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Interfacial Langmuir-Blodgett Layer of
Functionalized Single-Walled Carbon Nanotubes

for Efficient Glucose Sensing
Akash Gayakwad, V. Manjuladevi , and Raj Kumar Gupta

Abstract—The interfacial layer of single-walled carbon
nanotubes (CNTs) introduced between the surface of the
electrode and bio-ligands can enhance sensing performance
by establishing amplified physical and chemical interaction
between them. In this article, we report that an efficient
glucose-sensing nanostratified layer can be created on the
surface of the working electrode (gold surface) of an electro-
chemical platform by immobilizing glucose oxidase (GOx) on
the highly organized Langmuir–Blodgett (LB) film of octade-
cylamine functionalized single-walled CNTs (ODACNTs). The
amine group of ODACNTs provides stability to the Langmuir
monolayer (LM) at the air-water (a/w) interface which is essen-
tial for the fabrication of highly ordered LB film. The sensing
of glucose was performed in an aqueous medium using GOx immobilized layer onto the LB film and drop-casted film of
ODACNTs modified working electrodes. The sensor fabricated using LB film modified electrodes offers a very wide
concentration range (10 pM–1 mM), a very low limit of detection (LOD) (10 pM), and a sensitivity 2.8× better than
that of drop-casted modified electrodes. The enhanced performance of LB film modified electrode is due to some
coherent performance of organized nanotubes in the LB film as compared to a random network of the nanotubes
in drop-casted film. The electrodes were characterized at different stages of sensing using grazing incidence X-ray
diffraction, field emission scanning electron microscope (FESEM), Raman, and attenuated total internal reflection (ATR)-
FTIR spectroscopies.

Index Terms— Electrochemical sensing, glucose, glucose oxidase (GOx), Langmuir–Blodgett (LB) film, octadecy-
lamine functionalized single-walled carbon nanotubes (ODACNTs).

I. INTRODUCTION

GLUCOSE is the major dietary source of energy from
natural carbohydrates and is used as a processed food

additive [1], [2]. From a clinical point of view, the level of
blood glucose is a key indicator of diabetes and metabolic
disorders. Hyperglycemia [3] and hypoglycemia in humans,
both the conditions are clinically very severe. As per the
International Diabetes Federation, almost ∼9.3% of the adult
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population is suffering from diabetes across the globe [4].
Apart from the biological perspective, glucose is also used in
the chemical industry, cosmetic industry, bio-farming [5], and
bio-fuel [6]. So, it becomes important to detect the glucose
concentration in several such systems. An electrochemical
biosensor can be one of the best sensing platforms to fulfill this
requirement [7], [8]. Immobilization of the bio-active molecule
on the surface of a working electrode for fabricating an
electrochemical biosensor is the major issue. For developing an
effective biosensor, immobilized bioactive molecules should
have high reactivity and low interfacial resistance to react with
the bioanalyte in the sensing environment [9], [10]. Various
techniques have been used to immobilize the ligands on the
electrode surface viz., cross-linker method [11], [12], self-
assembly [13], deposition of layer-by-layer [14], [15], and
Langmuir–Blodgett (LB) technique [16], [17], [18]. The LB
technique provides a control on the orientational organization
of the materials in the thin film and also on the thickness of
the film [19].

Bioactive molecules can be made to adsorbed onto a
molecular matrix of the LB template layer. Several studies
were found in the literature on the biosensing application
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Fig. 1. Comparative plot of LOD, the concentration range of sensing
and sensitivity. The number on top of each bar depicts the sensitivity
of the glucose sensor in µA.cm−2.mM−1. The number along the x-axis
represents the corresponding reference number.

of the LB films composed of polymer, carbon nanotubes
(CNTs), graphene [20], organic molecules [21], Mxene [22],
and nanocomposite of liquid crystal [23]. Conductivity, sur-
face density, surface-to-volume ratio, and interaction with the
bioactive molecule of the template layer are some of the
factors that affect the performance of the electrochemical
biosensor. Organic molecules such as liquid crystals and
polymers have lower conductivity which reduces the overall
performance of the electrical/electrochemical types of biosen-
sors. The remarkable physicochemical properties of CNTs
due to the large surface-to-volume ratio and high density
of delocalized surface π -electrons make them a promising
template layer for biosensing applications. The pristine CNTs
are generally insoluble in organic solvent which makes the
film processability difficult. Thus, the single-walled CNTs
functionalized with organic ligands such as octadecylamine
(ODACNTs) can disperse easily in organic solvent and are
expected to form a stable Langmuir monolayer (LM) at the air-
water (a/w) interface. Such stable monolayer can be transferred
onto the active area of the device for sensing applications. The
richness of delocalized surface π -electrons and –NH2 groups
of the ODACNTs can facilitate efficient binding with the bio-
molecules [24]. The reports in literature indicate that the LB
films of several materials were employed for sensing glucose
using some electrochemical techniques such as amperometry,
cyclic voltammetry, and chronoamperometry. The limit of
detection (LOD) was found to be in the range of micromolar.
The detectable range of glucose concentration is reported to
be narrow (Fig. 1).

In this article, we report an efficient glucose sensing based
on the enzymatic interaction between the glucose oxidase
(GOx) and glucose in an aqueous medium measured using an
electrochemical technique. Strategically, we immobilized the
GOx on the organized LB films of ODACNTs. The underlying
ODACNTs facilitate not only an efficient binding of GOx but
also a charge transfer mechanism during the electrochemical
process between GOx and glucose. The sensing performance
of the LB film-modified sensor is compared with that of the
drop-casted ODACNTs-modified sensor. It was found that the

LB-modified sensor has a wider concentration range of sensing
(10 pM–1 mM) and 2.8× better sensitivity as compared to the
drop-casted modified sensor. The efficient sensing of the LB
modified layer can be attributed to the organized state of the
CNTs leading to a coherent response to the electrochemical
events [25], [26].

II. EXPERIMENTAL

ODACNTs were purchased from Carbon Solution Inc. (cat.
# P5 SWNTs). ODACNTs are dispersible in an organic solvent
such as chloroform; however, it is highly insoluble in an
aqueous medium. GOx [aspergillus Niger (10KU)] was pur-
chased from Sigma-Aldrich. D-glucose (purity > 99.5%) was
purchased from Alfa Aesar. High-performance liquid chro-
matography (HPLC) grade (purity > 99%) chloroform was
purchased from Merck. A Phosphate Buffer Saline (PBS) solu-
tion of pH ∼7 was prepared in the laboratory. A 0.03 mg·mL−1

chloroform solution of ODACNTs was ultrasonicated for 1 h
to obtain a homogenous dispersion. Ultrapure Millipore water
having a resistivity >18 M�-cm was used for all aqueous-
related experiments.

Before fabrication of the template layer, the surface of the
gold electrode was cleaned with cold piranha solution followed
by successive rinsing using ultrapure water, ethanol, and chlo-
roform. Then 150 µL of the chloroform solution of ODACNTs
was drop-casted on the surface of the gold electrode (circular
area 1.38 cm2). About 30 min was allotted for the solvent
chloroform to evaporate from the gold surface. An LB trough
(KSV NIMA) of surface area 243 cm2 was used to fabricate
an LB film on the surface of the gold electrode. The detailed
mechanism of the LB film fabrication is reported in our
previous work [34], [35]. The chloroform solution of ODAC-
NTs (1400 µL) was dispensed at the a/w interface between
the barriers of the LB trough while the gold electrode was
kept immersed in the water subphase. The solvent chloroform
was allowed to evaporate from the water surface by waiting
for about 10 min. Before deposition, three isocycles were
executed to get a highly stable Langmuir film of ODACNTs.
A single layer of LB film of ODACNTs was deposited on
the surface of the gold electrode at a target surface pressure
of 8 mN/m. The dipper speed was maintained at 5 mm/min.
The transfer ratio was found to be ∼1.0. The gold electrodes
deposited with drop-casted and LB films of ODACNTs were
immersed in a 1 mg·mL−1 aqueous solution of the GOx for
∼8 h. The amine functionalization of ODACNTs facilitates
immobilization of the GOx on the gold electrode. The GOx
modified electrodes were taken out from the solution and
rinsed gently with PBS solution to remove weakly bound GOx.
Such functionalized electrodes were mounted in the electro-
chemical sensing setup and employed for glucose sensing in an
aqueous PBS solution. The cyclic voltammetry technique was
performed using CHI 1200 potentiostat with a three-electrode
system—gold as working electrode, Ag/AgCl as reference
electrode, and platinum wire as counter electrode. The cyclic
voltammetry measurements were performed at the scan rate
of 100 mV/s in a potential window of 0.6 to -0.6 V. For
characterization of the functionalized layer, similar deposition
mechanism was followed to deposit the films on silicon (Si)
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Fig. 2. (a) Π – A isotherm and E–A curve of Langmuir monolayer
of ODACNTs at a/wW interface. (b) Isocycles of the monolayer at a/w
interface. Each isocycle is shifted vertically with respect to each other
by 1 mN/m for visual clarity.

wafers. Such functionalized Si wafers were characterized using
grazing angle incident X-ray diffraction (GIXRD) technique
(SmartLab, Rigaku). The Cu-K α radiation of wavelength
1.54 Å was incident at an angle of 0.3◦. Raman spectra were
collected using Horiba LabRam HR instrument operated at an
excitation source of 633 nm. Morphological characterization
was carried out using a field emission scanning electron micro-
scope (FESEM) of FEI, Apreao LoVac instrument. Fourier
transform infrared spectroscopy in attenuated total internal
reflection (ATR) mode was performed using FTIR spectrome-
ter (Shimadzu IRPrestige 21) equipped with ZnSe ATR crystal.

III. RESULTS AND DISCUSSION

Surface pressure (5)—surface area of trough per µg (A)
isotherm of LM of ODACNT at a/w interface is shown in
Fig. 2(a). The surface pressure remains negligible till the film
is compressed at 4 cm2. µg−1. This can be considered as the
gas phase of the LM of ODACNTs. The surface pressure rises
sharply on compressing the film below 4 cm2. µg−1. This is
the onset of liquid-like phase of the LM of ODACNTs. The
surface pressure rises monotonically till the film is compressed
completely in the trough. The isothermal in-plane elastic
modulus (E) shows that the maximum value of E (∼ 30 mN/m)
in the liquid-like phase at around 3.1 cm2. µg−1. The reversal
in trend of the E curve is due to change in slope in the 5-A
isotherm. Here, the change in slope can be considered as the

Fig. 3. BAM image of Langmuir monolayer of ODACNTs showing.
(a) Gas and liquid-like phase coexistence. (b) Liquid-like phase. The
temperature of the subphase was 24 ◦C.

collapse of the monolayer. Therefore, the surface pressure of
8 mN/m at 3.2 cm2. µg−1 corresponding to the highest E-value
of liquid-like phase was as chosen for LB film deposition.
The stability of the LM of ODACNTs at the a/w interface
was studied by recording the isocycles [Fig. 2(b)] by repeated
compression and expansion of the monolayer. As observed
from the curve, there is a negligible hysteresis, and the
expansion curves almost follow the compression curves. This
indicates that the monolayer is stable against any dissolution
in and irreversible aggregation on the water surface. The
Brewster angle microscope (BAM) images of the LM of
ODACNTs at the a/w interface is shown in Fig. 3. The gas
and liquid-like phase coexistence region can be seen clearly as
dark background and bright domains in Fig. 3(a), respectively.
The bright texture as observed in Fig. 3(b) appears fluidic in
nature which corresponds to the liquid-like phase of the LM
of ODACNTs. The phase of the LM of ODACNTs in the A
range of 4–3 cm2. µg−1 can be considered liquid-like based
on the maximum value of E (30 mN/m) [36], [37] and fluidic
texture in the BAM images.

The LB and the drop-casted films on the gold electrodes
were further modified by immobilizing GOx and used for
sensing glucose in the aqueous PBS medium using cyclic
voltammetry (Fig. 4). Results of cyclic voltammetry are shown
in Fig. 5(a) and (b) for the drop-casted and LB film modified
electrodes, respectively. The concentration range of glucose
in the aqueous medium was chosen to be from 1 mM to
10 pM. It can be noted from Fig. 6 that the anodic current
changes systematically with the change in the concentration
of the glucose in the aqueous medium. The current response
at anodic peak with different concentrations of glucose in the
aqueous PBS solution (pH∼7) corresponds to the oxidation of
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Fig. 4. Schematic illustration of sensing setup. The sensing mechanism
is depicted in the inset.

Fig. 5. Cyclic voltammetry on (a) drop-casted film, and (b) LB film
of ODACNTs on gold-electrode immobilized with GOx and used for
glucose sensing in aqueous PBS solution (∼pH 7.0).

the glucose as per given redox chemical reaction [38]

Glucose + O2
GOx
−→ Gluconate + H2O2

Gluconate + H2O → Gluconic acid.

The GOx facilitates the oxidation of glucose into gluconic
acid and H2O2. The H2O2 is an electrochemically active
species that gets oxidized at the working electrode leading
to a change in current due to the transfer of electrons. The
number of such oxidations depends on the concentration
of glucose in the sensing medium. With the increase in
the concentration of glucose in the aqueous medium, the
magnitude of the anodic current increases systematically
(Fig. 6). The glucose concentration below 10 pM does not

Fig. 6. Calibration curves for LB and drop-casted modified gold elec-
trodes obtained by plotting anodic current as a function of concentration
of glucose in aqueous PBS solution.

show any signatory change in the anodic current response.
Therefore, 10 pM was considered as the limit-of-detection
(LOD) for the LB-film-modified electrode. A calibration curve
(Fig. 6) is drawn by plotting the anodic current as a function
of the concentration of glucose in the aqueous medium for
both the LB film and drop-casted film. It can be noted that the
response curve obtained from the LB-film-modified electrode
follows a linear trend for the entire concentration range,
whereas the drop-casted modified electrode shows roughly
linear variation only for the higher concentration range (10
nM–1 mM). For the lower concentration range (<10 nM), the
drop-casted modified electrode shows random behavior. The
sensitivity of the LB and drop-casted film modified sensor
evaluated from the linear region of the calibration curve is
found to be 6.86 × 10−7 and 2.46 × 10−7 A.cm−2/log(M),
respectively. The sensitivity due to the LB film was found to
be 2.8× better than that of drop-casted film. It is observed
from the literature that the sensing performance of LB film
of CNTs is much better due to the alignment of CNTs in the
LB film. The coherent performance of the aligned nanotubes
can enhance the charge transfer mechanism and density of
surface active hot-spots. However, such enhancement was not
observed in the drop-casted film due to the random network
of the nanotubes and higher thickness of the film [39], [40].

The functional layers were characterized using FESEM,
XRD, and Raman spectroscopy before and after interaction
with the glucose. The morphology of the film before and after
interaction with the glucose is shown in Fig. 7. The bundles
of ODACNTs are clearly seen in the image with sharp edges
[Fig. 7(a)]. With the deposition of GOx, the overall sharpness
of the bundles reduces and a layer appears to be seen on the
surface of the nanotube film [Fig. 7(b)]. After interaction with
glucose, a thick layer is found over the surface of underlying
nanotubes [Fig. 7(c)]. The FESEM image of the drop-casted
film showed a random network of the nanotubes.

The GIXRD curves of the film at different stages are shown
in Fig. 8. The characteristic peaks for Si are observed at 42.5◦

and 47.3◦. The 2θ peaks corresponding to the ODACNTs are
found at 21.5◦ and 23.7◦ [41]. With the immobilization of the
GOx, no significant change in the peak position was observed.
However, after interaction with the glucose in an aqueous PBS
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Fig. 7. (a) FESEM images of LB film of ODACNTs on silicon substrate.
(b) FESEM image of GOx on LB film of ODACNTs on silicon substrate.
(c) FESEM image of Glucose adsorbed GOx on LB film of ODACNTs on
silicon substrate.

medium, the signature peaks disappear, and the new peaks at
31.7◦ and 45.4◦ were observed. These new peaks are due to
the salts of the PBS buffer solution.

The Raman spectra of the film at different stages are shown
in Fig. 9. The characteristic peaks for the ODACNTs such as
G-bands (G+ and G− at 1588 and 1560 cm−1, respectively),
D-band (1353 cm−1), G’-band (2640 cm−1), and RBM
(175 cm−1) were seen in the spectrum [42], [43]. The
splitting of the G-band into G+ (longitudinal wave mode)
and G− (transverse wave mode) can be clearly seen from the
spectrum. The characteristics peaks of Si were observed at
301, 520, and 976 cm−1 [44]. Due to the immobilization of
GOx on the ODACNTs, the RBM vanishes completely which
may indicate that the binding of GOx with the CNTs is strong
enough to eliminate the radial breathing mode. The strength
of D and G bands reduces with the GOx functionalization;

Fig. 8. GIXRD on Silicon substrate at different stages at 0.3◦ incident
angle.

Fig. 9. RAMAN spectra performed on Silicon substrate at different
stages at 633 nm excitation.

Fig. 10. FTIR-ATR spectra of GOx-ODACNT.

however, all ODACNTs specific bands disappear after the
interaction of GOx with glucose in the aqueous medium.

The defect density in the ODACNTs can be estimated from
the ratio of the intensity of the D to G band (i.e., ID/IG). The
defect density of the pure ODACNTs layer and GOx immo-
bilized layer was calculated to be 0.64 and 0.70, respectively.
The marginal change in the defect density indicates that the
presence of defects in the nanotubes does not a play major
role in facilitating the adsorption of the GOx. The GOx binds
to the nanotubes primarily due to the π − π interaction. The
results of GIXRD and Raman spectra complement each other.

Since the presence of GOx was not clearly observed by
Raman spectroscopy, the FTIR spectroscopy in ATR mode
was performed on GOx immobilized LB film of ODACNTs
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(Fig. 10). The presence of amide peaks at 1570 cm−1 (amide-
I) and 1650 cm−1 (amide-II) [45] was observed from the
spectrum of GOx immobilized on LB film of ODACNTs
[Fig. 10(a)]. The LB film of ODACNTs shows primarily N–H
(wagging) at 720 cm−1, C–N (stretching) at 1460 cm−1, CH2
(sym. stretching) at 2850 cm−1, and CH2 (asym. stretching)
at 2918 cm−1 [46].

IV. CONCLUSION

This report claims a very low value of LOD, wider concen-
tration range, and higher sensitivity toward glucose through the
enzymatic interaction between GOx and glucose as measured
using cyclic voltammetry technique. It is found that the pres-
ence of the interfacial LB film of ODACNTs between the gold
surface and the GOx plays a crucial role in enhancing the
sensing merits of glucose in the aqueous medium. The sensor
modified with LB film offers a very wide concentration range
for the detection of glucose (10 pM–1 mM) and a LOD of
10 pM. The sensitivity due to LB film is about 2.8× better
than that of drop-casted film. The LB film offers an organized
assembly of the nanotubes. Such organized assembly may
perform coherently to yield better sensing performance as
compared to the random orientation of the network of the
nanotubes in drop-casted film.
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