to their uncontrolled proliferation. The present work reports the 

mailto:umakrishnan@sastra.edu


development of a nano-interfaced amperometric biosensor for rapid and accurate 

monitoring of glucose utilization by cancer cells. A hybrid nano-interface comprising a 

blend of carbon nanotubes (CNTs) and graphene (GR) was employed to enhance the 

surface area of the working electrode and favour direct electron transfer. Glucose oxidase 

(GOx) immobilized on the interface serves as the sensing element due to its high selectivity 

and sensitivity towards glucose. Utilization of glucose was monitored at pre-determined 

time intervals in MiaPaCa-2 cancer cells. The results obtained from the amperometric 

technique were compared with the values obtained from a commercial glucometer. Alamar 

blue assay was performed to check the proliferation rate of the cells. A good correlation 

was obtained between the proliferation rate and glucose utilization. The designed 

biosensor was found to be unaffected by the presence of potential interferents and hence 

may serve as a novel in vitro tool to rapidly quantify the proliferation rates of cancer cells 

in response to different treatment strategies.  
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1. Introduction 

Cancer is a disease characterized by unregulated proliferation of cells and existence of 

altered metabolic pathways (Coller et al., 2015; Griss et al., 2015). If glucose levels exceed 

physiological concentrations (5.5 mM), it results in altered metabolism due to a 

phenomenon known as Warburg effect that promotes migration, proliferation and 

adhesion of cancer cells (Klement and Kämmerer, 2011; Masur et al., 2011). The energy 

demand of the rapidly proliferating cancer cells results in higher glucose consumption 

when compared with normal cells (Jang et al., 2013; Zheng, 2012). A pictorial 

representation of glucose metabolism in normal and cancer cells is provided in 

Supplementary figure 1. Evaluation of the efficacy of anti-cancer agents to inhibit cancer 

cell proliferation involves monitoring cell proliferation. Conventional methods for 



determining cell proliferation employ dyes like Alamar blue, tetrazolium salts, lactate 

dehydrogenase and BrdU (Korzeniewski and Callewaert, 1983; Kulldorff et al., 2000; 

Rampersad, 2012; Skehan et al., 1990). These assays typically quantify the metabolically 

active cells and do not provide accurate measure of the quiescent cells. All these 

conventional methods involve long analysis time and expensive reagents. Moreover, many 

of these assays cannot be used for time-dependent monitoring of cells owing to the 

cytotoxicity of the reagents involved. Other limitations include non-compatibility with 

certain cell types and variations in assay responsiveness due to pH, buffers, incubation 

temperature, light sensitivity, cell density etc. (Rampersad, 2012). In this context, we 

propose to explore the feasibility of employing glucose utilization measurements for 

determining the proliferation rate of cells using a nano-interfaced electrochemical 

biosensor. 

Electrochemical sensors possess several unique features like quick response, simple 

instrumentation, low cost, easy preparation, good selectivity, high specificity and 

sensitivity (Li et al., 2015; Suneesh et al., 2013). Glucose oxidase (GOx), a glucose-specific 

enzyme has been extensively used in electrochemical biosensors for the detection of 

glucose (Hu et al., 2015; Hyun et al., 2014; Kang et al., 2009; Zhang et al., 2011). GOx 

contains a flavin adenine dinucleotide (FAD) coenzyme and iron co-factor. The FAD is 

deeply buried in the protein shell, which reduces the electron transfer rate between the 

active site of the enzyme and surface of the electrode (Wang et al., 2011). Use of a nano-

dimensional interface can facilitate direct electron transfer from the enzyme to the 

electrode surface resulting in subsequent improvement in surface area and response time 

(Gopalan et al., 2009). A wide variety of nanomaterials such as metals (Fu et al., 2014), 

metal oxides (Felix et al., 2014; Lei et al., 2010; Panky et al., 2013; Si et al., 2011; Suneesh et 

al., 2013), carbon-based structures (Zhu et al., 2010) and  quantum dots (Zhao et al., 2011) 

have been explored as single interfaces in electrochemical biosensors.  

Recently, the field of electrochemical biosensors has witnessed a paradigm shift with the 

emergence of hybrid nano-interfaces on the electrode surface. These hybrid interfaces 

integrate the positive aspects of the constituent nanoparticles and hence can enhance the 

sensor performance. Bimetallic compounds namely Cu-Ag (Li et al., 2015), NiO-SiC (Yang et 



al., 2015), Pt-CNT (Yang et al., 2012), NiO-GR (Li et al., 2014), metal-polymer hybrids like 

Ag-PVA (Guascito et al., 2011), CuNPs-P3MT (Malitesta et al., 2013) and CuO-GR-CNF (Ye et 

al., 2013) have been used in the designing of electrochemical biosensors. CNTs and GR have 

been independently employed as interface materials owing to their superior electrical and 

mechanical properties. Both nanomaterials have demonstrated good biocompatibility, 

thermal stability, high surface area-to-volume ratio, enable greater entrapment of 

biomolecules, facilitate high electron transfer and are inert towards the entrapped 

biomolecules. They have also been reported to reduce the overpotential ( Sun et al., 2011; 

Zhang et al., 2014). Hybrid interface of CNT-GR has been recently explored for aptamer-

based detection of cardiac myoglobin (Kumar et al., 2015). In the present study, we have 

focused on the use of CNT-GR hybrid interface coupled with GOx to improve the sensing 

characteristics of the electrochemical glucose biosensor for monitoring cancer cell 

proliferation. To the best of our knowledge, no prior reports are available on sensors for 

monitoring cancer cell proliferation based on glucose utilization.  

2. Materials and methods 

2.1. Materials 

D-Glucose (Hi-media, India), glucose oxidase, nafion (Sigma-Aldrich Ltd., USA), multi-

walled carbon nanotubes (Nanoamor, USA), graphene (Redex Nano Lab, India), sodium 

hydroxide, potassium dihydrogen phosphate, dipotassium hydrogen phosphate, acetic acid, 

ascorbic acid, citric acid and uric acid (Merck, India) were used in the study. Ag/AgCl 

reference electrode (CHI111, 0.5 mm diameter), glassy carbon electrode (GCE, CHI102, 2 

mm diameter) and platinum wire counter electrode (CHI115, 0.5 mm diameter) were 

purchased from CH Instruments, Inc., USA. MiaPaCa-2 pancreatic cancer cell line was 

procured from NCCS, Pune. Dulbecco's modified Eagles' medium (DMEM), phosphate-

buffered saline (PBS), fetal bovine serum (FBS), Penicillin/streptomycin, trypsin (0.05%) 

were purchased from Gibco, USA. Cell viability studies were performed using Alamar blue 

assay kit (Promega, USA). All solutions and reagents were prepared using deionized water. 

 

2.2. Characterization of CNT-GR mixture 



Raman spectrum (Labram HR-800) was recorded to confirm the presence of both CNTs and 

graphene (GR) in the hybrid interface. Raman spectra were recorded between 0 to 1500 

cm-1 for all the interface materials. Morphology of the samples was investigated using field 

emission scanning electron microscopy (FE-SEM, JSM 6701F, Japan). The samples were 

sputter-coated with a thin layer of gold prior to imaging. 

 

2.3. Modification of working electrode 

The glassy carbon electrode was cleaned with alumina slurry of different sizes (1µ, 0.3µ, 

0.05µ) and then sonicated with ethanol and double distilled water. CNTs, GR and 1:1 

mixture of CNTs and GR dispersed in 0.05 % nafion solution were sonicated in separate 

tubes for 1 h. Glucose oxidase enzyme solution was then added named as CNT-GR-GOx. 3µL 

of CNT-GR-GOx solution was coated on the GCE surface, dried for 1 h and denoted as 

GCE/CNT-GR-GOx (Supplementary figure 2). Similarly, 3 µL of CNTs, 3 µL of GR, 3 µL of 

CNT-GR solutions were drop cast on the glassy carbon electrode and denoted as GCE/CNT, 

GCE/GR and GCE/CNT-GR respectively.  

 

2.4. Electrochemical measurements 

Electrochemical studies were performed using electrochemical workstation (CHI 6013C, 

CH Instruments, USA) with three-electrode system. Ag/AgCl (saturated with 1M KCl) was 

used as a reference electrode, platinum wire as counter electrode and modified glassy 

carbon electrode (GCE/CNT/GR/GOx) was used as working electrode.  Cyclic voltammetry 

and amperometric i-t curves were recorded in 10mL PBS (0.1M, pH 7.4).  

2.5. Sample preparation and cell culture studies 

MiaPaCa-2 cells were cultured in a CO2 incubator at 37oC and supplemented with DMEM 

containing 10% FBS, 1% penicillin/streptomycin. Confluent cells were seeded in a 96-well 

plate with different seeding densities varying from 1000 to10000 cells (n=3), and 

incubated for the adhesion of cells. After 24 h, the medium was replaced with fresh 

medium. At pre-determined time points, the spent medium was used for electrochemical 

studies. The same sample was subjected to Alamar blue assay following standard protocol 



to quantify cell proliferation (Supplementary data). The cells were stained with tryphan 

blue and counted using hemocytometer to obtain the cell numbers for comparison.  

3. Results and discussion 

3.1. Characterization of the MWCNT-graphene interface 

3.1.a. Raman spectroscopy 

Raman spectroscopy was employed to obtain both qualitative and quantitative information 

on the structure and purity of MWCNTs, graphene and MWCNT-graphene mixture and the 

results are shown in figure 1(G). A low intense D band was observed for MWCNTs at 1320 

cm-1 and a higher intensity G band appeared at 1573 cm-1, which is typical for MWCNTs. 

The G-band arises due to the in-plane vibrations of the C-C bond while the D-band is 

disorder-induced (Bokobza and Zhang, 2012). A small but detectable radial breathing 

mode arising due to bond stretching out-of-plane phonon mode and resonant scattering is 

observed at 253 cm-1 that provides additional confirmation for the presence of small 

diameter MWCNTs. Raman spectrum of GR showed an intense D-band around 1323 cm-1 

and a less intense G-band at 1584 cm-1. The D band indicates presence of defects in the 

graphene structure. The G band due to the in-plane vibrations of sp2 carbon appears in the 

range reported earlier for 2-D graphene. The intensity ratio of Id/Ig was found to be 2.33 

which is in the range reported for pure graphene (Childres et al., 2013; Zhou et al., 2010). 

MWCNT-graphene showed two distinct peaks at 1320 cm-1 (D-band) and 1579 cm-1(G-

band). The Id/Ig ratio of the mixture was 2.29. The upfield shift in the G-band of the mixture 

with respect to that of the pristine MWCNTs suggests disentanglement of the CNT tubes 

arising due to the addition of graphene. On the other hand, when compared with the Raman 

spectrum of pristine graphene, the mixture exhibited a downfield shift of the G-band 

suggesting an increase in the thickness of the graphene layers. This may arise due to the 

intercalation of CNT within the graphene sheets. The increase in the intensity of the D-band 

at 1320 cm-1 is associated with introduction of defects or other chemical species to the 

walls of the CNT (Song et al., 2016). 

3.1.b. Scanning Electron microscopy   



The scanning electron micrographs of the pristine and composite structures are presented 

in Figure 1(A-F). The scanning electron micrograph of MWCNTs (Figure 1A) reveals a 

mesh-like network of uniform sized nanotubes while the layered arrangement of graphene 

sheets are clearly discernible in Figure 1B. The physical admixture of MWCNTs and 

graphene reveals the presence of both phases (Figure 1C) while in the presence of the 

anionic nafion, a more intimate mixture of the two components was observed with nearly 

indistinguishable phases of CNTs and GR (Figure 1D). Post-addition of the glucose oxidase 

enzyme, a uniform distribution of all three components is observed (Figure 1 E&F) which 

augers well for sensing applications.   

3.2. Electrochemical studies  

3.2.a. Cyclic voltammetry 

The influence of the different types of electrode modifications and nanointerfaces on the 

electrochemical parameters of the system was investigated by performing cyclic 

voltammetry in the potential range of -0.7 V to 0 V at the scan rate of 0.01 Vs-1. Different 

modified electrodes were investigated and the results are presented in Figure 2A. The 

MWCNT-modified electrode showed a current value of 11.77 µA at a potential of -0.261 V. 

Modification of the electrode with graphene resulted in higher current values (18.92 µA) 

when compared to MWCNT interface. This is on expected lines as graphene sheets have 

been demonstrated to exhibit better electrical conductivity when compared with MWCNTs 

(Du et al., 2011; Marinho et al., 2012). When the electrode surface was modified with a 1:1 

mixture of MWCNT and graphene, a reduction in the current to 9.11 µA was observed. This 

may be attributed to the disruption of the continuous sheets of graphene by the 

incorporation of CNTs. Further, the cyclic voltammograms of MWCNT-interfaced and GR-

interfaced electrodes reveal large ∆Ep values of 104 mV and 180 mV respectively. This 

indicates the irreversible nature of the reactions at these interfaces. The CNT/GR hybrid 

interface exhibited a lower ∆Ep value of 78 mV indicating better overall conductivity of the 

CNT/GR mixture. The choice of the interface for immobilization of the glucose oxidase 

enzyme was based on the surface area measurements. Enhanced adsorption of the 

substrate on the electrode will increase the current flow. The surface coverage (Γ) for 



glucose adsorption on various modified GCE electrodes were calculated using the following 

equation: 

 

where ‘Q’ is the charge, ‘n’ is the number of electrons transferred, ‘F’ is the Faraday 

constant (96500 C) and ‘A’ is the area of the electrode. 

The CNT/GR hybrid interface showed a significant enhancement in the surface area of 

electrode with 25.24 x 10-9 cm2, which was found to be 3-fold higher than those calculated 

for pristine MWCNT and graphene interfaces. Both the surface coverage as well as 

consumption of charge is high in the CNT/GR hybrid interface. Thus, it is possible that 

CNT/GR hybrid interface can enhance the sensor performance when compared with the 

single interfaces. Glucose oxidase (GOx) enzyme was introduced in to the hybrid interface 

to achieve specificity towards glucose. This modified electrode was represented as 

GCE/CNT-GR-GOx. The current response in the cyclic voltammogram of GCE/CNT-GR-GOx 

electrode in the absence and presence of 1 mM glucose was shown in Figure 2 (B).  The 

anodic and cathodic peak potentials at a scan rate of 0.01V/s are observed at -0.443V and 

0.503V respectively. The appearance of these peaks is consistent with earlier reports and 

can be attributed to the reduction and oxidation of FAD/FADH2 electroactive centre of the 

GOx enzyme by direct electron transfer (Guo and Li, 2010; Kang et al., 2007; Lyons and 

Keeley, 2006; Wu et al., 2009). The reaction mechanism is represented below 

GOx(FAD) + 2H + 2 e-   ⇌   GOx(FADH2) 

 

The cyclic voltammogram of CNT-GR-GOx in the presence of 1 mM of glucose shows lower 

    of 60 mV when compared to the CNT/GR hybrid interface in the absence of glucose. 

The current flowing through the system also exhibited a considerable increase to 12.93 µA. 

High conductivity and rapid one-electron transfer with low operating working potential 

was obtained on the GOx modified electrode in the presence of glucose. The active surface 

coverage for adsorption of glucose on GCE/CNT-GR-GOx was also found to be 1.5 fold 

higher than on GCE/CNT-GR, which indicates the greater adsorption of glucose on to the 

redox center of GOx. Both oxidation and reduction peaks are discernible in the enzyme-



modified electrode with CNT-GR hybrid interface. Details of peak potential value, shift in 

peak current and surface coverage of all the modified electrodes are summarized in 

Supplementary table 1. 

In order to assess the stability of the modified GCE/CNT-GR-GOx electrode, cyclic 

voltammetry was performed for about 20 sweep segments in the presence of glucose 

(Supplementary figure 3). It was observed that there is no significant change in the peak 

oxidation potential. The corresponding current values also did not exhibit large changes 

with a variation well below 1.5 µA in the presence of glucose. These results confirm the 

stability and reproducibility of the data obtained from the modified GCE/CNT-GR-GOx 

electrode. 

Figure 2(D) depicts the cyclic voltammograms recorded for the GCE/CNT-GR-GOx in the 

presence of 1mM glucose at various scan rates ranging from 0.01 Vs-1 to 0.1 Vs-1. A 

progressive increase in both the oxidation and reduction peaks was observed with 

increasing scan rates. The sensing phenomenon can either be surface-confined or diffusion-

confined. These can be defined based on the relationship between the scan rate and peak 

current values in the cyclic voltammograms. The cathodic and the anodic peak currents 

increased linearly (R2 = 0.995) with the scan rate ranging from 0.01Vs-1 to 0.1 Vs-1 (Figures 

2D, 2E & 2F) that clearly indicates a surface-controlled electron transfer process rather 

than a diffusion-controlled process. This clearly indicates the surface controlled sensing 

nature of the designed biosensor. 

 

We also investigated the reversibility of the reaction mechanism based on the cyclic 

voltammograms. The difference between oxidation (Epa) and reduction (Epc) peak 

potentials denoted as     was calculated as 60 mV. According to the Nernst equation, 

reactions with     greater than 59 mV are classified as quasi-reversible and hence the 

reaction at the GCE/CNT-GR/GOx is quasi-reversible. The average peak potential of anodic 

and cathodic peak potential was found to be -0.47 V  at pH 7.4 which is similar to the 

reported standard reduction potential of  GOx bound FAD (-0.46 at pH 7). The slight shift 

from standard potential to -0.47 V in the reduction potential may be due to the increase in 



the pH from 7 to 7.4. This again confirms that the reaction occurs due to the FAD centre 

present in GOx (Hyun et al., 2014; Kang et al., 2009; Liu and Ju, 2003; Periasamy et al., 

2011). 

 

To check the concentration dependency of the designed GCE/CNT-GR-GOx biosensor, cyclic 

voltammetry was performed at a scan rate of 0.1 Vs-1 in PBS for increasing concentrations 

of glucose. As the concentration of glucose was increased from 1 mM to 7 mM, a gradual 

decrease in the both reduction and oxidation peak currents was observed (Figure 2G). This 

decrease in the oxidation and reduction currents was due to increase in the O2 

consumption at the electrode. A slight shift in the peak potentials was observed due to 

electron transfer limitation (Dantas et al., 2014). The plot of peak current versus 

concentration of glucose exhibited linearity from 1 mM to 7mM with a regression 

coefficient of 0.93 indicating surface-confined reactions (Figure 2H). 

 

3.2.b. Amperometric detection of glucose 

Amperometry was performed at the optimal potential of -0.45 V ((Epa+Epc)/2) after 

addition of equal increments of glucose to 10 mL PBS at pH 7.4 and the results are 

presented in Figure 3. A step-wise decreasing pattern was observed for successive 

additions of glucose. This decrease in current may be attributed to the consumption of 

electrons by O2 during the enzymatic reaction at the electrode-electrolyte interface (Dantas 

et al., 2014). A similar trend was observed in the cyclic voltammetric responses for 

increasing concentrations of glucose (Figure 3B). As observed earlier in cyclic voltammetry, 

the net charge was found to increase with increasing concentrations of glucose (Figure 3C).  

 

The GCE/CNT-GR-GOx bioelectrode was able to detect glucose concentrations upto 21 mM. 

A good linearity was observed between 3 mM to 14 mM with a linear regression coefficient 

of 0.99 as shown in Figure 3B along with good sensitivity of 0.439 µA cm-2 mM-1. The 

coefficient of variation calculated for the amperometric data in the concentration range 1-

14mM was found to lie between 0.33 and 1.18% indicating the reproducibility of the 

measurements. Beyond 14 mM, a slight deviation from the linearity was observed. 

Physiological concentrations of glucose under normal metabolic conditions range between 



3.9 mM to 7.8 mM. Under hyperglycemic conditions, the blood glucose levels increase to a 

maximum of 15 mM (Hai and Zou, 2015; Li et al., 2015; Masur et al., 2011). Thus, the 

fabricated sensor has the range of detection that can be useful for determination of 

physiological concentrations of glucose.  

The limits of detection and quantification were calculated by using the following formulae: 

Limit of detection (LOD) =  
[      ]

     
 

Limit of quantification (LOQ) =
[     ]

     
 

where SD is standard deviation. The LOD for the developed biosensor was found to be 2.99 

µM and LOQ was 9.88 µM.  

 

A plot of net current versus substrate concentration was obtained for calibration of the 

GCE/CNT-GR-GOx biosensor. The apparent Michaelis–Menten constant (KM) and maximum 

net current (Imax) values were identified using the Hill plot (Figure 3D). The KM was found 

to be 13.06 mM L-1 and I max was determined to be 12.59 µA, which indicates the strong 

affinity between the GCE/CNT-GR-GOx and glucose. The GCE/CNT-GR-GOx biosensor 

demonstrated an efficiency of 45.5% calculated using the formula: 

 

                     
                     

                       
      

where, 

                        
    

  
       

                                                           

 

The sensing characteristics of the designed biosensor were compared with previous 

reports employing different interface materials are summarized in Supplementary Table 2. 

It is evident from the comparison that the biosensor reported in this study exhibits 

superior sensitivity and wide range of detection. The response time of the sensor was also 

found to be rapid and was found from amperometric studies to be <4 seconds.  

 



3.2.c. Effect of pH 

In the case of GOx, direct electron transfer occurs at the interior FAD centre during the 

redox reaction. Therefore, the pH of the electrolytic solution will affect the redox potential 

of the reaction (Katz et al., 1999). To investigate the pH dependency of the peak potential, 

cyclic voltammograms were recorded at different pH and the results are presented in 

supplementary Figure 4. It was observed that the increase in the pH resulted in a shift of 

the peak potential towards negative potential as reported earlier (Kang et al., 2009). At pH 

4, the oxidation peak was observed at -0.15 V, which shifted to -0.47 V at pH 7.4 and -0.55V 

at pH 9. Literature reports have shown that the optimum pH range for GOx is between 4 

and 7.4 and the enzyme is stable up to pH 8. GOx has been found to be most active around 

pH 5 – 5.5 and hence it is observed that the oxidation peak occurs at much lower potentials 

in acidic pH. However, as the physiological pH is 7.4, all trials were carried out at this pH 

(Chen and Dong, 2003; Janegitz et al., 2011; Wang et al., 2011). 

 

3.2.d. Precision 

Inter and intra assays were performed to check the reproducibility and repeatability of the 

GCE/CNT-GR-GOx biosensor in the presence of 1 mM of glucose in PBS at pH 7.4. Inter-

assay was performed using the same electrode for 10 measurements and the intra-assay 

was performed using three different electrodes for 4 measurements. The results obtained 

were analyzed using relative standard deviation (RSD). The RSD of the inter-assay was 

found to be 0.42% and intra-assay was 2.76%. These results confirmed that the electrode 

fabrication process and the immobilization of the enzyme on the electrode were 

reproducible. 

 

 

 

 

 

3.2.e. Stability 

Stability of the GCE/CNT-GR-GOx biosensor was checked in dry and wet conditions. The 

wet stability of the fabricated electrode was monitored by storing the modified same in PBS 



and for dry stability assessment, the electrode was stored at -4oC. Cyclic voltammetry was 

performed for a period of 40 days. 80% of the peak current was retained for the electrode 

stored at -4o C for a period of 30 days. In the case of the electrode stored in PBS, 72% 

current was retained for 25days after which the peak current reduced significantly. These 

results confirm that the electrode exhibits reasonable stability in both storage conditions. 

The stability of the electrode was calculated using the equation.  

                [
{     }

  
]       

where,  Io is the current obtained at the first day and In is the current obtained at nth day. 

 

3.2.f. Interference study 

To evaluate the specificity of the GCE/CNT-GR-GOx biosensor, amperometry was 

performed in the presence of different common interfering substrates at 1 mM each. It was 

observed that the biosensor was highly selective towards glucose and it did not respond 

significantly for other oxidized species such as uric acid, ascorbic acid and citric acid 

present in the human blood (Hai and Zou, 2015; Ye et al., 2013). Additionally, 

acetaminophen is a major interferent for glucose. The presence of 1 mole of acetaminophen 

has been reported to result in erroneous results with a reduction of up to 4 moles of 

glucose from the actual values (Chen and Dong, 2003; Kang et al., 2009; Suneesh et al., 

2013). Therefore, we have also investigated the response of the developed biosensor 

towards acetaminophen. The results confirm that the GCE/CNT-GR-GOx biosensor is highly 

specific for glucose and can perform without being affected by potential interferents during 

real time analysis. Amperometric detection of potential interferents is shown in 

Supplementary Figure 5. 

 

3.3. Application of the biosensor to determine cancer cell proliferation 

Cells utilize glucose as a substrate for their metabolic activities and enhanced glucose 

utilization is a hallmark of an increased number of cells and therefore can serve as a 

method for monitoring the proliferation rate. The fabricated glucose sensor was employed 

to monitor the time-dependent glucose utilization of MiaPaCa-2 pancreatic cancer cells up 

to a period of 12 h. The cell culture medium was withdrawn from the well plates at pre-



determined time points and amperometry was performed at -0.45 V in PBS at pH 7.4 to 

quantify the glucose levels. The observed currents values were used to determine the 

concentration of glucose using a standard graph and the glucose utilization results are 

shown in Figure 4. Conventional biochemical method to monitor cell proliferation, namely 

Alamar blue assay, was also employed for comparison and the results are shown in Figure 

4. Alamar blue assay is based on the conversion of the blue non-fluorescent resazurin to 

red fluorescent resarufin by metabolically active cells.  

It is observed from the Figure 4 that both methods confirm an increase in the cell 

proliferation with time. As the cells proliferate, the demand for glucose increases, resulting 

in enhanced glucose consumption. The values showed that the cancer cells utilized more 

amount of glucose with respect to their proliferation (Figure 4B). Similar trend was 

observed with the Alamar blue proliferation assay also (Figure 4A). A negative correlation 

between cell density and glucose utilization is observed at the initial time points while at 

12 h, a positive correlation is obtained between cell density and glucose utilization (Figure 

4 C). This change in the trend may be attributed to the metabolic activity of a cell, which 

depends on numerous factors that include cell size, cell type and cell density (Dolfi et al., 

2013). At low cell densities, the driving force for increasing cell numbers is high and 

therefore the cells exhibit greater metabolic activity while at higher cell densities, the 

driving force towards proliferation is slowed down and hence the glucose utilization tends 

to plateau off. Further, metabolically quiescent cells also display a basal level of glucose 

utilization. But, the Alamar blue assay depends upon the expression levels of mitochondrial 

reductase, cytochromes, NADPH and NADH reductases in the cells for transformation of 

resazurin to resarufin (Rampersad, 2012) . These levels can fluctuate in metabolically 

active and quiescent cells leading to the discrepancy in the values. Moreover, the 

conventional dye based assays can lead to errors in pipetting as well as quenching of the 

fluorescence emission by flavin reductase and other reductases and hence there is a degree 

of unreliability in the values especially at high cell densities. But, the use of the 

electrochemical biosensor can overcome these limitations and offer an effective alternate 

method for rapid determination of cell proliferation. 



As glucose measurements using the fabricated sensor are quicker when compared to 

conventional biochemical assays, it can be used as a rapid method to monitor proliferation 

of cells. The glucose biosensor can also be used for rapid time-dependent monitoring of the 

cell proliferation in the same system, unlike the dye-based assays.  In order to evaluate the 

accuracy of the glucose measurement by the fabricated sensor, the glucose levels of the 

medium were also determined using a commercial glucose sensor. The comparison of the 

results obtained from the fabricated glucose biosensor and commercial glucometer are 

presented in Table 1. The results revealed that the designed glucose biosensor are similar 

to those obtained from the commercial glucometer thereby confirming the precision and 

accuracy of the biosensor fabricated in the present work.  

Further, the fabricated biosensor was employed for the estimation of cell proliferation and 

the cell numbers predicted based on glucose utilization were compared with the cell 

numbers obtained through conventional cell counting using hemocytometer. In the present 

study, different cell densities were employed for various trials and the results are shown in 

Figure 5A. It is observed that the glucose utilization increased with increasing cell 

numbers. The biphasic increase observed in the plot between cell number and glucose 

utilization was similar to the typical growth curve reported for cells. This standard plot was 

then employed to estimate cell numbers in independent experiments using glucose 

utilization values. 

MiaPaCa2 cancer cells were cultured over a period of 10 days and the unutilized glucose 

was measured at different time points from the spent medium using the sensor. 

Independently, the cells were also counted using hemocytometer for comparison. The 

glucose utilization values determined using the fabricated sensor was converted in to cell 

numbers based on the standard graph. The comparison between the results obtained 

through glucose measurements and conventional hemocytometer are shown in Figure 5B. 

Glucose utilization values, predicted cell number and counted cell numbers are presented 

in Supplementary Table 3. The results of both the experiments showed a deviation less 

than 10%. The coefficient of variation for the glucose utilization values were found to be in 

the range 0.27 to 0.80%. It is evident from our results that the fabricated glucose biosensor 

can be used to predict the number of cells. Apart from being time-consuming, conventional 



cell counting can lead to both positive and negative errors due to improper mixing, uneven 

dispersion of cells, under-counting or over-counting of cells, improper staining of the dye, 

etc. These problems can easily be overcome by employing the glucose sensor. Hence, this 

glucose biosensor can be explored as an effective tool to estimate the rate of proliferation 

of cells.  

4. Concluding remarks 

The present study reports the successful design and development of an electrochemical 

biosensor with hybrid nano-interface for the determination of glucose. The sensor 

characteristics reveal a wide range of detection up to 21 mM apart from rapid response of 

<4s and high sensitivity.  This biosensor was successfully demonstrated to quantify glucose 

utilization in cancer cells as a novel method to monitor the proliferation rate. The use of 

electrochemical method for detection overcomes many of the limitations encountered in 

the conventional dye-based biochemical assays currently employed for measuring 

proliferation rates. Hence, we believe that this biosensor can be employed as a diagnostic 

tool for estimating the growth rate of cancer cells as well as determine the cytotoxic effects 

of therapeutic entities on the cancer cell proliferation. 
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Figure 1: Scanning electron micrographs of CNTs (A), Graphene (B), both CNTs and 

Graphene without nafion(C) and with nafion (D), uniform distribution of GOx on the 

surface of CNT/GR/nafion at low (E) and high (F) resolution, (G) Raman modes of 

MWCNTs, graphene and MWCNTs-graphene composite. 

Figure 2: (A) Cyclic voltammograms of different modified electrodes [A: MWCNTs; B: 

Graphene; C: MWCNT/GR; D: MWCNT/GR/GOx]; (B) Cyclic voltammopgrams 

MWCNT/GR/GOx  in the absence and presence of 1mM glucose; (C) Schematic 

representation of reaction mechanism at the surface of the GCE/CNT-GR/GOx electrode; 

(D) Cyclic voltammogram of GCE/CNT-GR-GOx electrode in the presence of 1 mM of 



glucose at different scan rates; (D) Plot of scan rate vs current; (E) Plot of square root of 

scan rate vs current; (F) Cyclic voltammograms of GCE/CNT-GR-GOx with increasing 

concentrations from 1mM to 7 mM glucose; (F) Plot of concentration vs current. 

Figure 3: A) Amperometric pattern for the successive addition of 1 mM glucose from 1-

21mM; B) liner plot of glucose concentration vs current; C) Shows the increase in the 

charge consumption with time; D) Hill plot using glucose concentration vs current. 

Figure 4: A) Plot of % of proliferation with respect to time for various cell densities; B) plot 

of glucose utilization with respect to time for various cell densities; Comparison of  % 

reduction in Alamar blue and glucose utilization with respect to various cell densities at 

different time points (C) 1h; (D) 4h; (E) 8h; (F) 12h. 

Figure 5: A) Plot of number of cells vs glucose utilization B) Comparison of cell number 

counted using hemocytometer and predicted number of cells using glucose utilization. 
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Table 1: Comparision of glucose utilization values obtained from the fabricated glucose 

biosensor and commercial glucometer. 

 

 

                                   A= Amperometry                     B = Commercial Glucometer 

Time (h) 1 2 4 5 8 12 

No. of 

cells 
A B A B A B A B A B A B 

1k 14.94 14.84 14.6 14.81 12.95 13.2 12.05 12.65 11.22 11.54 10.68 10.26 

2k 14.74 14.65 13.96 14.43 13.19 13.32 12.98 13.04 12.06 12.22 9.71 9.87 

4k 15.02 15.26 13.82 14.26 13.13 13.15 12.32 13.32 11.04 12.21 9.68 9.43 

5k 15.4 15.54 13.96 13.87 13.67 13.76 13.37 13.59 12.52 13.2 9.5 9.37 

8k 15.29 15.42 14.82 14.7 14.09 14.43 13.09 14.09 12.92 13.1 9.48 9.15 



10k 15.61 15.81 15.26 15.42 13.99 14.7 13.29 13.7 12.9 12.21 7.88 8.38 

 

 

Highlights 

 Carbon nanotube and graphene hybrid nano-interface was successfully employed 

for the development of electrochemical glucose sensor 

 The sensor was used to determine proliferation of MiaPaCa-2 cancer cells based on 

utilization of glucose 

 The results obtained from the amperometric technique were similar to the values 

obtained from a commercial glucometer 

 Alamar blue assay was performed to check the proliferation rate of the cells and a 

good correlation was obtained between the proliferation rate and glucose utilization  

 The developed biosensor may serve as a novel in vitro tool to rapidly quantify the 

proliferation rates of cancer cells in response to different treatment strategies 

 

 

 




