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Polyaniline was electrochemically polymerized onto the platinum electrode modified with a mixture of Nafion and multiwalled
carbon nanotube (PANI/MWCNT/Nf/Pt) to detect ammonium ion. The nanobiosensor (ASNase/PANI/MWCNT/Nf/Pt) was
then prepared by immobilizing L-asparaginase (L-ASNase) on the PANI/MWCNT/Nf nanocomposite. The prepared
nanobiosensor was used for the rapid and sensitive detection of serum concentration of the anticancer agent L-asparagine (L-
Asp) during chemotherapy. The nanobiosensor has dynamic ranges of zero to 180μM. The sensitivity of the nanobiosensor was
0.829 μA μM−1 cm−2, and the response time was less than 30 s. The detection limit was 140 nM of L-Asp. The Michaelis–Menten
constant (Km) was measured to be 36.2mM. The nanobiosensor was successfully applied for the determination of L-Asp in the
blood samples of leukemia patients.

1. Introduction

L-Asparagine (L-Asp) is a nonessential amino acid synthe-
sized by the cells on their own by asparagine synthetase.
The cancer cells cannot synthesize L-Asp and rely on the
extracellular supply in plasma and tissue. L-Asparaginase
(L-ASNase) is a chemotherapeutic agent which can break
down L-Asp into aspartic acid and ammonium ion. Due to
this process, the cancer cells die as they cannot accomplish
their protein synthesis. L-ASNase is extensively used for the
treatment of childhood acute lymphoblastic leukemia [1].

It is critical to determine and adjust the L-Asp concentra-
tion in the patients’ blood during treatment because this che-
motherapeutic protein has a narrow therapeutic index. Over
the last decades, some efforts have been made to develop
methods for determining L-Asp in serum samples. Standard
instrumental techniques such as ion-pair chromatography
[2], spectrophotometry [3], and colorimetric assay [4] have

been used for the determination of L-Asp; however, these
methods are often sophisticated, time-consuming, and very
expensive.

Enzymatic methods for determining amino acid levels
are an important route in detecting several biopharmaceuti-
cals [5]. Biosensors containing electrochemical transducers,
mostly with potentiometric ones [6], have been developed
based on the measurement of ammonium ions produced
during the enzymatic destruction of L-Asp. L-ASNase, as a
catalytic enzyme, hydrolyzes L-Asp to L-aspartic acid and
NH+

4 [1, 7]. Analytical studies such as equilibrium dialysis
and fluorescence quenching revealed that about one mole
of L-aspartic acid and one mole of NH+

4 were produced due
to hydrolysis of one mole L-asparagine by one mole of L-
ASNase, with a dissociation constant on the order of 60-
160μM [8]. However, the significant drawbacks of potentio-
metric biosensors are the slow response to a steady-state
potential value and a high detection limit [9, 10]. In contrast,
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amperometric biosensors represent better sensitivity, quicker
responses, and a lower detection limit [11]. The mentioned
properties make them a proper choice for the rapid and reli-
able tool for determining the L-Asp level in biological sam-
ples. Since NH+

4 ions are not electroactive, for
amperometric determination of this ion, systems with the
application of the composite polymers of Nafion with polya-
niline (PANI) or polypyrrole were used [12]. PANI is consid-
ered a fascinating conductive polymer for designing enzyme
biosensors because it has great electrochemical tunability,
redox actions, electrocatalytic conduction, good processabil-
ity, and environmental stability, along with a flexible chemi-
cal structure with the ability to be functionalized [13].
Chowdhury et al. showed that PANI nanowires (decorated
with gold nanostructures) were successfully used for bio-
pharmaceutical sensing with advantages of low detection
limit, excellent sensitivity, and long-term stability [14].

One of the most crucial characteristics of conducting
polymers is their ability to reversibly alternate between the
conducting and insulating electronic states by doping-
undoping of ions [15–20]. Anions were shown to be the dop-
ants in polyaniline films [21]. However, polyaniline electro-
deposition on Nafion film results in a Nafion-coated
polyaniline composite with a cation doping-undoping behav-
ior [22]. Nafion is a cation exchanger conducting polymer.
The Nafion-polyaniline composite could effectively sense
the ammonium ion; therefore, this composite was used in
enzymatic biosensors based on NH+

4 detection like urea
and L-arginine biosensors [23].

Recently, Shu and Tang reviewed the recent advances in
photoelectrochemical sensing [24]. They mentioned engi-
neering photoactive materials through photoelectric conver-
sion, which involves kinetics and thermodynamics and
conversion efficiency. Semiconductor-carbon heterojunction
such as multiwalled carbon nanotubes (MWCNTs) and
single-walled carbon nanotubes (SWCNTs) can improve
charge separation/transfer in electrochemical biosensors
[25, 26]. The introduction of MWCNTs into the PANI
matrix [27] and MWCNT into Nafion [28] and their applica-
tion to construct biosensors were repeatedly reported. Differ-
ent nanocomposites of Nafion, MWCNT, and polyaniline
were constructed [29–31]; however, to the best of our knowl-
edge, they were not used to fabricate amperometric ammo-
nium ion sensors or in the biosensors based on the
detection of ammonium ions.

In this work, the nanocomposite of PANI/MWCNT/Na-
fion was prepared. L-ASNase was immobilized directly on
the nanocomposite, and a very sensitive L-Asp biosensor
was formed. This study may open a new way for effective
monitoring of L-Asp in the serum of cancer patients receiv-
ing all forms of clinically used L-ASNase, which helps physi-
cians effectively adjust the dose of this chemotherapeutic
agent.

2. Experiment

2.1. Reagents. Sodium hydrogen phosphate and sodium dihy-
drogen phosphate were purchased from Acrose. L-
Asparagine and ammonium chloride were bought from

Merck. L-Asparaginase was from Kyowa (Japan). Bovine
serum albumin (BSA), D-homocysteic acid, 5-sulfosalicylic
acid, MWCNT (>90% carbon basis, D × L
110‐170 nm × 5‐9 μm), and Nafion were obtained from
Sigma-Aldrich.

2.2. Apparatus. A scanning electron microscope (MIRA3-
TESCAN-XMU) was used to characterize the
PANI/MWCNT film on the surface of a Pt electrode. FT-IR
ATR spectra were recorded by using TENSOR II (Bruker,
Germany). The electropolymerization of aniline was per-
formed through a three-electrode system, including a Pt aux-
iliary electrode, an Ag/AgCl 3M KCl reference electrode, and
a Pt disk (3.0mm diameter) working electrode. An Autolab
electrochemical system (Eco-Chemie, Utrecht, The Nether-
lands) equipped with Autolab PGSTAT-302N GPES soft-
ware (Eco-Chemie, Utrecht, The Netherlands) was used for
voltammetric experiments.

2.3. Pretreatment of MWCNT. A sample of 0.5 g MWCNT
was suspended in 240mL of concentrated nitric acid and sul-
phuric acid (1 : 3 in volume ratio) and refluxed at 80°C for 4 h.
After washing with copious amounts of doubly distilled water
until the supernatant attained a pH around seven, the sample
was dried in a vacuum oven at 80°C.

2.4. Preparation of Electrodes. A 0.5wt% Nafion solution was
prepared by diluting a 5% sample with 90% ethanol/water. A
5μL aliquot of this solution was coated onto a working Pt
electrode and dried in air. Then, 5μL of 0.1mg/mLMWCNT
was placed on the electrode and was dried. The
MWCNT/Nf/Pt electrode was immersed in a solution con-
taining 0.2M aniline in 0.5M HCl, and electropolymeriza-
tion was carried out by cyclic voltammetry. The potential
was swept from 200 to 1200mV (vs. the Ag/AgCl reference
electrode) with a scan rate of 50mVs-1. The fabricated elec-
trode (PANI/MWCNT/Nf/Pt) has a distinct light green
color. The PANI/Nf/Pt electrode was made in the same way
without MWCNT.

To prepare the selective membrane, a solution of
200U/mL L-ASNase, 2% Nafion, and 2% BSA was prepared.
5μL of this solution was drop-cast on the surface of
PANI/MWCNT/Nf/Pt and allowed to dry.

2.5. Preparation of Real Samples. To study the biosensor
application in real sample analysis, we tested blood samples
collected from patients hospitalized in Namazi Hospital,
located in Shiraz, Iran. The donor was a patient with acute
lymphoblastic leukemia (ALL) who was given low doses of
L-ASNase (10000 IU per m2 every 3 days). The samples were
obtained 24 h before administration of L-ASNase and 72 h
after the second dose.

2.6. Determination of L-Asp Concentration by the Reference
Method. A total of 2mL blood sample was added to 0.1mL
homocysteic acid solution (100μg/mL) and 0.5mL sulfosa-
licylic acid (200μg/mL). The solution was vortexed and cen-
trifuged at 4000RPM for 3min, and the supernatants were
stored at -80°C until further analysis.
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The serum concentration of L-Asp was also determined
using high-performance liquid chromatography (HPLC) as
the reference method. The column was treated with phthal-
dialdehyde, and separation was done by isocratic elution with
a mobile phase of water-acetonitrile-sodium propionate buffer
(82 : 7.5 : 10.5, v/v), delivered at a flow rate of 1.6mL/min

through a Eurospher C18 column (150mm× 4:6mm) as the
stationary phase. The chromatographic pattern of L-Asp was
detected by using a fluorescence detector (Knauer, Berlin, Ger-
many) at the excitation wavelength of 360nm and an emission
cut-off filter of 418nm. The analysis of chromatograms was
done by using EZChrom Elite® software.
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Figure 1: Five successive cyclic voltammograms of the Nf/Pt electrode in 0.2M aniline in 0.5M HCl at a scan rate of 50mV s-1.
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Scheme 1: The schematic diagram showing the structure and the electropolymerization mechanism of polyaniline.
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3. Results and Discussion

As the first step for constructing the L-Asp biosensor, an
ammonium sensor was developed and optimized because
the proposed biosensor determines L-Asp by measuring the
ammonium ion concentration produced during enzymatic
destruction of L-Asp.

3.1. Electropolymerization of Aniline on the Nf/Pt Electrode.
The CVs recorded during electrodeposition of polyaniline
on the Nf/Pt electrode are shown in Figure 1. The peak posi-
tions and their intensities are analogous to those commonly
observed in the literature [20]; however, they vary with the
conditions of electrodeposition. The polymerization mecha-
nism of aniline in acid medium and the PANI polymer struc-
ture is presented in Scheme 1. The CVs show that the
electropolymerization processes consist of two or three elec-
trochemical systems. The large peak at 0.9V that appeared at
the first scan is due to the oxidation of aniline monomer to
form cation radicals (the first step of Scheme 1). The reverse
sweep of the first cycle involves a crossing effect interpreted
as the start of the nucleation process of the polymer. New
peaks, which are ascribable to the electrochemical response
of PANI deposits formed during the oxidation process of ani-
line, appear after the first cycle.

The following cycles indicate a normal growth of the
polymeric deposit. In acidic solutions, the second step of
polymerization involves an isomeric transformation of cation
radicals and the formation of a dimeric intermediate product
through deprotonation and rearomatization. The anodic
peak around 0.1V is due to the oxidation of the dimer to
dimer cation radicals and then further reacts with monomer
cation radicals which is the propagation step of the polymer-
ization (step 3 of Scheme 1). Also, the oxidation of leucoe-
meraldin (a fully reduced form of PANI, x = 1) to
emeraldine (a half-reduced form of PANI, x = 0:5) occurs
at this potential. The cathodic peak of this redox pair is
related to the reduction of emeraldine to leucoemeraldine.
The redox pair around 0.7V was assigned to emeraldine oxi-
dation to pernigraniline (a fully oxidized form of PANI, x = 0

) and reverse reduction reaction (step 4 of Scheme 1). The
very weak peak at ca. 0.5V is due to benzoquinone/hydroqui-
none—the products of PANI hydrolysis [21].

As the potential needed for the oxidation of the monomer
is always higher than the charging of oligomeric intermedi-
ates or the resulting polymer, the two processes of polymer
formation and its oxidations (doping) are simultaneously
occurring. The anions are doped during electrochemical
polymerization, fulfilling the request of electroneutrality.
When Nafion, which is a cation exchanger, is used as a sub-
strate, the sulfonate groups attached to the polymer backbone
play the role of anions, and upon oxidation, the cationic PA
polymer forms within the Nafion matrix with the expulsion
of Na+; therefore, the reduction process needs cations.

C+ + PA+ · RSO3
− + e− ⟶ PA · C+ · RSO3

−: ð1Þ

3.2. Characterization of the Ammonium Sensor. Figure 2
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Figure 2: Linear sweep voltammograms of PANI/CNT/Nf/Pt recorded before (a) and after successive addition of 0.5mM NH4Cl (b–e) (PBS
pH 7, scan rate 50mV·s−1).
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Figure 3: The response current-time curves of various modified
electrodes Nf/Pt (a), PANI/Pt (b), PANI/Nf/Pt (c), and
PANI/MWCNT/Nf/Pt (d) at successive addition of 2.5 μM NH+

4
in PBS (0.05M, pH 7).

4 Journal of Sensors



shows the linear sweep voltammograms of the PANI/Nf/Pt
electrode in the buffer solution pH7 containing different
concentrations of NH+

4 . An increased cathodic current at
about -0.2V was observed. The transient current responses
of various electrodes to successive addition of 2.5μM NH+

4
in chronoamperometric experiments at a constant potential
of -0.2V are displayed in Figure 3. No cathodic current was
seen under ammonium addition at the Nf/Pt and PANI/Pt
electrodes (amperograms a and b). However, at the
PANI/Nf/Pt (amperogram c) electrode, a transient reduction
current was observed, proportional to the concentration of
ammonium ion in the solution.

The effect of incorporation of MWCNT in the PANI-Nf
film was also investigated. A comparison of amperograms c
and d confirms the higher sensitivity of the PANI/CNT/Nf
nanocomposite than the PANI/Nf film. As described by
other authors in the literature [32, 33], the functional group
on the MWCNT surface in pH7 is deprotonated to form
the negative surface charge. This deprotonization may cause
an increase in diffusing and movement of cations in the
nanocomposite film and, therefore, enhance the current.

Different parameters were optimized by chronoampero-
metry to obtain the best sensitivity for ammonium ion detec-
tion. As shown in Figure 4(a), the sensitivity depends on the
number of cycles used for electrodeposition of the PANI film
because PANI is indeed the transducer of the sensor. The
sensitivity increased up to five cycles, but the responses
diminished at higher cycles, probably due to increased film
thickness.

Applied working potentials were changed in the range of
−0.1 to −0.3V to determine the optimal polarization voltage
for amperometric detection of ammonium ion with the cur-
rent maximum found at −0.2V (Figure 4(b)).

The SEM technique was used to characterize the mor-
phology of the nanocomposite electrodeposited on the sur-

face of the Pt electrode. A typical SEM image is shown in
Figure 5. It was evident that after the electrodeposition of
the PANI film on the MWCNT-modified electrode, the
majority of MWCNTs have been entrapped in the PANI film.

Figure 6 shows a typical FT-IR ATR spectrum of pure
polyaniline and the nanocomposite on the surface of a plati-
num electrode. The spectra of activatedMWCNT and Nafion
were also presented. The infrared bands are in agreement
with those given in the literature for PANI [24, 25]. The
two vibrations of pure polyaniline at 1288 and 1244 cm-1

are assigned to the stretching of the C–N bonds of the aro-
matic amine. The band at 1139 cm-1 is due to a vibrational
mode of benzenoid-NH+=quinoid [26], which shows that
the polyaniline films formed by electropolymerization are
in the emeraldine form. The bands at 1566 and 1491 cm-1

are assignable to the ring stretching vibration of quinoid
and benzenoid. It is observed in the FTIR spectra of the

1000 nm

Figure 5: SEM image of the PANI/MWCNT/Nafion
nanocomposite.
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nanocomposite that polyaniline interacts with MWCNTs
and causes redshift of the bands of polyaniline. This effect
was previously reported [27]. The band at 1710 cm−1 in

MWCNT spectra is due to the C=O stretching frequency,
indicating the presence of the carboxylic group created dur-
ing the activation of MWCNTs. This band also appears in
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Figure 6: FT-IR ATR spectra of Nafion, MWCNT, polyaniline, and the nanocomposite.
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Figure 7: (a) Response current-time curves of the ASNase/PANI/MWCNT/Nf/Pt biosensor at successive addition of 5 μM NH+
4 in different

phosphate buffer solutions, (b) amperometric response curve of the L-Asp biosensor in 0.05M PBS to successive additions of L-Asp at an
applied potential of -0.2, and (c) a plot of current vs. the concentrations of L-Asp in the range of 0 to 180 μM.
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the nanocomposite spectrum at 1700 cm-1 because the poly-
aniline peaks are absent in this region. In Nafion spectra,
the band at 1056 cm-1 and 1154 cm-1 is attributed to S=O
and CF2 stretching vibrations [28], respectively. But these
bands are not observed in the nanocomposite spectra because
they are masked by stronger PANI peaks.

3.3. Electrochemical Performances of the L-Asp
Nanobiosensor. The L-Asp nanobiosensor (ASNase/PA-
NI/MWCNT/Nf/Pt) was prepared by immobilization of L-
ASNase on the PANI/MWCNT/Nf/Pt electrode. The influ-
ence of pH on the performance of the nanobiosensor was
studied, and the results are shown in Figure 7(a). The highest
current was found at pH7.0, and it was employed throughout
the study.

Figure 7(b) displays the amperometric response of the
ASNase/PANI/MWCNT/Nf/Pt nanobiosensor to the
sequential increment of L-Asp concentration at a constant
potential of -0.2V.

A plot of the current versus the concentration of L-Asp is
shown in Figure 7(c). A dynamic concentration range was
observed from 0 to 180μM. The current intensity of the bio-
sensor toward L-Asp increased linearly over the concentra-
tion range of 0 to 15μM. The equation for the calibration
line was I ðμAÞ = 0:0586C ðμMÞ + 0:0393 with R2 = 0:990,
where C in the above equation is the L-Asp concentration
in μM and I is the current in μA. The sensitivity of the bio-
sensor was 0.829μAμM−1 cm−2, and the limit of detection
at a signal-to-noise ratio of 3 was estimated as 0.14μM. Step-
wise growth of reduction current was observed with increas-
ing amounts of L-Asp in PBS, and the current reached a
steady-state level of less than 30 s (response time). The repro-
ducibility (RSD) of this sensor was 2.9% (n = 5) to determine
10μM L-Asp. The performance of the proposed nanobiosen-
sor was compared with other L-Asp biosensors in Table 1. Its
response time and detection limit are lower than other elec-
trochemical biosensors that have ever been reported [34].

The apparent Michaelis–Menten constant (Kapp
m ) indi-

cates the enzyme-substrate affinity for the biosensors. The

electrochemical version of the Lineweaver–Burk equation
can be applied to calculate Kapp

m :

1
iss

= 1
imax

+ Kapp
m

imaxc
, ð2Þ

where iss is the steady-state current after adding substrate, C
is the bulk concentration of the substrate, and imax is the max-
imum current measured under saturated substrate condition
[35]. The calculated Kapp

m of the L-Asp biosensor is 36.2mM.

3.4. Real Sample Analysis. The biosensor was also tested for
the L-Asp quantification in serum samples of the patient with
leukemia before and after treatment with L-ASNase using the
standard addition method. The presence of endogenous
ammonium in the samples interferes with these determina-
tions since the response measured corresponds to the sum
of the ammonium generated enzymatically and present in
the sample. Therefore, the latter was additionally measured
in serum samples with the MWCNT/PANI/Nf/Pt electrode,
and the concentration of L-Asp was calculated as a difference
between the signals of PANI/MWCNT/Nf/Pt- and ASNase/-
PANI/MWCNT/Nf/Pt-based sensors (Table 2). The results
of a reference method (explained in the experimental part)
are also given in Table 2. The t-test was applied to compare
the results of the two methods. As seen from Table 2, the pro-
posed biosensor results agree well with those obtained using a
reference method.

4. Conclusion

The MWCNT/PANI/Nf nanocomposite was utilized to fab-
ricate a new amperometric L-Asp nanobiosensor that exhib-
ited high sensitivity and selectivity. The nanobiosensor was
specifically and successfully used to monitor L-Asp in the
patient’s blood with acute lymphoblastic leukemia. One can
expect that the proposed biosensor has the potential to be
used as a point-of-care testing device. However, it will be
the subject of further investigation in the future. The

Table 1: Characteristic of electrochemical L-Asp biosensors reported.

Method Dynamic range (M) Response time Detection limit (μM) References

Potentionmetric 7 × 10−5 – 10−2 10min 60 [30]

Potentionmetric 1:6 × 10−5 – 1:5 × 10−3 5min [31]

Amperometric 2‐20ð Þ × 10−6 — — [29]

Amperometric 1‐180ð Þ × 10−6 30 s 0.14 This work

Table 2: The concentration of L-Asp in the blood sample of a patient with acute lymphoblastic leukemia.

Sample
L-Asp (μM) concentration measured by the

biosensor (n = 3)
L-Asp (μM) concentration measured by the reference

method (n = 3)
atexp

aFexp

Before L-ASNase
injection

64:53 ± 3:81 61:97 ± 1:03 1.11 13.6

After L-ASNase
injection

7:96 ± 0:47 8:33 ± 0:099 1.32 22.5

atexp and Fexp show the experimental Student t and experimental F values, respectively (t0:05 -2.78 and F0:05 ð2, 2Þ -39.25).
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proposed nanocomposite might be considered for a wide
range of biosensors based on the detection of ammonium
ions. This novel nanobiosensor is a rapid, accurate, well-han-
dled, portable vessel for in situ detection of the serum con-
centration anticancer agent L-asparaginase in human blood
during chemotherapy. This approach helps make sure that
the patient receives the optimal dose of the drug with the
minimum side effect.
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