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Abstract Carbon nanotubes (CNTs) have been extensively

explored for a diverse range of applications due to their

unique electrical and mechanical properties. CNT-incor-

porated electrochemical sensors have exhibited enhanced

sensitivity towards the analyte molecule due to the excel-

lent electron transfer properties of CNTs. In addition,

CNTs possess a large surface area-to-volume ratio that

favours the adhesion of analyte molecules as well as

enhances the electroactive area. Most of the electrochem-

ical sensors have employed CNTs as a nano-interface to

promote electron transfer and as an immobilization matrix

for enzymes. The present work explores the potential of

CNTs to serve as a catalytic interface for the enzymeless

quantification of glucose. The figure of merits for the

enzymeless sensor was comparable to the performance of

several enzyme-based sensors reported in literature. The

developed sensor was successfully employed to determine

the glucose utilization of unstimulated and stimulated

macrophages. The significant difference in the glucose

utilization levels in activated macrophages and quiescent

cells observed in the present investigation opens up the

possibilities of new avenues for effective medical diagnosis

of inflammatory disorders.
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Introduction

Glucose metabolism is a central cellular function and ele-

vated glucose levels beyond 5.5 mM in blood and low or

high uptake of glucose by the cell results in several dis-

orders. Proper monitoring of glucose levels will help to

reduce the risk of diabetes, atherosclerosis, diabetic

retinopathy, kidney failure, nerve degeneration, etc. (Zhu

et al. 2012). Elevated glucose levels have become a major

clinical parameter for the diagnosis of diabetes and it is

also used to decide the dosage of insulin to patients. Glu-

cose has also been identified as a critical component in the

pro-inflammatory response of macrophages (Freemerman

et al. 2014). Macrophages are key components of our

cellular immunity and play a major role in the deposition of

plaques in arteries leading to atherosclerosis. Macrophages

react with low-density lipoproteins and create foam cells,

which in turn disintegrate to form crystal-like cholesterol

structures. The cholesterol crystals activate new macro-

phages causing them to release inflammatory cytokines and

amplify inflammation (Maltby et al. 2009; Numata et al.

2016). Hence, quantification of glucose levels in macro-

phages in normal and stimulated conditions can be an ideal

system to predict the risk of macrophage-assisted

atherosclerosis. Furthermore, it can also be an indispens-

able clinical parameter for the diagnosis of diabetes and

atherosclerosis risk and also help in the design of
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appropriate treatment regimen. Such strategy has not been

explored thoroughly in the realm of healthcare sensors and

has been attempted for the first time in the present work.

In the context of rapid diagnosis, electrochemical sen-

sors have gained popularity due to their low cost, easy

preparation, sensitivity, rapid response, and simple opera-

tion that enables self monitoring by an individual (Wang

et al. 2008b; Harper and Anderson 2010; Kimmel et al.

2013). The sensing element widely employed in electro-

chemical glucose sensors is glucose oxidase enzyme

immobilized on the electrode surface. Most of the com-

mercially available glucometers are enzyme-based because

of the high sensitivity and good selectivity of the enzyme

towards the analyte (Wang et al. 2011; Chen et al. 2012;

Zhang et al. 2014). The first-generation glucose sensors

monitored oxygen content at the electrode, while the sec-

ond-generation sensors used a redox mediator to measure

the signal. The third-generation sensors utilized direct

electron transfer at the electrode surface to measure the

current. However, the electron transfer between the

immobilized enzyme and the electrode surface was slow.

This prompted the development of nano-structured inter-

faces that facilitated rapid electron transfer. However,

enzymatic sensors are limited (Wang et al. 2008a) by their

instability due to changes in temperature and pH (Park

et al. 2006; Wang et al. 2013; Li et al. 2015). This has led

to the development of the fourth generation of electro-

chemical sensors that are enzyme-free. The catalysis is

brought about by nanodimensional particles at the elec-

trode surface. The nano-interface possesses high surface

area-to-volume ratio, fast and direct electron transfer,

desirable electrical and mechanical properties, as well as

the capability of adsorbing biomolecules (Dong and Chen

2002; Asefa et al. 2009). A majority of non-enzymatic

sensors have employed metallic nanoparticles such as

platinum (Yuan et al. 2005; Cao et al. 2007), gold (Ma

et al. 2009), nickel (Salimi et al. 2004; Sue et al. 2008),

copper (Sattayasamitsathit et al. 2009; Chen et al. 2012),

bimetallic systems such as Pt–Pb and metal oxides such as

CuO (Reitz et al. 2008; Wang et al. 2010), ZnO (Lei et al.

2010), TiO2 (Lo et al. 2008) alone or in combination with

carbon nanostructures such as single-walled (Su et al.

2010) and multi-walled carbon nanotubes (Chen et al.

2008), graphene (Zhu et al. 2010), etc. The use of carbon

nanotubes along with metallic nanoparticles have been

found to enhance the electron transfer, while the catalysis

is performed by the metallic centres. However, the pres-

ence of chloride in the electrolyte has been found to

interfere with the catalytic ability of many metallic

nanoparticles. Hence, the possibility of exploiting the

independent electrocatalytic nature of carbon nanotubes for

the measurement of glucose has been attempted in this

study. Only few reports are available on the electrocatalytic

nature of pristine CNTs towards sensing applications.

These sensors were investigated in simulated samples and

no real-time analysis was performed in the earlier studies

(Ye et al. 2004). In the present study, a mildly alkaline

electrolyte is employed instead of the highly alkaline sys-

tems reported earlier to ensure that there are no adverse

effects on the biological sample being investigated. Mac-

rophages were stimulated using lipopolysaccharides to

monitor the glucose utilization by the cells. Glucose uti-

lization was measured in macrophages both in unstimu-

lated and stimulated conditions in an effort to understand

differences between these two conditions that can be used

for possible detection of inflammatory conditions.

Materials and methods

Materials

D-Glucose (Hi-media), nafion (M/s Sigma-Aldrich Ltd),

and multi-walled carbon nanotubes (CNTs) (Nanomor,

USA) were used in the study. Lipopolysaccharide (LPS)

was procured from (M/s Sigma-Aldrich Ltd). Sodium

hydroxide, potassium dihydrogen phosphate, dipotassium

hydrogen phosphate, acetic acid, ascorbic acid, citric acid,

and uric acid were purchased from Merck, India. Glassy

carbon electrode (GCE), KCl saturated Ag/AgCl reference

electrode, and platinum wire counter electrodes were pur-

chased from CH Instruments, Inc., USA, and used for the

electrochemical measurements. Deionized water was used

to prepare all solutions.

Modification of working electrode

The glassy carbon electrode was cleaned as mentioned

elsewhere (Thiagarajan et al. 2016). Carbon nanotubes

(CNT) were dispersed in 0.05% of nafion solution and

sonicated for 1 h. Then, 3 lL of this solution was drop-

casted on the surface of the glassy carbon electrode and

dried for 1 h. This electrode was denoted as CNT/GCE and

was used as the working electrode for electrochemical

measurements.

Characterization

The morphology of carbon nanotubes was observed using

field-emission scanning electron microscopy (FE-SEM,

JSM 6701F, JEOL, Japan). The sample was sputter-coated

with a thin layer of gold and imaged at an accelerating

voltage of 3 kV. The quality and purity of the carbon

nanotubes were evaluated using Raman spectroscopy

(LabRam HR800, Horiba Scientific, Japan). The spectrum
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was acquired between 0 and 2000 cm-1 in a moisture-free

environment.

Electrochemical measurements

The electrochemical analyses were carried out using an

electrochemical analyzer (CHI600C, CH Instruments,

USA). A three-electrode system was employed for cyclic

voltammetry and amperometry recordings. Platinum wire

was used as the counter electrode, while Ag/AgCl electrode

(saturated, 0.1 M KCl) was employed as the reference. The

CNT/GCE served as the working electrode. Cyclic

voltammograms were recorded in phosphate buffered sal-

ine medium (PBS, pH 7.4) at 298 K and a scan rate of

0.01 Vs-1. The amperometric measurements were per-

formed at time intervals of 100 s following addition of

specific concentration of glucose at an applied potential of

- 0.25 V. Each step in the amperometric profile corre-

sponds to the addition of 1 mM glucose.

Cell culture studies

Mouse macrophage cells (IC-21) were cultured in Dul-

becco’s Modified Eagles Medium (DMEM) with fetal

bovine serum (FBS, 10%) and penicillin/streptomycin (1%,

Gibco, USA) and incubated in 5% CO2 at 37 �C. After
cells attained confluency, they were trypsinized and cen-

trifuged for 5 min at 4000 rpm. After discarding the

supernatant, the cells were suspended in 1 mL of DMEM.

The cells were seeded with different densities (1, 2, 5, 8,

and 10 9 103 cells) in two sets. One set of cells was

maintained in DMEM, while another set of cells was

supplemented with LPS containing DMEM. After 24 h, the

spent medium was collected and glucose measurements

were made using the developed electrochemical sensor.

Results and discussion

Characterization

The surface morphology and Raman spectrum of the as-

purchased CNTs are shown in Fig. 1.

Figure 1a reveals the presence of a dense network of

uniform-sized nanotubes with an average diameter of

40–50 nm. The Raman spectrum of the CNTs shown in

Fig. 1b displays a lower intensity D band at 1320 cm-1 and

a higher intensity G band at 1573 cm-1. These values are

in agreement with earlier reports for MWCNTs (Bokobza

and Zhang 2012). The presence of the radial breathing

mode (RBM) at 253 cm-1 provides additional support for

the presence of MWCNTs.

Electrochemical measurements

Figure 2 shows the cyclic voltammograms recorded for the

bare GCE and CNT-coated GCE working electrode in the

presence of 1 mM glucose. An oxidation peak appears at

- 0.25 V in the modified electrode in the presence of

glucose. No peak is observed for bare GCE in the presence

of glucose. The oxidation peak in the CNT-coated GCE

arises due to the conversion of glucose to gluconic acid that

is facilitated by the CNTs on the electrode surface.

Earlier reports have indicated that the glucose oxidation

can occur in alkaline medium and the electron transfer can

be mediated by the presence of carbon nanotubes and

remains unaffected by chloride ions in the medium (Wang

et al. 2007). While the earlier reports had employed sodium

hydroxide containing chloride ions as the electrolyte, the

present study has used mildly alkaline phosphate buffered

saline (pH 7.4) that also contains chloride ions. The

appearance of the glucose oxidation peak indicates that the

mildly alkaline conditions provided by the phosphate buf-

fered saline is sufficient for the oxidation of glucose to

gluconic acid catalyzed by the CNT-modified surface that

also captures the resultant electron transfer efficiently.

Though the exact mechanism for the electrocatalytic

behavior of MWCNTs has not yet been deciphered, it is

believed that a combination of defect sites at the cap and

the presence of oxygen-containing functional groups con-

tribute to the electrocatalytic effect of MWCNTs (Hu and

Hu 2009). The alkaline medium has been reported to

activate the surface functionalities in MWCNTs (Ye et al.

2004). Moreover, the surface roughness also contributes in

enhancing the sensitivity of the CNT-modified surface

towards the analyte. According to the Incipient Hydrous

Oxide Adatom Mediator model (IHOAM), the defective

sites in the CNTs facilitate the adsorption of the hydroxyl

ions that catalyze the oxidation of glucose to gluconic acid

(Niu et al. 2016). However, the participation of the trace

amounts of metal catalyst used for the preparation of CNTs

in the catalytic transformation also cannot be ruled out. The

nafion coating retards diffusion of larger molecules,

thereby limiting interference. Figure 3 depicts the sche-

matic representation of the reaction occurring at the

working electrode.

Figure 4 shows the effect of scan rate on the oxidation

peak in the presence of 1 mM of glucose. The peak current

shows a progressive increase in the presence of glucose at

increasing scan rates. The linear relation between scan rate

and current indicates that the oxidation reaction is confined

to the surface of the electrode.

The concentration-dependent response of the developed

biosensor was determined by increasing the concentrations

of glucose. It was observed that the current progressively

decreased with an increase in the concentration of glucose
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up to 5 mM (Fig. 5). The plot of concentration versus

current exhibits a linear trend with a negative slope and

linear regression of 0.98. This clearly indicates that the

oxidation reaction is a surface controlled phenomenon at

the CNT-coated GCE.

Figure 6a shows the amperometric profile recorded for

progressive addition of glucose to the medium at an applied

voltage of- 0.32 V. A linear relationship is obtained for the

concentration and current that can be used to quantify the

amount of glucose present in the sample (Fig. 6b). The

decrease in peak current may be attributed to adsorption of

gluconic acid on CNT and electrode. The formation of

hydrogen bond between carboxylic functiional group and

defective site in CNTmay leads to the adsorption of gluconic

acid on CNT (Dantas et al. 2014). Response time is the time

required to achieve stable state of sensor response toward the

substrate from the moment of its addition to the electrolyte.

The time taken for the sensor to achieve stable current after

addition of the sample was found to be 3 s.

The plot of current versus concentration of glucose

(Fig. 6b) shows a linear regression of 0.986 and a linear

range from 2 to 8 mM of glucose. The various sensing

parameters for the enzymeless sensor were calculated and

are summarized in Table 1.

It is evident from Table 1 that the sensor exhibits a limit

of detection of 1.59 mM and a linear range of 2–8 mM.

The normal concentration of blood glucose is 4–5.5 mM

(Suneesh et al. 2013), which lies in the working range of

this enzymeless sensor.

A comparison of the different enzymeless glucose sen-

sors reported in literature is given in Table 2.

Effect of interferents

The designed biosensor was tested towards the potential

interferents like ascorbic acid, uric acid, citric acid, etc.

Fig. 1 a Scanning electron micrograph and b Raman spectrum of carbon nanotubes

Fig. 2 Cyclic voltammogram of bare GCE and CNT-coated GCE in

the presence of 1 mM glucose in PBS (pH 7.4)

Fig. 3 Schematic representation of reaction mechanism occurring at

the working electrode
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Figure 7 shows the amperometric response of biosensor

towards 1 mM glucose and other interferents at - 0.32 V

in PBS. The concentration of each interferent was 1 mM.

From Fig. 7, it is evident that the sensor responds only to

Fig. 4 a Cyclic voltammograms of CNT/GCE by varying the scan rate from 0.01 to 0.1 V/s and b plot of scan rate versus current

Fig. 5 Plot of concentration of glucose versus current

Fig. 6 a Amperometric pattern of CNT/GCE for different concentrations of glucose and b plot of concentration of glucose versus current

showing the linear range of the developed biosensor

Table 1 Various sensing parameters of the developed biosensor with

their formula and values

Sensor parameter Formula Value

Area of the working electrode pr2 0.12 cm2

Surface coverage (U) Q/nFA 14.27 nM/cm2

Limit of detection [3.3 9 SD]/slope 1.59 mM

Limit of quantification [10 9 SD]/slope 4.83 mM

Theoretical sensitivity Imax/Km 2.06

Practical sensitivity Slope 3.15
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the addition of glucose indicating its specificity at the given

potential.

The detection of glucose in samples has wide-range

applications in many fields that include health, food, bev-

erages, and biotechnology. The use of enzyme-based sen-

sors becomes expensive due to their non-reusable nature.

The use of enzymeless sensor with a better stability and

reusability without compromising the selectivity can

overcome the limitations of enzyme-based sensors. The

CNT-coated GCE reported in the present study exhibits

high selectivity and rapid response. The sensor could be

reused for 20 times with a decrease of only 11.9% in

current recorded after 20 runs. The dry stability of the

sensor was evaluated at room temperature and it was found

that after 7 days, a 22.6% decrease in the peak current.

Measurement of glucose in macrophage-cultured
cell culture medium

To evaluate the utility of the developed sensor for measuring

glucose in biological samples, the sensor was employed to

determine the glucose utilization of macrophages in the

unstimulated as well as stimulated states. Spent medium

collected from the culture plates was used for amperometric

measurements. Amperometry was performed by applying a

constant potential of - 0.32 V over a period of 100 s. The

measured current is converted to glucose value using the

standard plot constructed using known quantities of glucose.

Measured glucose values were subtracted from supple-

mented glucose concentrations, so that glucose utilization

was calculated. Glucose utilization in unstimulated and

stimulated macrophages is depicted in Fig. 8.

It is observed that macrophages in the unstimulated

condition showed a slight but progressive increase in the

glucose utilization values with increasing cell numbers.

However, the increase was only 5% at a seeding density of

10,000 cells when compared to the glucose utilized by

Table 2 Comparison of the developed glucose biosensor with previous reports

Interface Detection range (mM) Real-time sample Reference

CuO flowers 0.004–8 – Wang et al. (2010)

ZnO flowers 0.01–10 – Ibupoto et al. (2013)

Pt–Pb 0–16 – Wang et al. (2008a)

Ni(OH)2–NND 1–9 – Ko et al. (2013)

Pt flowers on SWCNT 0.002–10 – Su et al. (2010)

Mesoporous platinum 0–10 – Park et al. (2006)

MWCNTs 2–11 – Ye et al. (2004)

MWCNTs – – Wang et al. (2007)

MWCNTs 2–8 Macrophage-cultured medium Present work

Fig. 7 Amperometric detection of glucose and other interferents in

PBS at an applied potential of - 0.32 V

Fig. 8 Glucose utilization in stimulated and unstimulated macro-

phages with respect to the cell seeding densities
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1000 cells. This suggests that the cells are in the quiescent

phase. In contrast, the cells stimulated with LPS showed a

significantly higher glucose utilization at all seeding den-

sities when compared with their unstimulated counterparts.

A distinct increase in the glucose utilization was observed

with increasing cell numbers in the LPS-stimulated mac-

rophages. A 67% increase in glucose utilization was

measured in the stimulated macrophages at a seeding

density of 10,000 when compared with the values obtained

for 1000 cells. A 1.6- to 2.6-fold increase in glucose uti-

lization was observed in the LPS-stimulated macrophages

when compared with the unstimulated cells. This differ-

ence in glucose utilization between the stimulated and

unstimulated macrophages arises due to the active remod-

eling of the actin cytoskeletal network that occurs under

stimulated conditions leading to a pronounced morpho-

logical transformation in the macrophage (Fig. 9). A recent

report has demonstrated that LPS-stimulated macrophages

exhibit down-regulation of ATP synthesis from fatty acid

oxidation and hence is heavily dependent on the glycolytic

pathway and not the oxidative phosphorylation to meet the

energy demands associated with the cytoskeletal remodel-

ing (Venter et al. 2014). Our data support this mechanism

as we observe a distinct twofold increase in the glucose

utilization by macrophages stimulated with LPS.

Concluding remarks

Carbon nanotubes have been widely explored as an inter-

face material along with an enzyme for electrochemical

detection of various analytes including glucose. The pre-

sent work demonstrates the intrinsic catalytic ability of

MWCNTs. Along with their excellent electron transfer

capability, the MWCNTs formed a catalytic interface for

efficient electrochemical enzymeless detection of glucose

within 3 s. The biosensor exhibited a linear range from 2 to

8 mM with a limit of detection 1.59 mM that is superior to

many enzymeless glucose sensors reported in literature.

The developed biosensor is unaffected by the potential

interferents. These attributes enable real-time detection of

glucose with the developed biosensor that may find appli-

cations in clinical diagnostics. The sensor was found to

effectively detect glucose utilization in stimulated and

unstimulated macrophages that can be explored in future

for clinical diagnosis of inflammatory disorders.
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