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of tryptophan for rapid diagnosis
of cancer cell metastasis competence by an ultra-
sensitive and highly selective electrochemical
biosensor†

M. R. Majidi,*a P. Karami,ab M. Johari-Aharc and Y. Omidi*b

The detection of L-tryptophan (Trp) in the extracellularmatrix (ECM) of solid tumors is important, particularly in

metastatic tumors, which catabolize Trp to kynurenine to escape from host immune system-mediated

recognition. The presence of a co-existing amino acid such as L-tyrosine (Tyr) in the ECM routinely

interferes with the detection of Trp. The current study demonstrates the development of aptamer-assisted

ultra-sensitive and label free biosensor (aptasensor) based on the constant current-potentiometric striping

analysis (CC-PSA) technique used for quantitative Trp analysis. To prepare the aptasensor, a gold electrode

was first decorated with carboxylated multiwall carbon nanotubes (MWCNTs) and then armed with Trp

aptamer molecules (Apt). The engineered aptasensor was characterized electrochemically by cyclic

voltammetry (CV), linear sweep voltammetry (LSV), and CC-PSA. For this biosensor, the limit of detection

(LOD) was found to be 6.4 � 10�11 M (S/N ¼ 3) and two linear detection ranges (i.e. 1.0 � 10�10 to 1.0 �
10�5 and 1.0 � 10�5 to 3.0 � 10�4 M) were observed in the calibration graph. For proof-of-technology, the

aptasensor was used for the detection of Trp in biological samples such as cow's milk and human blood

serum, saliva, and urine samples. Taking a good facet of the proposed aptasensor into account, it was

implemented for the detection of the Trp consumption rate in various human cancer cell lines such as

HepG2 (hepatocarcinoma), 1321NI (astrocytoma), Calu-6 (lung carcinoma), NCI-H1299 (lung carcinoma),

and HT29 (colorectal carcinoma).
Introduction

L-Tryptophan (Trp) is an essential amino acid that functions key
roles in maintaining health and preventing disease. The
detection of this amino acid in the extra cellular matrix (ECM) is
of great importance in basic and clinical studies, particularly in
the eld of neuroscience and oncology.1–4

Several studies revealed that metastatic cancer cells increase
their Trp metabolism through the induction of enzymes indo-
leamine 2,3-dioxygenase (IDO) and tryptophan-2,3-dioxygenase
(TDO) to5,6 suppress immunosurveillance and progression of
malignancies.7–10 Primary cancer starts as a local disease, but it
can metastasize to the lymph nodes and distant organs. When
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spreading in the body, cancer no longer is primary, but its
metastases at distant sites are themain cause of death. In recent
years, prognostic markers are available to identify patients who
are at the highest risk of developing metastases, which might
enable oncologists to begin tailoring treatment strategies to
individual patients. Measurements of the Trp consumption rate
can be indicative of enzymes IDO and TDO activities and
therefore, the degree of cancer cell metastasis.11

In the last two decades, some analytical methods have been
developed for the determination of Trp.12–16 Because the
majority of these methods are mostly based on high perfor-
mance liquid chromatography (HPLC), uorometry, capillary
electrophoresis (CE) and chemiluminescence techniques and
are associated with some drawbacks, such as laborious, time
consuming and costly procedures,17–24 the development of fast,
selective and cost-effective tools such as sensors/biosensors
appears to be more in favor of basic and clinical studies.
Biosensors represent simplicity, low expense, and possibility of
miniaturization.

Of the various biosensors used in bioprocess monitoring,
electrochemical biosensors, particularly potentiometric strip-
ping analysis (PSA)-based sensors/biosensors in contrast to
voltammetry methods, usually represent lower background
This journal is © The Royal Society of Chemistry 2016
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interferences that arise from the complex nature of biological
media.25–27

Aptamer (Apt)-based electrochemical biosensors (the so-called
aptasensors) have recently shown great promise for the selective
and sensitive detection of biological targets. Aptamers,28,29 which
are synthetic DNA or RNA sequences, compared to antibodies
(Abs) and other bio-recognition elements (e.g., peptides) have
shown comparable affinity but higher stability in bio-analytical
assays.30–32

In this study, we demonstrate the development of ultra-
sensitive and label free aptasensor for the rapid screening of Trp
in biological samples and for the quantitative analysis of Trp
consumption rate as a prognostic marker of metastasis in
a number of cancer cell lines.

Materials and methods
Chemicals

Trp-specic RNA Apt (Trp-Apt) with sequence of
50GGGAUCCUAAGCGACGAAGUUGAGGACCGGUACGGCCGCC-
ACUCAGUAUCUACGCAUCGGA30, which was previously re-
ported by Majerfeld et al.33 through systematic evolution of
ligands by exponential enrichment (SELEX), was purchased
from Bioneer Co., (Daejeon, Republic of Korea).

Trp, K4[Fe(CN)6], K3[Fe(CN)6], K2HPO4, KH2PO4, and tri-
chloroacetic acid (TCA) were purchased from Merck Co.,
(Darmstadt, Germany). Ascorbic acid (AA), uric acid (UA),
dopamine (DA), glucose, bovine serum albumin (BSA), tris(2,20-
bipyridine)ruthenium(II), amino acids for interference study,
ethidium bromide (EthBr) for aptamer staining and carboxyl-
ated multiwall carbon nanotube (purity > 80%, average diam-
eter 9.5 nm, length � 1.5 mm, COOH content > 8.00 wt%) were
obtained from Sigma-Aldrich (Tauirchen, Germany). Diethyl-
pyrocarbonate (DEPC) water, used for preparation of aptamer
solution, was prepared from Sinagen Co. (Tehran, Iran). The
human cell lines (HepG2, 1321NI, Calu-6, NCI-H1299 and
HT29) were obtained from Pasture Institute (Tehran, Iran).
DMEM (Dulbecco's modied Eagle's medium) media compo-
nent was purchased from Gibco (Invitrogen, Thermo Fisher
Scientic, Erembodegem, Belgium). All chemicals were of
analytical grade and used as received without any further
purication. All solutions were prepared using deionized water
(DI-water).

Apparatus

All electrochemical analysis was performed on an AutoLab
PGSTAT30 Potentiostat/Galvanostat (Eco-Chemie, Utrecht;
Netherland) using the GPES 4.7 soware. A bare gold electrode
(f ¼ 3 mm Metrohm Co., Schiedam, Netherlands) as the
working electrode, a platinum wire as the counter electrode and
Hg2Cl2/Hg (3 M KCl) as the reference electrode were utilized in
the conventional three-electrode system.

Preparation of MWCNT-modied Au electrode

Gold electrodes (AuE) were successively polished by slurry
alumina (0.05, 0.3 and 1.0 mm) and then by a polishing cloth for
This journal is © The Royal Society of Chemistry 2016
2 min. Aerwards, the electrode was rinsed with DI-water and
cleaned ultrasonically in a 1 : 1 mixture of ethanol : distilled
water for 5 min. Following this step, the electrodes were
immersed in piranha solution (3 : 1, sulphuric acid : hydrogen
peroxide) for 10 min and then rinsed through a mixture of
ethanol and DI-water (1 : 1 v/v) for the removal of residual
particles from the electrodes surface.

In order to prepare carboxylated-multiwall carbon nanotube
(MWCNT)-modied AuE (MWCNT-AuE), 5.0 mg of MWCNT was
dispersed into 5.0 mL of DI-water and homogenized by Sono-
puls HD 3200 (Bandelin Electronic, Berlin, Germany) for
10 min. A homogenous suspension of MWCNT was obtained at
a power level of 25 W. Finally, six mL of the MWCNT suspension
(1 mg mL�1) was placed onto the cleaned electrodes uniformly
and the solvent was allowed to be evaporated at 60 �C. This
process was repeated twice to obtain a stable and uniform layer
of MWCNT on the electrodes.

Deposition of Trp-specic Apt on the MWCNT-AuE (Apt–
MWCNT-AuE)

Aptamer solution (1 mM) was prepared by adding lyophilized
Apt into 1% DEPC solution in a micro tube container. Five mL of
the prepared Apt solution was placed on MWCNT-AuE and
dried at 60 �C for 30 min. In order to block the non-specic
adsorption, the prepared electrodes were immersed in 1% BSA
solution for 1 h, dried at 40 �C for 3 h, and nally stored at cool
(8 �C) and dry place. In order to obtain stable and reproducible
results, before each measurement with Apt–MWCNT-AuE, it
was immersed in phosphate buffer solution (PBS, 0.01 M, pH
7.0) at 60 �C for 15 min. Scheme 1 represents the process of
electrode preparation as well as electrochemical reactions being
proposed mechanistically.

Fluorescence staining of deposited Apt on Apt–MWCNT-AuE

Ethidium bromide (EtBr), the small molecule intercalating the
uorescent dye that can stain single stranded ribonucleic acid
(RNA) or deoxyribonucleic acid (DNA), was used for staining
single Apt molecules deposited on MWCNT-AuE. Aer staining,
Apt–MWCNT-AuE was washed with a PBS solution then visual-
ized under UV light irradiation (254 nm) using UV cabinet (Taba
Teb Co, Tehran, Iran).

Cancer cell culture and Trp rate determination

The human cancer cell lines were cultured in 6-well plates
supplemented with DMEM containing 10% FBS, penicillin G
(100 U mL�1) and streptomycin (100 mg mL�1) at 37 �C and 5%
CO2. The seeding density was 1.0 � 105 cells per well. Using
Apt–MWCNT-AuE, the pattern of Trp consumption was studied
through the sampling of supernatants analyzed immediately,
and 1, 2 and 3 days of post-culture.

Conducting CC-PSA for determination of Trp

All electrochemical measurements were carried out in ambient
conditions: 25 �C and relative humidity of 40%. A series of Trp
solutions with standard concentrations ranging from 0.0 to
Anal. Methods, 2016, 8, 7910–7919 | 7911



Scheme 1 (A) Preparation of Apt–MWCNT-AuE (aptasensor). (B) Proposed electrochemical reactions at the surface of the developed Trp
aptasensor. Tryptophan: 2-amino-3-(1H-indol-3-yl)propanoic acid, Ox1: 2-amino-3-(indolenine-3-ylene)propionic acid, Ox2: 2-amino-3-(3-
hydroxy-indolenine-3-yl)propionic acid, red1: 2-amino-3-(3-hydroxy-1H-indoline-3-yl)propionic acid, Ox3: 2-amino-3-(3-hydroxy,2-oxo-1H-
indoline-3-yl)propionic acid.
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300.0 mM was prepared in PBS (0.01 M, pH 7.0). For the
completion of the folding process, Apt–MWCNT-AuEs were
introduced to standard Trp solutions for 5 min and then
analyzed by CC-PSA. The conditions in which CC-PSA
measurements were performed included applying �0.2 V of
conditional potential (Ec) for 10 s as a pre-treatment step and
then recording the electrochemical signals in the range of 0.0 to
+0.9 (V), obtained by applying a constant current (is) of +5 mA.

Analysis of Trp in biological/clinical samples

The potential basic and clinical applicability of the developed
aptasensor was tested for the determination Trp in cow's milk
as well as human urine, saliva and blood serum samples ob-
tained from healthy volunteers. The results of the aptasensor
were compared with those of high performance liquid
7912 | Anal. Methods, 2016, 8, 7910–7919
chromatography (HPLC) analysis. The samples were diluted by
0.01M PBS (pH 7.0) before analysis; urine andmilk were diluted
10-fold, whereas saliva and blood serum samples were diluted
2-fold.

HPLC analysis

HPLC analyses were carried out according to the previously
published method34 using an Agilent 1100 system equipped
with a uorescence detector (Santa Clara, CA, United States).
The chromatographic column used was Megres C18 (250 mm,
4.6 mm, 5 mm), Hanbon Sci. Tech. Co. (Jiangsu, China). The
uorescence signals were recorded at the optimal excitation (ex)
and emission (em) wavelength of Trp (ex: 285 nm, em: 353 nm).
In the sample preparation for the determination of free Trp
before HPLC analyses, proteins in real samples (blood serum,
This journal is © The Royal Society of Chemistry 2016
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milk, and urine) were precipitated by the addition of 30%
HClO4. The samples then were vortexed for 10 s and centrifuged
at 12 000g for 10 min. Saliva (one sample per each person)
was collected into a beaker for 5 minutes during the day
(10:00–11:00) and the saliva (0.1 mL) sample was mixed with
0.1 mL of 10% TCA. Aer centrifugation for 5 minutes at
21 000g at 4 �C, the deproteinized supernatant was collected
and stored at �30 �C.43 Subsequently, 10 mL of the supernatant
was injected into the column, which was eluted with methanol–
acetonitrile (1 : 1 v/v) with a ow rate of 0.8 mL min�1 at 25 �C.
Live subject statement

The authors state that all experiments were performed in
compliance with the relevant laws and institutional guideline of
National Committee of Ethics for Biomedical Research in
Iranian Ministry of Health and Education. The authors also
state that informed consent was obtained for any experimen-
tation with human subjects and Committee of Ethics in Tabriz
University of Medical Sciences, Iran, approved the experiments
is committed to the protection and safety of human subjects
involved in research.
Fig. 1 CV analyses of (a) the bare AuE, (b) MWCNT-AuE, and (c) Apt–
MWCNT-AuE obtained in the (A) absence and (B and C) presence of
Trp, immediately after the addition of 100 mM Trp (B), and 5 min after
post incubation with the Trp solution (100 mM) (C) at the scan rate of
0.1 V s�1.
Results and discussion
Characterization of the prepared electrodes

Cyclic voltammetry (CV) analysis. In the presence of Trp, the
electro-catalytic characteristics of bare AuE, MWCNT-AuE, and
Apt–MWCNT-AuE were identied by CV analyses at potentials
lower than 1.0 V. Potentials greater than 1.0 V had destructive
impacts on the secondary structure of the Aptmolecules,35,36which
is due mainly to the oxidation of guanine bases in the Apt
structure.

Using the MWCNT-AuE, oxidation and reduction peaks of
Trp were more clearly observed at 0.75 and 0.13 V, respectively
(Fig. 1, panel (B), curve (b)). In the second CV scan, a couple of
new oxidation peaks, corresponding to the oxidation of reduced
byproducts produced in the rst scan, appeared at 0.27 and
0.46 V, which were undetectable using bare AuE.

Fig. 1 (panels (A–C)) represents the CV spectra of the bare
AuE, MWCNT-AuE and Apt–MWCNT-AuE in the presence
(100 mM) and absence of Trp. As shown in Fig. 1 (panel (A)), the
bare AuE, MWCNT-AuE Apt–MWCNT-AuE represented no
signicant electrochemical activity in the absence of Trp when
added into the media; Trp could produce a faint signal using
the bare AuE at the potential of 0.8 V (Fig. 1, panel (B), curve (a)).

It appears that Trp rst is oxidized to Ox1 (2-amino-3-(indo-
lenine-3-ylene)propionic acid) that can easily react with H2O
molecules to produce Ox2 (2-amino-3-(3-hydroxy-indolenine-3-
yl)propionic acid)—highlighted in Scheme 1 (panel (B)). In the
next step, Ox2 is reduced to red1 (2-amino-3-(3-hydroxy-1H-
indoline-3-yl)propionic acid), following the rst CV cycle.
Subsequently, the produced red1 is oxidized to Ox2 and Ox3
(2-amino-3-(3-hydroxy,2-oxo-1H-indoline-3-yl)propionic acid)37,38

in the second CV cycle.
However, modication withMWCNT led to the amplication

and resolution enhancement of the electrochemical peaks.
This journal is © The Royal Society of Chemistry 2016
Using Apt–MWCNT-AuE, Trp oxidation and reduction peaks
were observed at 0.80 V and 0.09 V (Fig. 1, panel (B), curve (c)); in
the second CV scan, reduction peaks of byproducts formed at
the rst scan appeared at 0.13 V and 0.41 V.

Apt–MWCNT-AuE represented signicant enhancement in
the Trp oxidation peak when incubated with Trp for 5 min
(Fig. 1, panel (C), curve (b)). It appears that the folding of Apt
molecules deposited could concentrate Trp in close proximity
with MWCNT at the electrode surface. In contrast, the signals
from MWCNT-AuE were higher than that of Apt–MWCNT-AuE
when a 5 min folding time was not allocated to Apt–MWCNT-
AuE. Therefore, the dielectric effect of Apt molecules present on
the electrode reduced the conductivity (Fig. 1, panel (C), curve
Anal. Methods, 2016, 8, 7910–7919 | 7913
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(c)), representing the crucial impact of folded Apt molecules in
the signals transduction and amplication.

CC-PSA study

As represented in Fig. 2 (panel (A), curve (b)), CC-PSA signals of
Trp oxidation are efficiently enhanced by MWCNT. In addition,
unspecic signals from tyrosine oxidation are amplied using
MWCNT and can interfere with the detection of Trp. Therefore,
Apt–MWCNT-AuE was used for the analysis of Trp. This elec-
trode sensed very faint signals of Trp oxidation when immersed
in a Trp solution for 10 seconds and immediately analyzed
without applying the incubation time (Fig. 2, panel (A), curve
(c)). Interestingly, when incubated with Trp for 5 min, this
electrode could detect the amplied signals of Trp oxidation at
+0.74 V (Fig. 2, panel (B), curve (c)).

All this evidence demonstrates that Trp Apt molecules at the
electrode surface can capture the Trp molecules, leading to the
enhancement of the Trp signals. Altogether, Apt–MWCNT-AuE,
beneting from the outstanding electrical features of MWCNT
and efficient pre-concentrating effects of Apt molecules, shows
superiority to the MWCNT-AuE.

Determination of the surface area of the electrodes

The active surface area of the electrode usually increases with
deposition of nanoparticles (NPs) on the electrode surface.
Fig. 2 CC-PSA results of Trp 10 (mM) analysis (A) immediately and (B)
5 min post incubation with Trp. These analyses were performed by (a)
bare AuE, (b) MWCNT-AuE, and (c) Apt–MWCNT-AuE.

7914 | Anal. Methods, 2016, 8, 7910–7919
Since the active sites available for the electrochemical reac-
tion(s) can signicantly increase with increasing active surface
area of the modied electrodes, electrochemical signals are
amplied effectively. As shown in Fig. S1 (see ESI†), the calcu-
lated values for the real surface area of AuE, MWCNT-AuE and
Apt–MWCNT-AuE were found to be 0.103, 0.263 and 0.178 cm2.
These results conrm that themodication of the bare AuE with
MWCNT extends the active surface area signicantly.

Fluorescent stains

Fig. S2 (see ESI†) shows the uorescence staining of Trp
Apt molecules attached to the surface of MWCNT-AuE via
non-covalent interactions. Apt–MWCNT-AuE emitted orange
uorescence when stained with ethidium bromide (EtBr) and
then irradiated with ultraviolet (254 nm); however, bare AuE
and MWCNT-AuE were not stained with EtBr. These ndings
conrmed the successful deposition of Trp Apt molecules on
the electrode surface.

Study of pH and supporting electrolyte effect on CC-PSA
signals

The type and concentration of supporting electrolytes affect the
CC-PSA background signals. We achieved the best responsive-
ness of the electrode using PBS (0.01 M) at pH 7 (for details, see
Fig. S3, panels (A and B), see ESI†).

Effect of MWCNT content deposited on the electrodes

The amount of MWCNTs deposited on the surface had profound
effects on the intensity of CC-PSA signals recorded. The increase in
the content of MWCNTs (up to 12 mg) deposited showed a positive
correlation with the CC-PSA signals recorded; however, signal
saturation above 12 mg (for details, see Fig. S3, panel (C), see ESI†)
was observed. This indicates that free sites were no longer available
for the binding of MWCNTs to AuE. As a result, 12 mg of MWCNTs
was considered as an optimal mass of deposition on AuE.

CC-PSA parameters optimization

Conditional potential (Ec), conditioning time (tc) and stripping
current (is) of CC-PSA experiments were optimized in this study.
The results of optimizations are present in Fig. S4 (see ESI†).
Briey, the optimized conditions for CC-PSA experiments were
Ec ¼ �0.2 V, tc ¼ 10 s and is ¼ +5 mA.

Effect of Apt content deposited on the electrode

Main parameters affecting the performance of the
Apt–MWCNT-AuE were evaluated; for example, the optimal
density of Apt deposited on the electrode surface was studied by
CC-PSA. In the optimal density, the interference of Tyr in
detection of Trp should be minimum. To this end, the desig-
nated amount of Apt in the range of 0.0–10.0 picomole was
deposited on MWCNT-AuE and the CC-PSA signals were recor-
ded in the presence of 10 mM Trp and 30 mM Tyr.

The maximum Trp and minimum Tyr signals were obtained
from an electrode on which 5 picomole of Apt had been
deposited (Fig. 3 (panels (A and B))); therefore, ve picomole
This journal is © The Royal Society of Chemistry 2016
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was used as the optimal Apt content in experiments. At contents
above 5 picomole, a decrease in the Trp CC-PSA signal was
observed (Fig. 3, panel (B)), whichmight be due to the reduction
of conductivity and saturation of the electrode surface.
Optimal time of Apt folding

To investigate whether incubation duration has an effect on the
folding of Apt molecules and thus the performance of the Trp
aptasensor, different incubation periods were tested. As shown
in Fig. 3 (panels (C and D)), the CC-PSA signals increased until
5 min post-incubation and became stable, indicating that the
majority of Apt molecules were completely folded by Trp
molecules and that all sites for interactions were occupied.

Aer a 5 min incubation period, the CC-PSA signals of Tyr
were not altered (Fig. 3, panel (D)), showing that Apt specically
targets Trp; therefore, a 5 min folding time was selected for the
next experiments (Fig. 3, panels (C and D)).
Analytical application of the Trp aptasensor

Calibration graph and limit of detection (LOD). Under
optimized conditions, the aptasensor responses increased
Fig. 3 (A) CC-PSA in the presence of 10 mM Trp and 30 mM Tyr (inset) usin
of CC-PSA for Trp (curve (a)) and Tyr (curve (b)) with different amounts o
and 30 mM Tyr (inset) molecules incubated at different periods. (D) Peak
incubation periods. The error bars represent the standard deviation for t

This journal is © The Royal Society of Chemistry 2016
linearly with increasing Trp concentrations in the ranges of
0.0001–10 and 10–300 mM. The LOD calculated from the cali-
bration graph (Fig. 4) was found to be 64 pM (S/N ¼ 3), which
was lower than those reported in the literature (summarized in
Table 1).

We carried out a set of electrochemical experiments using
differential pulse voltammetry (DPV), amperometry, and
CC-PSA techniques. The results showed that CC-PSA technique
has signicant superiority over other methods in terms of
sensitivity, selectivity, reproducibility, and limit of detection
(LOD) (Fig. S5, see ESI†).
Interference study

For real sample analyses, the effects of 18 different amino
acids ascorbic acid (AAs), uric acid (UA), dopamine DA,
glucose, and metal ions (e.g., copper, zinc) on the measure-
ment of Trp were evaluated in CC-PSA of the Trp aptasensor.
Furthermore, the addition of various interfering species,
especially Tyr, which is the main interfering substance
usually found in biological samples along with Trp, did not
result in any interference with the detection of Trp. Even a 25-
g various amounts of Trp-specific Apt molecules. (B) The peak intensity
f Trp-specific Apt molecules. (C) CC-PSA in the presence of 10 mM Trp
intensity of CC-PSA for Trp (curve (a)) and Tyr (curve (b)) with different
hree independent measurements.

Anal. Methods, 2016, 8, 7910–7919 | 7915



Fig. 4 (A) CC-PSA spectra for different concentrations of Trp
(0.00001 to 300 mM in 0.01 M PBS buffer pH 7.0) recorded using the
Apt–MWCNT-AuE (B) calibration curve of the analysis. The error bars
represent the standard deviation for three independent
measurements.
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fold excess of Tyr produced a very faint signal (less than 1% of
Trp signal), which can simply be ignored in Trp analysis
(Fig. 5, panel (A)). In addition, the presence of UA, AA, DA,
glucose and metal ions did not show any overlapping signals
Table 1 Comparison of the proposed method with previously published

Working electrode Modier LOD (nM)

GCE OD–AFMWCNT–r-AMT 0.54
ABPE Schiff's base chitosan 2
GCE AgNPs–GO 2.0
GCE HSA–MB–MWCNT 3.3
ABPE Schiff's base chitosan 2.0
GCE AuNPs–CNT 10
GCE MWCNT–FeNAZ–Chit 11
ITO AuNP–MWCNT 25
PGE ET 50
CPE ET 9.8
ABPE GR 60
SGE MWCNT 140
CPE DMBQ–MWCNT 5000
Au Apt–MWCNT 0.064

a ABPE: acetylene black paste electrode, AdSV: adsorptive stripping voltam
AgNPs: silver nanoparticles, AuNPs: gold nanoparticles, CA: chronoamp
electrode, DPV: differential pulse voltammetry, DMBQ: 2,6-dimethylb
natrolite zeolite, GCE: glassy carbon electrode, GO: graphene oxide, GR:
linear detection range, LOD: limit of detection, LSV: linear sweep voltam
acid poly(2-methyl aniline), OD: 1,8-octane diamine, r-AMT: 5-amino-2-m
electrode, SWV: square wave voltammetry.

7916 | Anal. Methods, 2016, 8, 7910–7919
in the detection of Trp (Fig. 5, panel (A)). Furthermore, Trp-
specic aptasensor were examined in Aminoven® 10% (a
solution for infusion) using DPV, CV and CC-PSA (see Fig. S6
and Table S1, see ESI†). CC-PSA showed good accuracy and no
interference of other AAs. In the voltammetry techniques,
organic substances may give rise to background currents that
can overlap the main peaks; however, CC-PSA technique is
rather less sensitive to interference from electro-active
substances present in complex media of biological samples.
In addition, the duration of the stripping step in CC-PSA
measurements is the physical parameter that can be
measured with higher accuracy, precision, and resolution
than the current, which is measured in voltammetry
methods.

Analysis of Trp in real biological samples

The CC-PSA approach was used for the analysis of Trp in the
diagnostic samples (Fig. 5, panel (B)). To this end, using the
developed aptasensor and standard addition method, we
analyzed the original content of Trp that exists in cow's milk
and human blood serum, urine, and saliva samples. The
engineered aptasensor could rapidly determine Trp concen-
trations in these samples with satisfactory accuracy and
precision. Fig. 5 (panel (B)) and Table 2 show, respectively,
the CC-PSA spectra and Trp concentration of milk, saliva,
urine, and blood serum samples varying in the range of
76.21–174.38 mM. The analyses were also revalidated by
HPLC (see Table 2 and Fig. S7, ESI†), showing good
agreement.

Trp consumption pattern in different cancer cell lines

CC-PSA approach was used for the analysis of Trp in different
cancer cell culture media. To this end, using the developed
electrochemical methods used for detection of Trpa

LDR (mM) Techniques Ref.

0.025–0.3 DPV 39
0.6–2, 2–40, 40–100 AdSV 25
0.01–800 DPV 40
0.01–0.1 CV 40
0.06–2, 2–40, 40–100 AdSV 25
0.03–2.5 CA 24
0.074–34 LSV 22
0.5–90 SWV 23
0.5–50 DPV 37
0.04–0.49 AdSV 26
0.1–100 LSV 41
0.2–2.5 DPV 21
0.1–700 SWV 42
0.0001–10, 10–300 CC-PSA This work

metry, AFMWCNT: acid functionalized multiwalled carbon nanotubes,
erometry, Chit: chitosan, CNT: carbon nanotube, CPE: carbon paste
enzoquinone, ET: electrochemically treated, FeNAZ: iron ion-doped
graphene, HSA: human serum albumin, ITO: indium tin oxide, LDR:
metry MB: methylene blue, NSPPMA: nanocomposite silica perchloric
ercapto-1,3,4-thiadiazole, PGE: pencil graphite electrode, SGE: sol–gel

This journal is © The Royal Society of Chemistry 2016



Fig. 5 (A) CC-PSA spectra of (a) PBS (0.01M, pH 7.0), (b) interfering agents
(i.e., 100.0 mM AA, 50 mMDA, 100 mMUA, and 250 mM Tyr) in the absence
of Trp, and (c) interfering agents in the presence of Trp (10 mM). (B) CC-PSA
spectra of Trp in (a) blood serum, (b) saliva, (c) milk, and (d) urine samples.
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aptasensor and standard addition method, we analysed the
original rate of Trp consumption in human tumour cell lines
including HepG2 (hepatocarcinoma), 1321NI (Astrocytoma),
Table 2 Analyses of Trp in different samples by the aptasensor and HPL

Sample HPLC [Trp], (mM) Added [Tr

Serum (1) 5.63 � 0.23 0
Serum (2) 10.54 � 0.18 20
Serum (3) 7.66 � 0.52 40
Milk (1) 50.43 � 0.61 0
Milk (2) 62.64 � 0.37 10
Milk (3) 57.55 � 0.44 30
Urine (1) 160.03 � 0.81 0
Urine (2) 154.86 � 0.64 5
Urine (3) 171.73 � 0.73 10
Saliva (1) 32.17 � 0.45 0
Saliva (2) 20.03 � 0.39 5
Saliva (3) 27.25 � 0.66 10

a HPLC: high-performance liquid chromatography.

This journal is © The Royal Society of Chemistry 2016
Calu-6 (lung carcinoma), NCI-H1299 (lung carcinoma), and
HT29 (colorectal carcinoma). The engineered Apt–MWCNT-AuE
(aptasensor) could determine the Trp concentrations in these
samples with satisfactory accuracy and precision. Fig. 6 shows
the concentration of Trp in the supernatants of the cancer cell
lines cultured during three days. In addition, Table 3 shows the
rate of Trp consumption by different cancer cell lines cultured
during 3 days.

Metastatic cancer cells increase their Trp consumption by
upregulating the enzymes5,6 involved in the production of
endogenous metabolites to evade the immune system and
expand their invasiveness. The application of the aptasensor
showed that HT29 cells, which have greater ability to migrate to
different sites to form micrometastases, and HepG2 cells
showing lower metastasis represented a higher and lower Trp
consumption rate, respectively.
Reproducibility, stability and regeneration of the Trp
aptasensor

Apt molecules on Apt–MWCNT-AuE could be regenerated
successfully aer each CC-PSA measurement, which is due to
the oxidation and degradation of Trp molecules in folded Apt
molecules. Hence, the aptasensor remained functional and
serviceable for the next Trp analysis. Mean relative standard
deviation (RSD) of this regeneration was found to be about
4.9% � 0.9%, representing an appropriate reproducibility for
5 measurements (see Fig. S8, see ESI†). Moreover, reproduc-
ibility of the aptasensor fabrication process was investigated
through an examination of Apt–MWCNT-AuE prepared inde-
pendently. The inter-assay precision was found to be less than
5%. The stability of aptasensor was evaluated by the coeffi-
cient variation percentage (CV%) determination during 100
days. The engineered aptasensor was extremely stable during
48 days post-fabrication with a CV% less than 5%. Aer
48 days, CV% of measurements was less than 10%. All data on
the reproducibility, stability and regeneration conrm the
reliability of fabrication method for engineering this
aptasensor.
C methoda

p], (mM)
Found by aptasensor
[Trp], (mM) R (%)

5.71 � 0.74 101.4
30.11 � 0.56 98.6
47.32 � 0.79 99.3
51.10 � 0.25 101.3
72.73 � 0.17 100.1
86.63 � 0.21 99.2

161.45 � 0.91 100.9
158.96 � 0.48 99.4
182.08 � 0.57 100.2
31.76 � 0.23 98.7
25.59 � 0.75 102.2
36.57 � 0.47 98.2

Anal. Methods, 2016, 8, 7910–7919 | 7917



Fig. 6 Tryptophan concentration in the supernatants of HepG2 (a), 1321NI (b), Calu-6 (c), NCI-H1299 (d), and HT29 (e) cells plated under the
conditions used for the cellular assay. The tryptophan concentration was measured by Apt–MWCNT-AuE.

Table 3 Analyses of Trp consumption in different cancer cell culture media samples by CC-PSA at Apt–MWCNT-AuE

Cell lines Day Cell count [Trp] (mM)
Trp consumption
(mM/24 h/106 cell)

HepG2 0 100 000 � 92 78.2 � 1.2 27.86 � 1.53
1 172 727 � 58 73.5 � 0.9
2 298 347 � 169 68.4 � 2.4
3 515 327 � 207 57.3 � 1.6

1321NI 0 100 000 � 73 77.9 � 2.1 34.82 � 2.18
1 196 000 � 112 71.9 � 1.8
2 384 160 � 187 61.8 � 2.3
3 752 954 � 157 45.2 � 2.5

Calu-6 0 100 000 � 86 77.8 � 1.6 57.49 � 2.54
1 180 000 � 142 69.5 � 1.4
2 324 000 � 115 51.7 � 1.7
3 583 200 � 263 33.2 � 1.6

NCI-H1299 0 100 000 � 101 78.0 � 1.5 65.07 � 2.85
1 209 091 � 223 63.4 � 1.4
2 437 190 � 298 41.3 � 0.6
3 914 125 � 396 19.7 � 1.1

HT29 0 100 000 � 68 78.9 � 1.3 91.95 � 1.88
1 223 077 � 126 51.5 � 2.2
2 497 633 � 179 22.8 � 1.1
3 1 110 105 � 342 1.7 � 0.1

Analytical Methods Paper
Conclusion

L-Tryptophan is an essential amino acid that plays unique
actions in human biologic systems, in which the key interme-
diates are produced in metabolic pathways. Trp determination
by a rapid, highly selective, and ultra-sensitive technique such
as using biosensors can be of assistance in numerous clinical
studies, particularly for the treatment and early diagnosis of
7918 | Anal. Methods, 2016, 8, 7910–7919
neurological disorders and malignancies. Considering the
importance of sensors/biosensors in the detection of clinically
important molecular markers, we developed an aptasensor
based on the non-covalent attachment of MWCNT and Trp Apt
molecules, which could detect ultra-small quantities of Trp in
human diagnostic samples. The interference of tyrosine that
can signicantly affect the accuracy, sensitivity, and selectivity
of Trp determination was reduced considerably by applying Apt
This journal is © The Royal Society of Chemistry 2016
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molecules and CC-PSA technique. The engineered aptasensor
could provide highly improved LOD and broad LDR. Further-
more, it was evident that non-covalent attachment-based apta-
sensor not only could produce accurate and reproducible results
but could also improve the LOD and LDR values signicantly.
Overall, based on the great potential of this Trp aptasensor, we
suggest it as a robust bio-sensing tool for the quantitative
detection of Trp whose fast and accurate detection is of great
interest in the study of several neurological/psychological
disorders and malignancies.
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