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1. Introduction

The development of new diagnosis systems capable of improv-
ing cell detection as well as activity monitoring is a relevant
topic in medicine, mainly for clinical diagnostics, toxicity moni-
toring, and life-science research.[1] In particular, the accurate
qualitative detection of cells represents a critical step in cancer
diagnosis. The development of efficient sensor systems may
improve the early detection of circulating tumor cells, which
has been shown to be a key mechanism related to the devel-
opment of metastasis.[2] Several techniques for the detection of
cancer cells have been developed, including flow cytometry
and polymerase chain reaction (PCR) analyses.[2, 3] A disadvant-
age, however, is that these methods are expensive or need ad-
vanced instrumentation. Flow cytometers are sophisticated in-
struments that require highly trained operators. Moreover, the
cost of sheath fluid, fluorophores, replacement parts, and anal-
ysis software also contribute to the high costs regarding flow
cytometry analyses.

Electrochemical sensors have attracted attention because of
their simplicity and rapid response.[4] For example, Feng
et al.[3a] developed an aptamer/graphene-based electrochemi-
cal sensor for the detection of cancer cells. The authors used
a DNA aptamer with high binding affinity to nucleolin, which
is overexpressed in the plasma membrane of tumor cells. Liu

et al.[5] proposed a cancer-cell sensor by using folic acid mole-
cules immobilized on the electrode surface as the outmost
layer to selectively recognize folic receptor-enriched HeLa cells.
To produce sensors with a high affinity for specific cancer cells,
Moscovici et al.[6] and Maltez-da Costa et al.[7] immobilized
EpCAM antibodies, which are overexpressed in a variety of
tumor cells, to detect prostate cancer cells and circulating
tumor cells, respectively.

One important characteristic that has been discussed in the
literature is the anomalous glycosylation of human cancers
cells.[8] Recent studies indicate that some, if not all, aberrant
glycosylation is a result of initial oncogenic transformation,
and it has been suggested as a key event in the induction of
invasion and metastasis.[8a, 9] The early detection of this glycosy-
lation process, or even its monitoring, could be an important
way to increase the chances of success in the treatment of
cancer. Consequently, as lectins bind mono- and oligosacchar-
ides reversibly with high specificity,[10] these proteins may be
good candidates for glycosylation detection in cells.

Jacalin is a galactose-specific lectin from the seeds of jack-
fruit (Artocarpus integrifolia), which has a tetrameric form with
a weight of 66000 Da at neutral pH.[10, 11] This protein has been
shown to be highly promising for biomedical applications, be-
cause of its ability to specifically recognize tumor-associated T-
antigenic disaccharide Galb1-3GalNAc[11, 12] overexpressed in
most of human carcinomas.[9, 13] Recently, our group has report-
ed the development of jacalin-conjugated gold nanoparticles
as specific markers for leukemia cells.[14]

Few papers in the literature have used lectin as a selective
layer for cancer-cell detection. Recently, a lectin-based biosen-
sor was developed by Zhang et al.[15] for detection of cancer
cells, using concanavalin A and Sambucus nigra agglutinin,
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The possibility of early cancer diagnosis has inspired the devel-
opment of electrochemical systems that could improve both
cell detection and activity monitoring, especially for circulating
tumor cells. In this study, we propose an impedimetric leuke-
mia sensor based on the use of immobilized jacalin, which is
a lectin overexpressed in most types of human cancers. The
biosensor is prepared through the chemical adsorption of (3-
aminopropil)trimetoxisilano on indium tin oxide electrodes, fol-
lowed by immersion in a jacalin solution. The performance of

the jacalin-modified electrodes toward monocytic leukemic
cells, THP-1, and myeloblastic leukemic cells, OCI-AMI3, was in-
vestigated through electrochemical impedance spectroscopy.
Our results revealed that, upon using the jacalin biorecognition
layer, the sensors were able to differentiate leukemic cells from
healthy monocyte cells, even at low percentage ranges, with
limits of detection of 4�1 cells mL�1 for OCI-AMI3 and 3�
1 cells mL�1 for THP-1.
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which are specific for mannose and sialic acid, respectively. The
authors showed that mannose exhibited high expression levels
in both normal and cancer cells, whereas sialic acid was more
abundant in cancer cells compared to normal controls.[15]

In this study, we developed an impedimetric leukemia bio-
sensor based on jacalin as a selective biorecognition layer to
identify leukemic cells. We show that the use of a lectin layer
is an efficient alternative for cancer-cell sensor fabrication, im-
proving selectivity towards the detection of cancer cells and/or
circulating tumor cells.

2. Results and Discussion

Leukemia represents a type of cancer, for which early diagnosis
is not straightforward,[16] which is mainly attributed to the
complex variety of cells and metabolites contained in human
fluid samples. As a strategy to improve the efficiency of leuke-
mia-cell sensors, several studies have focused on the ability of
glycan molecules to detect specific cancer cells.[17] Here, jacalin
has been applied as a selective biorecognition layer for the de-
tection of circulating tumor cells in blood fluids.

Electrochemical impedance spectroscopy (EIS) and atomic
force microscopy (AFM) were used to evaluate the functionali-
zation of the electrodes. Figure 1 A displays the Nyquist plots
of the (3-aminopropil)trimetoxisilano (APTS)-functionalized
indium tin oxide (ITO) electrodes (ITO-NH2) after incubation
with jacalin (ITO-NH2-jacalin) for 12 h at 4 8C. The zeta potential

of jacalin at pH 7.4 was estimated to be + 2.28 mV and, for this
reason, the interaction of jacalin with APTS probably occurred
through hydrogen bonds instead of electrostatic interactions.
The latter was also observed in our previous study regarding
the conjugation of jacalin with polyamidoamine dendrimer-
coated gold nanoparticles.[14]

To verify whether the protein maintained its sugar-binding
activity and to show that jacalin is selective towards sugar
binding, the ITO-NH2-jacalin electrode was immersed into a
d-galactose solution and EIS measurements were performed in
the absence and presence of d-galactose, as shown in Fig-
ure 1 A (ITO-NH2-jacalin +d-gal).

EIS results, as shown in Figure 1 A, revealed that the modifi-
cation of the ITO-NH2 with jacalin increased the charge-transfer
resistance from DRCT = 596�20 W for ITO-NH2 electrode to
2070�14 W for the ITO-NH2-jacalin electrode, an increase of
1474 W in the charge resistance, which is approximately 3.5
times the resistance, indicating that the lectin was efficiently
immobilized on the modified electrode.

The morphologies of the modified electrodes, ITO-NH2 and
ITO-NH2-jacalin, were evaluated using AFM. Figure 1 B revealed
an increase in the roughness values of the ITO-NH2-jacalin elec-
trode (continuous, red line) in comparison to ITO-NH2 electro-
des (dashed black line). The surface morphologies of ITO-NH2

and ITO-NH2-jacalin electrodes are shown in Figures 1 C and
Figure 1 D, respectively. From Figure 1 D, we can see that jaca-
lin molecules were distributed uniformly on the ITO-NH2 sur-

Figure 1. A) Nyquist plots obtained from EIS measurements when using modified electrodes after each modification process: aminosilane functionalization
(ITO-NH2), jacalin adsorption (ITO-NH2-jacalin), and detection of d-galactose by using jacalin-modified electrodes. AC perturbation voltage of 0.01 V in the fre-
quency range from 0.1 Hz to 10 kHz and in a buffer solution (PBS, pH 7.4) containing 4 mm [Fe(CN)6]3�/4�. B) AFM roughness profile of the ITO-NH2 electrode
(dashed black line) and ITO-NH2-jacalin electrode (continuous red line), acquired from the AFM images shown. AFM topography of C) the ITO-NH2 electrode
and D) the ITO-NH2-jacalin electrode. AFM operating in tapping mode and recorded in air.
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face. These AFM analyses corroborated the EIS measurements,
confirming jacalin immobilization onto ITO-NH2 electrodes.

The maintenance of the sugar-binding activity of jacalin is
one of the most important features after the adsorption pro-
cess, which may indicate the success of the biosensor in
cancer-cell detection. From Figure 1 A, it could be observed
that the ITO-NH2-jacalin electrodes—containing immobilized
jacalin—were able to detect d-galactose after only 15 min of
incubation, indicating that the binding activity of the jacalin
molecule has not been affected by immobilization.

The metastatic process of circulating tumor cells (CTCs) has
been reported to be driven by certain carbohydrate residues
presenting in the cells, which allows for specific interaction
with other cells.[17a] The use of ITO-NH2-jacalin electrodes may
be advantageous in detecting CTCs, as the jacalin bioreceptor
layer can specifically interact with such carbohydrate residues,
promoting fast detection with lower detection limits.

THP-1 and OCI-AMI3 leukemic cell lines were chosen as
a CTC model to be used in the detection tests with EIS meas-
urements. Healthy monocyte (MN) cells have also been used
for comparison. Figure 2 depicts a schematic representation of
the detection of leukemic cells when using the ITO-NH2-jacalin
biosensors.

The detection ability of jacalin-modified electrodes was re-
vealed through EIS experiments, as shown in Figure 3. Accord-
ing to Figure 3 B, for 1 � 102 OCI-AMI3 cells, DRCT = 1611�33 W,
whereas for 1 � 103 OCI-AMI3 cells, DRCT = 2354�29 W, and for
1 � 105 OCI-AMI3 cells, DRCT = 3223�37 W, representing an in-
crease of 4.7, 4.1, and 4.2 times the charge-transfer resistance
for the electrode in the absence of cancer cells, respectively.
The same was observed for THP-1 leukemic cells. From Nyquist
plots of Figure 3 C, it is possible to observe an increase in the
charge-transfer resistances of 5.5, 4.9, and 4.6 times for 1 � 102,
1 � 103, and 1 � 105 cells, respectively. Although normal MN cells
have also been detected at different concentrations (Fig-
ure 3 A), the difference in the charge-transfer resistance was
not significantly higher compared to OCI-AMI3 and THP-1 leu-
kemia cells under the same conditions. The latter is related to
the ability of the sensors to specifically bind to sugar mole-
cules overexpressed in the leukemia cells in comparison to
nonspecific interactions with healthy MN cells. The variations
in the DRCT values are summarized in Table 1.

The EIS analyses presented in Figure 3 revealed that the im-
pedance increased with increasing cell concentration, resulting
in a linear relationship between RCT and the logarithmic of cell
concentrations in the range of 1 � 102–1 � 106 cells mL�1. The
latter allowed us to estimate the limit of detection (LOD) of
the modified electrodes, which was 4�1 cells mL�1 for OCI-
AMI3 and 3�1 cells mL�1 for THP-1, with correlation coeffi-
cients (R) of 0.9617 for OCI-AMI 3 and 0.9882 for THP-1 cells.
The LOD for MN cells was also estimated as 16�3 cells mL�1

with R = 0.9182, according to the LOD calculated from the 3 a/
b ratio, where a is the standard deviation calculated from ten
blank samples and b refers to the slope of the calibration
curve. The performance of our biosensor was better in terms
of LOD in comparison to some related biosensors in the litera-
ture. For example, a LOD of 10 cells mL�1 was found by Chen,
using a glassy carbon electrode modified with graphene and
concanavalin A.[18] The LOD for DU145 cells detection when
using concanavalin A as a selective layer was found to be
125 cells per sensor[6] and 50 cells mL�1 for K562 cells.[19]

Also, it is important to mention that ITO-NH2-jacalin biosen-
sors were able to detect 12�3 and 8�2 cells mL�1 for OCI-
AMP3 and THP-1, respectively, according to the limit of quan-
tification calculated by the 10 a/b ratio. The low quantification
limit exhibited by our sensor systems implies that smaller
amounts of cells are needed for diagnosis. This may represent
an advantage, especially for early diagnosis, as flow cytometry
methods require approximately 1 � 105 cells mL�1 for diagnosis.
Flow cytometry is the standard technique used to distinguish
between healthy and cancer cells in routine analyses. Usually,
patients suffering from leukemia present more than
15 000 cells mm�3, and thousands of millions of cells are ob-
tained from tissue biopsies.[7a, 20]

Figure 2. Schematic representation of the detection of leukemic cells when using the ITO-NH2-jacalin biosensors. Images not to scale.

Table 1. Variation of DRCT values calculated from the Nyquist plots col-
lected after incubating the ITO-NH2-jacalin electrodes in healthy MN, THP-
1, and OCI-AMI3 cell lines at different concentrations.

Concentration DRCT [W]
[cells mL�1] MN THP-1 OCI-AMI3

1 � 102 345�17 1939�25 1611�33
1 � 103 577�36 2908�36 2354�29
1 � 105 775�24 3638�41 3223�37
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Few studies have used lectins as selective layers for cancer
detection. Concanavalin A is the most popular molecule used
for this purpose. For example, concanavalin A has been func-
tionalized with carbon nanotubes and used for the recognition

of specific cancer cells. The electrodes exhibited a linear re-
sponse from 1 � 104 to 1 � 107 cells mL�1 with a LOD of 50 for
individual K562 cells. However, healthy cells have not been
tested to check the selectivity and sensitivity of the sensor.[19]

A number of other biosensors for cancer-cell detection
based on different materials as the biorecognition layer have
been reported. In many cases, the use of nanomaterials has
been reported as an efficient strategy to improve cancer-cell
detection. For example, Feng et al.[3a] developed a graphene-
functionalized electrochemical aptasensor for cancer-cell detec-
tion. The authors observed a significant increase in the signal
upon incubation with cancer cells. This behavior was also re-
ported by Ivanov et al.[21] in the detection of circulating cancer
cells by using a chip-based nanostructured sensor. Our results
are comparable to those in the latter reports, in which aptam-
ers or RNA sequences have been used; however, the easy and
low-cost extraction of jacalin represents an advantage for pro-
ducing disposable modified electrodes for CTC detection.

To test the selectivity of the ITO-NH2-jacalin biosensors, de-
tection measurements were performed in mixtures containing
only 10 % leukemia cells (THP-1 and OCI-AMI3) and 90 % of
healthy MNs, with a total concentration of 103 cells mL�1.
Figure 4 shows the Nyquist plots (Figure 4 a) and the DRCT his-
togram (Figure 4 b) obtained through EIS measurements.

As observed in Figure 4, the ITO-NH2-jacalin biosensor was
able to detect leukemic THP-1 and OCI-AMI3 cells from a solu-
tion mixture. As shown in Figure 4 B, the changes in the
charge-transfer resistance were DRCT = 384�36 W for 100 % of
MN cells, 1573�28 W for 100 % THP-1 cells, and 1025�46 W

for 10 % THP + 90 % MN cells. Based upon the latter results, it
is possible to infer that THP-1 exhibited a higher affinity for
the jacalin-modified electrodes compared to the healthy MN
cells. This is related to the higher number of sugar molecules
present in the THP-1 cell surface.

To verify the applicability of the jacalin-modified electrodes
in real samples, two samples containing leukocytes cells col-
lected from leukemia-diagnosed patients (P1 and P2) were
centrifuged and re-suspended in pH 7.4 phosphate-buffered
saline (PBS) solution containing 102, 103, and 105 cells mL�1 for
detection experiments. The variation of DRCT provided by the
Nyquist plots for independent modified electrodes incubated
with the patient’s cells and their mixtures at a ratio of 90 % of
healthy MNs are shown in Figure 5.

Figure 5 revealed that the ITO-NH2-jacalin biosensors can
detect leukemic cells from real samples, even in the presence
of healthy MN cells. For P1, an increase in the electrode resist-
ance was observed. The resistance varied from DRCT = 202�
19 W for 100 % of healthy MN cells to DRCT = 441�45 W for
100 % leukemic sample from patient P1. A similar behavior was
observed for P2 cells, but with less difference in the resistance
compared with the MN cells. To analyze the real samples,
some points should be taken into account. Although the real
simples had a pretreatment, these samples have more biomol-
ecules than leukemic cells, for example, antibodies or proteins
from the total blood. Moreover, these patients were detected
to have leukemia, and it is unknown if the leukemia is from
THP-1 or OCI-AMI3 cells, or another kind of leukemic cell such

Figure 3. Nyquist plots collected after incubating the ITO-NH2-jacalin electro-
des in A) OCI-AMI3, B) THP-1, and C) MN cell lines at different concentrations
(102, 103, and 105 cells mL�1). Before each EIS measurement, the modified
electrodes were incubated for 15 min to interact with each cell line. AC per-
turbation voltage of 0.01 V in the frequency range from 0.1 Hz to 10 kHz in
a buffer solution (PBS, pH 7.4) containing 4 mm [Fe(CN)6]3�/4�.
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as K562 or NB4 leukemic cells. The number of cells, that is, the
concentration of the leukemic cells in the blood, depends on
the stage of the disease. It is important to emphasize that, de-
spite the fact that our biosensor was able to detect leukemic
cancer cells, specific and conventional techniques including
flow cytometry or PCR should be applicable for a more de-
tailed investigation/confirmation.

3. Conclusions

We developed a jacalin-modified biosensor with a high poten-
tial for application in the detection of leukemic and circulating
tumor cells. As a key innovation, our system comprised a jaca-
lin-based biorecognition layer, which was able to detect and
differentiate between leukemic and healthy cells. The results
show that, for THP-1 and OCI-AMI3 leukemic cells, the resist-
ance values obtained in the EIS experiments were at least five

times higher than those in healthy MN cells. The LOD of our
biosensor was 4�1 cells mL�1 for OCI-AMI3 and 3�
1 cells mL�1 for THP-1, with quantification limits of 12�3 and
8�2 cell mL�1 cancer cells, respectively. These values revealed
the high performance and ability of the ITO-NH2-jacalin biosen-
sor to differentiate normal from cancer cells, even at low con-
centrations and in real blood samples. Therefore, this sensor
may represent a simple, alternative method for leukemic cell
detection and/or their activity monitoring as circulating tumor
cells.

Experimental Section

Materials

All solutions were prepared with Milli-Q water (18 MW cm�1) from
a Millipore system and all reagents were used as received. d-Galac-
tose and APTS were acquired from Sigma–Aldrich. Buffer solutions
were prepared by using potassium phosphate monobasic, sodium
phosphate dibasic, and sodium chloride from Sigma–Aldrich.

Jacalin was obtained from the crude extract derived from seeds of
Artocarpus integrifolia (jackfruit) and purified through affinity chro-
matography (Sepharose d-galactose-immobilized resin) and molec-
ular exclusion chromatography, according to methods described in
the literature.[14, 22]

Biosensor Fabrication

ITO electrodes with a resistance of 8–12 W (Delta Technologies,
Loveland, CO, USA) were washed in acetone, isopropyl alcohol,
ethanol, and Milli-Q water for 5 min in each solution by using an
ultrasonic bath to remove impurities and dried with nitrogen gas.
The surface modification of the ITO electrodes with the aminosi-
lane (ITO-NH2 electrode) was performed by immersing the electro-
des in a 0.12 mmol L�1 solution of APTS in ethanol for 4 h. ITO-NH2-
modified electrodes were incubated in a 0.4 mg mL�1 jacalin solu-
tion overnight (at least 12 h) at 4 8C. The electrodes were washed

Figure 4. A) Nyquist plots obtained through EIS measurements collected
after incubating the ITO-NH2-jacalin electrode in 10 % of THP-1 and 90 % of
MN mixtures of cells at a total concentration of 103 cells mL�1 as well as in
100 % of each cell for 15 min. AC perturbation voltage of 0.01 V in the fre-
quency range from 0.1 Hz to 10 kHz in a buffer solution (PBS, pH 7.4) con-
taining 4 mm [Fe(CN)6]3�/4�. B) Variation of DRCT after incubating independent
electrodes with MN, THP-1, and OCI-AMI3 cell lines and their mixtures 90 %
MN/10 % of each leukemic cell. AC perturbation voltage of 0.01 V in the fre-
quency range from 0.1 Hz to 10 kHz in a buffer solution (PBS, pH 7.4) con-
taining 4 mm [Fe(CN)6]3�/4�.

Figure 5. Variation of DR from the Nyquist plots of the sensor recorded after
incubating independent electrodes with healthy MN cells from leukemia pa-
tients (P1 and P2) and their mixtures in a ratio of 90 % of healthy MNs to
10 % leukocyte cells of each patient’s sample. AC perturbation voltage of
0.01 V in the frequency range from 0.1 Hz to 10 kHz in a buffer solution
(PBS, pH 7.4) containing 4 mm [Fe(CN)6]3�/4�.
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in PBS solution to remove non-adsorbed molecules before being
used in the electrochemical experiments. The electrodes were ana-
lyzed with EIS during all steps of the modification process, using
4 mmol L�1 potassium hexacyanoferrate (III) (K3[Fe(CN)6]) in PBS
pH 7.4 as a probe. AFM was employed to evaluate the morphology
of the ITO-NH2 and ITO-NH2-jacalin electrodes by using a NanoSurf
Flexa atomic force microscope (Nanosurf, Switzerland) in tapping
mode with a resonant frequency of 300 KHz and vibration ampli-
tude of 40.2 mV. The images were recorded in air under humidity
control. The Gwyddion software was used for treatment of the
images.

Cell Culture

Leukemic cell lines THP-1 (monocytic leukemia cell) and OCI-AMI3
(myeloblastic leukemic cell) were kindly supplied by Prof. Dr.
Eduardo M. Rego from the Center for Cell-Based Therapy, Medical
School of Ribeirao Preto, University of Sao Paulo, Brazil. Non-adher-
ent cells were cultured in RPMI 1640 medium (Vitrocell, Campinas,
Brazil) supplemented with 10 % fetal bovine serum (FBS; Vitrocell,
Campinas, Brazil) and maintained in a 5 % CO2 incubator at 37 8C.
Cells were seeded at an initial density of 60 000 cells mL�1 and
2 days later, or at 80 % confluence, the cells were collected and
separated from the medium by centrifugation at 2000 g for 10 min
and re-suspended in pH 7.4 PBS solution containing 102, 103, or
105 cells mL�1 for experimentation. PBS was used as the electrolyte
because of the isotonic and nontoxic environment provided for
the cells during the measurements. This solution has been used for
a variety of procedures in cell cultures, including washing of the
cells before dissociation, transporting of cells or tissue, diluting of
cells for counting, and so forth.

Peripheral blood mononuclear cells (PBMCs) were collected from
healthy adult female and male volunteers, excluding pregnant
women and tobacco or medication users. The subjects were in-
formed of all legal procedures. The study was approved by the
Ethics Committee of the Federal University of S¼o Carlos in accord-
ance with the principles in the Declaration of Helsinki. Mononu-
clear cells were isolated by using Ficoll–Hypaque 1077 (Histopa-
que, Sigma–Aldrich) fractionation. PBMCs were collected carefully,
washed twice in PBS (240 g for 10 min), and suspended in RPMI
1640 medium with 10 % FBS. Cell viability was investigated imme-
diately before the assays (data not shown), showing viability
higher than 95 %, according to the trypan blue (Sigma–Aldrich,
USA) exclusion assay. They were collected and separated from the
medium by centrifugation at 2000 g for 10 min.

MN cells were separated from PBMC by using the adhesion tech-
nique. Cells (1 � 105 monocytes per well) were plated in 24-well cul-
ture plates after they were counted in neutral red solution (Sigma–
Aldrich, USA) to adhere to RPMI 1640 medium without FBS for 2 h
at 37 8C in a 5 % CO2 atmosphere. Next, the supernatant and the
non-adhered cells were collected and discarded. The wells contain-
ing the MN cells were recharged with RPMI 1640 containing 10 %
FBS at 37 8C in a 5 % CO2 atmosphere and cultured for 24 h. Finally,
MN cells were centrifuged and re-suspended in pH 7.4 PBS solution
containing 102, 103, and 105 cells mL�1 for experimentation.

Two real samples, containing leukocytes, from patients diagnosed
with leukemia (assigned as P1 and P2) were kindly provided by
Prof. Dr. Eduardo M. Rego from the Center for Cell-Based Therapy,
Medical School of Ribeirao Preto, University of Sao Paulo, Brazil.
The cells were centrifuged and re-suspended in pH 7.4 PBS solu-
tion containing 102, 103, or 105 cells mL�1 for experimentation.

Electrochemical Analyses

Electrochemical measurements were carried out by using ITO elec-
trodes with a geometric area of 0.6 cm2 as the working electrodes.
A Pt foil (2 cm2 geometric area) and Ag/AgCl (saturated with
3 mol l�1 KCl) electrode were used as auxiliary and reference elec-
trodes, respectively, and were employed in all experiments in
a three-electrode one-compartment electrochemical cell with a pol-
ytetrafluoretilene (PTFE) cover. Electrochemical experiments were
performed by using a PGSTAT40 Autolab electrochemical system
(Eco Chemie, Utrecht, Netherlands) equipped with PGSTAT-12 and
GPES/FRA 4.9 software (Eco Chemie, Utrecht, Netherlands). EIS was
carried out in 0.1 mol L�1 PBS solution (pH 7.4) containing
4 mmol L�1 potassium hexacyanoferrate (III) (K3[Fe(CN)6]). The ex-
periments were performed in a frequency range from 10 KHz to
0.1 Hz with an amplitude of 0.01 V. The EIS spectra were represent-
ed as Nyquist plots (�Zimag vs. Zreal). The measurements were per-
formed by using an open circuit.

The detection measurements were carried out by immersing the
electrodes in the buffer solutions containing different cell concen-
trations for an optimized incubation time of 15 min at room tem-
perature. All measurements were performed in duplicate in at least
three independent experiments.
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Detection of Leukemic Cells by using
Jacalin as the Biorecognition Layer: A
New Strategy for the Detection of
Circulating Tumor Cells

Jacalin and Hyde: An impedimetric leu-
kemia sensor based on the use of im-
mobilized jacalin is proposed. The per-
formance of jacalin-modified electrodes
toward monocytic leukemic cells, THP-1,
and myeloblastic leukemic cells, OCI-

AMI3, is investigated through electro-
chemical impedance spectroscopy. The
sensors are able to differentiate leuke-
mic cells from healthy monocyte cells,
even in low percentage ranges.
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