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ABSTRACT: The variable susceptibility to the tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) treatment
observed in various types of leukemia cells is related to the
diﬀerence in the expression levels of death receptors, DR4 and
DR5, on the cell surfaces. Quantifying the DR4/DR5 expression
status on leukemia cell surfaces is of vital importance to the
development of diagnostic tools to guide death receptor-based
leukemia treatment. Taking the full advantages of novel
nanobiotechnology, we have developed a robust electrochemical
cytosensing approach toward ultrasensitive detection of
leukemia cells with detection limit as low as ∼40 cells and quantitative evaluation of DR4/DR5 expression on leukemia cell
surfaces. The optimization of electron transfer and cell capture processes at speciﬁcally tailored nanobiointerfaces and the
incorporation of multiple functions into rationally designed nanoprobes provide unique opportunities of integrating high
speciﬁcity and signal ampliﬁcation on one electrochemical cytosensor. The high sensitivity and selectivity of this electrochemical
cytosensing approach also allows us to evaluate the dynamic alteration of DR4/DR5 expression on the surfaces of living cells in
response to drug treatments. Using the TRAIL-resistant HL-60 cells and TRAIL-sensitive Jurkat cells as model cells, we have
further veriﬁed that the TRAIL susceptibility of various types of leukemia cells is directly correlated to the surface expression
levels of DR4/DR5. This versatile electrochemical cytosensing platform is believed to be of great clinical value for the early
diagnosis of human leukemia and the evaluation of therapeutic eﬀects on leukemia patients after radiation therapy or drug
treatment.
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promising therapeutic outcomes against cancers without
obvious toxicity. However, certain kinds of tumor cells are
insensitive to TRAIL, which causes failure in TRAIL treatment.
It is essentially the diﬀerence in the expression levels of DR4/
DR5 on cell surfaces that gives rise to the variable susceptibility
to TRAIL shown by various types of leukemia cells.10−14
Therefore, the quantitative characterization of DR4/DR5
expression on the cell surface has become an extremely
important subject directly related to the development of
diagnostic tools to guide DR4/DR5-based personalized
leukemia treatment.

eukemia is one of the most common fatal cancers that
aﬀect the bone marrow, the blood cells, and other parts of
the lymphatic system.1 Innate and acquired resistance to
chemotherapy and radiation therapy has been a major obstacle
for leukemia treatment. One potential adjunct to the conventional treatments is direct induction of cell death by activation
of death receptor-mediated apoptosis.2 Tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL) is a recently
identiﬁed member of the growing TNF superfamily, which
speciﬁcally binds to its cognate death receptors, DR4 and DR5,
with strong binding aﬃnities.3 Binding of TRAIL to DR4/DR5
on the leukemia cell surfaces stimulates rapid apoptosis in a
variety of leukemia cell lines independent of p53 status.4−9
Such TRAIL-stimulated apoptosis, however, does not occur in
normal cell lines. Recently ﬁnished phase III clinic trails of
recombinant human TRAIL (rhTRAIL) in China have shown
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(PDCNx) were prepared following a previously reported
protocol.22 Phosphate buﬀer saline (PBS, pH 7.4) contained
137 mM NaCl, 2.7 mM KCl, 87 mM Na2HPO4, and 14 mM
KH2PO4. All aqueous solutions were prepared using ultrapure
water (Milli-Q, Millipore).
Apparatus. UV−vis extinction spectra were recorded on a
UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan).
Scanning electron micrographs (SEM) were obtained using a
Hitachi S4800 scanning electron microscope. Transmission
electron micrographs (TEM) were obtained on a JEOLJEM
200CX transmission electron microscope using an accelerating
voltage of 200 kV. Confocal laser scanning microscopy
(CLSM) studies were performed using a Leica TCS SP5
microscope (Germany) with excitation at 405 nm. The static
water contact angles were measured at 25 °C by a contact
anglemeter (Rame-Hart-100) using drops of pure deionized
water. The readings were stabilized and taken within 120 s after
the addition. Electrochemical measurements were performed
on a CHI 660C workstation (Shanghai Chenhua Apparatus
Corporation, China) with a conventional three-electrode
system composed of a platinum wire as the auxiliary, a
saturated calomel electrode (SCE) as the reference, and a glassy
carbon electrode (GCE) as the working electrode.
Fabrication of the Electrochemical Nanoprobes. Fe3O4
beads terminated by carboxyl groups were prepared following a
previously reported protocol with minor modiﬁcation.23 Brieﬂy,
1.35 g of iron trichloride hexahydrate, 3.2 g of sodium acetate
anhydrous, and 0.5 mL of poly(acrylic acid) were added to 38
mL of ethylene glycol with the help of ultrasound at room
temperature. Then, the mixture was maintained at 473 K for 6
h in a poly tetraﬂuoroethylene reaction kettle. The black
products were separated by magnetic ﬁeld, washed with
deionized water and ethanol alternately several times, and
dried at 343 K in a vacuum drying oven.
The HRP-TRAIL-Fe3O4@Au nanoprobes were prepared via
a layer-by-layer assembly approach.24−26 A colloidal suspension
of Fe3O4 (10.0 mg in 1 mL of water) was added to 1 mL of
PDDA solution (1%), and after sonication for 30 min, the
suspension was collected by sedimentation with the help of an
external magnetic ﬁeld and washed three times with pure water.
Au NPs with an average diameter of 13 nm were prepared
according to the reported method via deoxidizing HAuCl4
aqueous solution with sodium citric acid.27 The as-prepared Au
NPs were added to the Fe3O4/PDDA nanocomposites under
mechanical stirring. Au NPs were attached to the surface of the
Fe3O4/PDDA nanocomposites through electrostatic interactions. The wine-red colloidal suspension of Au NPs turned
colorless after all the Au NPs were attached to the surface of
Fe3O4/PDDA particles. Then, the product was removed from
the solution by applying an external magnetic ﬁeld. This
process was repeated multiple times until the color of added Au
NPs no longer changed. The ﬁnal product was separated using
an external magnetic ﬁeld and then redispersed in pure water.
After the pH value of the Fe3O4@Au suspension was
adjusted to 9.0 by 0.1 M NaOH, 50 μL of HRP (1 mg mL−1)
and 50 μL of 20 μg mL−1 rhTRAIL (Jiangsu TargetPharma
Laboratories Inc., Changzhou, Jiangsu, China) were added to
the dispersion, and the mixture was stirred mechanically
overnight at 4 °C. The reaction mixture was washed with
phosphate buﬀered saline (PBS), and the supernatant was
discarded. To obtain the nanoprobes with optimized electrochemical responses, diﬀerent ratios of HRP to TRAIL were
used for preparation of the nanoprobes.

Currently, the most commonly used methods for DR4/DR5
detection are the Western blot assay15 and ﬂow cytometry,16
which typically provide only the relative abundance or
distribution, not the exact number or expression kinetics of
DR4/DR5 on leukemia cell surfaces. In comparison to these
methods, electrochemical approaches exhibit attractive advantages in terms of high sensitivity, inherent simplicity, and low
cost and can be readily implemented into quantitative bioassays
for clinical applications.17−19 Utilization of multifunctional
nanoprobes in electrochemical cytosensing processes makes it
possible to obviate the need of cell lysis, cell labeling, or
complicated instrumentation that other existing methods
typically require.20,21
Here, we report a new nanobiotechnology-based electrochemical cytosensing platform for both selective detection of
various types of leukemia cells and quantitative characterization
of death receptor expression status on leukemia cell surfaces.
The electrochemical cytosensor we have developed has two
major components, multifunctional hybrid nanoprobes and
nanoarchitectured electrode interfaces. The electrochemical
nanoprobes used for the cytosensing were fabricated through
coimmobilization of both rhTRAIL and horseradish peroxidase
(HRP) on Au nanoparticle-decorated magnetic Fe3O4 beads.
The as-fabricated nanoprobe integrated both the speciﬁc
recognition of DR4/DR5 on leukemia cell surfaces by rhTRAIL
and ampliﬁcation of electrochemical signals based on the HRPcatalyzed oxidation of thionine by H2O2. Design and
construction of biocompatible electrode interfaces that
speciﬁcally target the analytes and signiﬁcantly facilitate the
electron transfers between the analytes and electrodes are also a
key issue in the ﬁeld of electrochemical biosensing. Using a
layer-by-layer (LBL) assembly method, we assembled a
hierarchically nanoarchitectured electrode interface for cytosensing which integrated the high biocompatibility of
dentrimer-stabilized Au nanoparticles (Au DSNPs), the
excellent conductivity of nitrogen-doped carbon nanotubes
(CNx), and the high speciﬁcity of cell-targeting aptamers/
antibodies. The leukemia cells being analyzed are sandwiched
between the electrochemical nanoprobes and electrode interface. This sandwich-like geometry allows for both cell detection
and DR4/DR5 quantiﬁcation simply based on the amperometric electrochemical readout from the cytosensors.

■

EXPERIMENTAL SECTION
Reagents and Materials. Fourth generation (G = 4)
poly(amidoamine) dendrimer with surface terminated amino
groups (PAMAM, 10 wt % in methanol), poly(diallyldimethylammonium chloride) (PDDA, 20%, w/w in
water, MW = 200 000−350 000), bovine serum albumin (BSA),
and melatonin were purchased from Sigma-Aldrich. Chloroauric acid (HAuCl4·4H2O), NaBH4, trisodium citrate, and
glutaraldehyde (GLU) were obtained from Shanghai Chemical
Reagent Co. (Shanghai, China). rhTRAIL was provided by
Jiangsu TargetPharma Laboratories Inc. (Changzhou, China).
Horseradish peroxidase (HRP), TRAIL-FITC, and DR4 were
purchased from Beijing Biosynthesis Biotechnology Co. Ltd.
(Beijing, China). Amino-group functionalized KH1C12 aptamer was synthesized and puriﬁed by Shanghai Sangon
Biotechnology Co. Ltd. (Shanghai, China). Mouse antihuman
anti-CD3 monoclonal antibody (mAb) was obtained from
Invitrogen Corp. Thionine chloride (TH+) was purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). The
PDDA-functionalized nitrogen-doped carbon nanotubes
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Enzyme-Ampliﬁed Electrochemical Immunoassay.
The cell-captured electrodes were incubated with 10 μL of
the HRP-TRAIL-Fe3O4@Au nanoprobes at 37 °C for 60 min
and then washed thoroughly with pH 7.4 PBS to remove
nonspeciﬁcally bound conjugates to minimize the background
response. The cyclic voltammetry detection of DR4/DR5 was
carried out from 50 to −550 mV (vs SCE) with the pulse
ampliﬁcation of 50 mV in 0.01 M, pH 7.4 PBS containing 1
mM H2O2 and 25 μM thionine under N2 atmosphere. In order
to verify the signal ampliﬁcation of the HRP-TRAIL-Fe3O4@
Au nanoprobes, HRP-TRAIL-Au NPs (10 μL) was also
employed to replace the nanoprobes to perform the same
electrochemical analysis.
Monitoring Dynamic DR4/DR5 Expression in Response to Melatonin. The KH1C12/Au DSNPs/PDCNx/
GCE was incubated with melatonin-untreated and treated HL
60 cells (1.0 × 105 cells mL−1) for diﬀerent times. After
carefully rinsing with PBS (0.01 M, pH 7.4), the obtained
electrodes were subjected to the nanoprobe-based electrochemical analysis.
Flow Cytometric Analysis. HL-60 cells and HL-60 cells
treated with melatonin for 24 h were collected by
centrifugation, washed with sterile cold PBS, and resuspended
in 500 μL of binding buﬀer. Then, the cells were stained with
TRAIL-ﬂuorescein isothiocyanate (FITC) according to the
manufacturer’s instructions. The sample was immediately
analyzed on the FACS Sort ﬂow cytometer (Becton Dickinson,
U.S.A.) and CLSM with excitation at 488 nm. Unlabeled HL 60
cells were used as the negative control for estimation of
autoﬂuorescence.

Assembly of Electrode Interface for Cytosensing. Au
DSNPs were prepared by the chemical reduction of a HAuCl4−
dendrimer (generation = 4.0) mixture with NaBH4 in an
aqueous solution following a previously reported procedure.28
Brieﬂy, gold−dendrimer complexes were prepared in aqueous
solution by mixing 5 mL of 4.86 mM aqueous solution of
HAuCl4 with 5 mL of aqueous solution of the PAMAM
dendrimer. The yellow HAuCl4 solution lost its color
immediately upon mixing the PAMAM, indicating the
formation of complexes between the dendrimer terminal
amines and the gold anions. Stable Au DSNPs were prepared
by reducing the PAMAM−tetrachloroaurate complexes at room
temperature with NaBH4 under vigorous magnetic stirring for
another 30 min. Upon addition of NaBH4 to the PAMAM−
tetrachloroaurate complexes, there was a color change from
slightly yellow to deep red, indicating the formation of metallic
Au NPs.
A glassy carbon electrode (GCE, 3 mm diameter) was
polished to a mirror using 0.3 and 0.05 μm alumina slurry
(Buehler) followed by a thorough rinse with deionized water.
After successive sonication in 1:1 nitric acid, acetone, and
deionized water, the electrode was rinsed with deionized water
and allowed to dry at room temperature. Five μL of 5.0 mg
mL−1 PDCNx was ﬁrst dropped on the pretreated GCE, dried
in a silica gel desiccator, and then immersed into a Au DSNP
solution for 1 h to obtain Au DSNPs/PDCNx/GCE.
Conjugation of KH1C12 onto the electrode was achieved by
the use of the classic glutaraldehyde coupling reaction between
amine groups on the ﬁlm surface and the amine-functionalized
KH1C12 aptamer. The Au DSNPs/PDCNx/GCE was
immersed in 2.5% glutaraldehyde solution for 1 h at room
temperature. Then, it was rinsed with PBS (pH 7.4) carefully
and dried in air. Following this step, 5 μL of aminefunctionalized KH1C12 (5 μM), or 5 μL of anti-CD3 mAb
(5 μM), was dropped onto the electrode surface and was
incubated at 4 °C overnight. After incubation, the electrode was
rinsed with PBS (pH 7.4) carefully, immersed in 1% BSA (w/v)
for 1 h at room temperature to block the nonspeciﬁc binding
sites, and then washed with PBS (pH 7.4) thoroughly for
subsequent cell capture.
Cell Culture and Capture. HL-60 and Jurkat cells were
cultured in a ﬂask in RPMI 1640 medium (Gibco, Grand
Island, NY) supplemented with 10% fetal calf serum (FCS,
Sigma), penicillin (100 μg mL−1), and streptomycin (100 μg
mL−1) in an incubator (5% CO2, 37 °C). At the logarithmic
growth phase, the cells were collected and separated from the
medium by centrifugation at 1000 rpm for 2 min and then
resuspended in the binding buﬀer (4.5 g L−1 glucose, 5 mM
MgCl2, 0.1 mg mL−1 tRNA, and 1 mg mL−1 BSA, all dissolved
in Dulbecco’s PBS with CaCl2 and MgCl2) to obtain a
homogeneous cell suspension. The binding buﬀer was used to
ensure the eﬀective binding aﬃnity between HL-60 cells and
the KH1C12 aptamer. The cell number was determined using a
Petroﬀ-Hausser cell counter (U.S.A.).
Sixty μL of cell suspension at a certain concentration was
dropped onto the KH1C12/Au DSNPs/PDCNx-modiﬁed
GCE surface and incubated at 37 °C for 50 min. The cells
were captured via the speciﬁc binding between the KH1C12
aptamer and HL-60 cells or between anti-CD3 mAb and Jurkat
cells. Then, the electrodes were taken out and rinsed with
incubation buﬀer to remove the noncaptured cells. The
obtained cell-captured electrodes were used for subsequent
immunoassay.

■

RESULTS AND DISCUSSION
Fabrication of HRP-TRAIL-Fe3O4@Au Nanoprobes. The
fabrication of the electrochemical nanoprobes involves the
coimmobilization of HRP and rhTRAIL on the surfaces of
Fe3 O4 @Au nanocomposite particles. The HRP-TRAILFe3O4@Au hybrid nanoprobes can be prepared using a layerby-layer (LBL) assembly approach as schematically illustrated
in Figure 1A. The as-fabricated Fe3O4 beads had an average size

Figure 1. Schemes of (A) fabrication of HRP-TRAIL-Fe3O4@Au
hybrid nanoprobe, (B) assembly of the electrode interface, and (C)
sandwich-like nanoarchitectured electrode geometry for the cytosensing of HL-60 cells.
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of ∼500 nm and were uniform in size and morphology as
shown in Figure S1A in the Supporting Information. The
surface of the Fe3O4 spheres was terminated by carboxyl groups
and thus was negatively charged at neutral pH with a ξpotential of −37.3 mV. The subsequent absorption of positively
charged PDDA on the colloidal Fe3O4 beads switched the ξpotential to positive values (+34.60 mV). Then, the asfabricated Au NPs had negatively charged surfaces and could be
electrostatically tethered on the surface of the Fe3O4/PDDA
particles (see Figure S1B in the Supporting Information).
Multiple copies of HRP and rhTRAIL were subsequently
immobilized onto the Fe3O4@Au nanocomposites through
Au−thiol intercalations29 due to the presence of cysteine
residues in HRP and rhTRAIL. The paramagnetic properties of
the Fe3O4 cores allowed us to conveniently separate the hybrid
particles from reaction mixtures by applying external magnetic
ﬁelds in multiple steps during the nanoprobe fabrication
procedure. This nanoprobe integrates both the speciﬁc
recognition of DR4/DR5 on cell surfaces by rhTRAIL and
electrochemical signal ampliﬁcation based on the HRPcatalyzed oxidation of thionine by H2O2.
Assembly of the Electrode Interface for Cell Recognition. The construction of the electrode interfaces for
selective cell capture is schematically illustrated in Figure 1B.
We ﬁrst adsorbed a layer of PDCNx onto the surface of a glassy
carbon electrode (GCE). The surface modiﬁcation with
PDCNx dramatically increased the surface area and electrical
conductivity of the electrode.30,31 Then, negatively charged Au
DSNPs were assembled on the surface of the PDCNx. The asfabricated Au DSNPs, which were ∼10 nm in diameter,
displayed two extinction peaks at 283 and 513 nm in the UV−
vis spectrum (Figure S2 in the Supporting Information),
corresponding to the absorption of the PAMAM dendrimer
and the plasmon resonance of Au NPs, respectively. Au DSNPs
are a novel class of biocompatible synthetic nanocomposites
with well-deﬁned composition, architectures, and surface
properties32 and may serve as electron relay units in
electrochemical biosensors.33,34 Hierarchical assembly of both
Au DSNPs and PDCNx on electrode surfaces can readily result
in a new interfacial scaﬀold that greatly facilitates the electron
transfers during the electrochemical cytosensing process.
Finally, cell-targeting aptamers or antibodies were conjugated
to the Au DSNPs to capture speciﬁc types of leukemia cells. For
example, KH1C12 aptamer35 was conjugated to the Au DSNPs
by glutaraldehyde cross-linking to speciﬁcally target HL-60
cells, a representative type of acute myeloid leukemia cells.
Because of the speciﬁc recognition of cells by aptamers/
antibodies and the excellent interfacial properties of Au
DSNPs/PDCNx ﬁlms, these electrode interfaces not only
oﬀer a conductive and biocompatible surface but also act as an
analogue of extracellular matrix to induce cell adhesion
eﬀectively.
The hydrophilicity of the electrode interface, which is directly
related to its biocompatibility, was evaluated by surface contact
angle measurements (Figure S3 in the Supporting Information). The hydrophilicity of the electrode surface progressively
increased during the multistep assembly process, indicating that
the biocompatibility of the electrode interface was signiﬁcantly
improved after modiﬁcation of the electrode surface with the
KH1C12/Au DSNPs/PDCNx composite nanoarchitectures.
More than 95% of the HL-60 cells captured on the electrode
interface stayed alive in RPMI 1640 medium for over 36 h.

Speciﬁcity of the Electrochemical Cytosensor. The
leukemia cells of interest were sandwiched between the
electrode interface and the nanoprobes (see Figure 1C). After
speciﬁc types of leukemia cells were captured onto the
electrode interfaces, the HRP-TRAIL-Fe3O4@Au hybrid
nanoprobes were further anchored to the surfaces of the
captured cells through speciﬁc interactions between rhTRAIL
and DR4/DR5. The targeted cells, HL-60 cells, were selectively
captured at the KH1C12/Au DSNPs/PDCNx-modiﬁed electrode interface (Figure 2A), while the nontarget cells, K562

Figure 2. Bright-ﬁeld optical microscopy images of KH1C12/Au
DSNPs/PDCNx-modiﬁed electrode interface interacting with (A)
targeting cells (HL-60) and (B) nontargeting cells (K562) and of HL60 cells incubated with (C) HRP-TRAIL-Fe3O4@Au hybrid nanoprobes and (D) Fe3O4@Au nanocomposites. All the images share the
same scale bar as in panel A.

cells, did not stick to the electrode surface (Figure 2B). A large
number of HRP-TRAIL-Fe3O4@Au hybrid nanoprobes could
be successfully anchored to the surface of each captured cell
after stepwise incubation of the modiﬁed electrode with cell
suspension and nanoprobes (Figure 2C) whereas the Fe3O4@
Au nanocomposite particles did not attach to the cell surfaces
(Figure 2D).
Signal Ampliﬁed Immunoassay Using HRP-TRAILFe3O4@Au Nanoprobes. The ampliﬁcation of electrochemical signals was generated through the HRP-catalyzed
oxidation of thionine by H2O2. As shown in Figure 3A, upon
the introduction of 25 μM thionine and 1 mM H2O2 to the
phosphate buﬀered saline (PBS buﬀer, pH 7.4), the cyclic
voltammogram (CV) of the HL-60/KH1C12/Au DSNPs/
PDCNx/GCE exhibited a pair of well-deﬁned redox peaks at
−0.231 and −0.287 V at a scan rate of 50 mV/s, which
corresponded to the electrochemical oxidation and reduction of
thionine, respectively.36 After incubating the captured cells with
HRP-TRAIL-functionalized Au nanoparticles for 1 h, the
reduction peak current signiﬁcantly increased and the reduction
peak shifted slightly toward a more negative potential while the
oxidation peak currents decreased, indicating a typical
5612
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captured cells with HRP-TRAIL-Fe3O4@Au hybrid nanoprobes, the maximum catalytic current was obtained after
incubation for 60 min (see Figure S4C in the Supporting
Information), which corresponded to saturation of the
rhTRAIL binding to DR4/DR5. Longer nanoprobe incubation
time resulted in a decrease of the catalytic currents likely due to
the cell apoptosis induced by the rhTRAIL immobilized on the
nanoprobes.
Detection of HL-60 Cells. Under the optimal sensing
conditions, the catalytic current was found to be proportional
to the logarithmic value of the cell concentration ranging from
1.0 × 103 to 1.0 × 106 cells mL−1 with a correlation coeﬃcient
R of 0.995 (n = 7) (see Figure 4A). The detection limit for cell

Figure 3. Cyclic voltammograms obtained on HL-60/KH1C12/Au
DSNPs/PDCNx/GCE in the presence of 25 μM thionine and 1 mM
H2O2 in PBS before (dash blue curves) and after (solid red curves)
incubation with (A) HRP-TRAIL-Au NPs and (B) HRP-TRAILFe3O4@Au hybrid nanoprobes for 1 h. The insets show the cartoon
illustrations of the cytosensor geometries.

enzymatic electrocatalytic process. This result indicated that the
HRP immobilized on the nanoprobe surface could retain its
high enzymatic catalytic activity. Interestingly, we observed a
much more signiﬁcant ampliﬁcation of the reduction peak
current and suppression of the oxidation current (Figure 3B)
when replacing HRP-TRAIL-functionalized Au nanoparticles
with the HRP-TRAIL-Fe3O4@Au hybrid nanoprobes. It is
apparent that the multienzyme labeling strategy enhanced
detection responses and the achieved ampliﬁcation of electrochemical signals was ascribed to a large amount of enzymes
loaded on each HRP-TRAIL-Fe3O4@Au hybrid nanoprobe.
Optimization of Detection Conditions. The ratio of
rhTRAIL/HRP coimmobilized on each nanocarrier is an
important factor that determines the overall electrochemical
signals. Increasing the total amount of HRP per nanocarrier
would enhance the signal ampliﬁcation, while reducing the
amount of rhTRAIL on the nanocarriers would decrease the
immuno-coupling eﬃciency of the nanoprobes to the captured
cells. As shown in Figure S4A in the Supporting Information,
the maximum electrochemical response was achieved at the
TRAIL/HRP ratio of 1/50. The cell and nanoprobe incubation
times are another important experimental parameter. As the cell
incubation time (106 cells mL−1 of HL-60 cells) progressively
increased, the catalytic current was observed to ﬁrst increase
and then decrease after 50 min (see Figure S4B in the
Supporting Information), indicating an optimal incubation time
of 50 min for the capture of HL-60 cells. When incubating the

Figure 4. (A) Cyclic voltammograms of HRP-TRAIL-Fe3O4@Au/HL60/KH1C12/Au DSNPs/PDCNx/GCE obtained with HL-60 cell
concentrations of (a) 1 × 103, (b) 1 × 104, (c) 1 × 105, and (d) 1 ×
106 cells mL−1. Inset: plot of catalytic peak current (ip) vs logarithm of
HL-60 cell concentration. (B) Plot of ip vs number of captured HL-60
cells (N) on the cytosensor. (C) Eﬀect of the DR4 concentration (m)
on the decrease of catalytic peak current (Δip).

concentration was calculated to be 660 cells mL−1 at 3σ, which
was comparable to that of 750 cells mL−1 obtained on a quartz
crystal microbalance biosensor for detection of Escherichia coli37
and much lower than that of 5.0 × 103 HL-60 cells mL−1
detected by a c-SWNTs-AuNPs-gelatin modiﬁed GCE with
impedance measurements.38 Considering the fact that 60 μL of
HL-60 cell suspension was used for incubation, the presented
strategy achieved a detection limit of only 40 HL-60 cells. The
low detection limit was attributed to the signal ampliﬁcation
enabled by the utilization of both the multifunctional hybrid
nanoprobes and the nanoarchitectured electrode interface.
Evaluation of DR4/DR5 on HL-60 Cell Surface. After
incubating the KH1C12/Au DSNPs/PDCNx-modiﬁed electrode interface with a certain concentration of HL-60 cell
5613
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suspension, the number of cells captured on the cytosensor, N,
could be calculated by subtracting the number of free cells that
remained in the solution after washing. The catalytic current
was proportional to the number of captured HL-60 cells in the
range from 800 to 8700 cells (R = 0.993, n = 7) (Figure 4B).
The linear regression equation is
i p (μ A) = 2.54 + 2.37 × 10−4 N

(1)

The overall catalytic currents were determined by both the
number of captured HL-60 cells and the number of DR4/DR5
on each cell. To quantify the DR4/DR5 expressed on cell
surfaces, we used a binding competition method39 to partially
block the DR4/DR5-TRAIL binding sites on the nanoprobes
with DR4. Because the DR4-blocked TRAIL on the nanoprobe
surfaces could not conjugate to the DR4/DR5 on the cell
surfaces, the peak currents obtained on cytosensors incubated
with the DR4-treated nanoprobes were lower than those of the
cytosensors incubated with the nonblocked nanoprobes. The
plot of decrease in catalytic current (Δip) versus the amount of
DR4 used to block the TRAIL on nanoprobe surfaces (m)
showed a linear relationship in the range of 1.5−7.5 fmol (R =
0.999, n = 5) (Figure 4C):
Δi p (μ A) = −0.34m (fmol) − 0.03

(2)

The average number of DR4/DR5 per captured HL-60 cell
was calculated to be 8.64 × 105 using eqs 1 and 2.
Monitoring Dynamic DR4/DR5 Expression on Cells in
Response to Melatonin. The high sensitivity and selectivity
of this cytosensing strategy allowed us to further evaluate the
dynamic alteration of DR4/DR5 surface expression on living
cells in response to drugs, using melatonin as a model drug
system. Melatonin, which has recently been reported to induce
apoptosis in some hematological cancer cell lines, can enhance
the expression of DR4/DR5 on the cell surface.40 The catalytic
current obtained from melatonin-treated HL-60 cells progressively increased as the melatonin incubation time increased
and reached a plateau after 24 h (Figure 5A). This result
indicated that the melatonin treatment signiﬁcantly stimulated
expression of DR4/DR5 on the HL-60 cell surfaces within 24 h.
To validate the observed change, the melatonin-treated HL-60
cells were stained with ﬂuorescein isothiocyanate (FITC)conjugated rhTRAIL and assayed using ﬂow cytometry (inset
in Figure 5A), which also showed an increased binding of
FITC-TRAIL to the melatonin-treated HL-60 cells than that to
the untreated HL-60 cells. Figure5B displays the melatonin
concentration dependence of DR4/DR5 expression. The
standard calibration curve for melatonin detection is shown
in the inset of Figure 5B. The catalytic currents increased
proportionally with the melatonin concentrations between 0.15
and 1.0 mM.
Evaluation of DR4/DR5 on Jurkat Cell Surface. To
further conﬁrm the role of DR4/DR5 motif in TRAIL-induced
cell apoptosis signaling, we did parallel experiments on Jurkat
cells, another acute leukemia cell line. We conjugated a
monoclonal antibody, cluster of diﬀerentiation 3 (CD 3),41,42
to the Au DSNPs to construct an electrode interface for speciﬁc
recognition of Jurkat cells through the high-aﬃnity interactions
between antigens and antibodies (Figure 6A). After successive
incubation of Jurkat cells and HRP-TRAIL-Fe3O4@Au nanoprobes, the catalytic current obtained on the cytosensors showed
a linear relation to the number of captured Jurkat cells in the

Figure 5. (A) Catalytic peak current obtained from HL-60 cells treated
with 1.0 mM melatonin over diﬀerent incubation times. Inset: ﬂow
cytometric analysis of TRAIL-binding sites on HL-60 cells after being
treated with melatonin for 24 h (blue), untreated HL-60 cells (red),
and autoﬂuorescence of unlabeled HL-60 cells (black). (B) Cyclic
voltammetry measurements after the HL-60 cells were incubated with
0, 0.15, 0.32, 0.49, 0.66, 0.83, and 1.0 mM melatonin for 24 h (from a
to g). Inset: Relationship between the catalytic peak current and
melatonin concentration.

Figure 6. (A) Scheme of electrochemical cytosensor for Jurkat cells.
(B) Plot of catalytic peak current vs number of captured Jurkat cells on
the cytosensor. (C) Eﬀect of the amount of DR4 used to block HRPTRAIL-Fe3O4@Au nanoprobes on the decrease in peak current.

range from 800 to 8900 cells (R = 0.999, n = 7) (Figure 6B).
The linear regression equation is
i p (μ A) = 2.63 + 9.20 × 10−4 N

(3)

After partially blocking the TRAIL sites on the nanoprobes
with DR4, the decrease in catalytic current (Δip) versus the
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amount of DR4 (m) showed a linear relation in the range of
1.5−9.0 fmol (R = 0.998, n = 6) (Figure 4C):
Δi p (μ A) = −0.35m (fmol) + 0.03

(4)

The average number of DR4/DR5 sites on each captured
Jurkat cell was calculated to be ∼2.04 × 106, which was more
than 2-fold of that on each HL 60 cell. This result suggests that
the Jurkat cells may be more sensitive to TRAIL treatment than
the HL 60 cells. To further examine whether the number of
DR4/DR5 sites is associated with the TRAIL-susceptibility, the
cells were treated with serial dilutions of rhTRAIL stained with
Annexin V-FITC and propidium iodide (PI) followed by ﬂow
cytometry measurements. The EC50 values (concentration at
which 50% cell appeared apoptotic) for TRAIL on the HL 60
and Jurkat cells were 4.886 × 105 and 6.7 ng/mL, respectively.
Jurkat cells turned out to be signiﬁcantly more susceptible to
TRAIL treatment than HL-60 cells essentially because of their
higher surface expression level of DR4/DR5.

■

CONCLUSIONS
We have developed a new electrochemical cytosensing platform
in which selective detection of various types of leukemia cells
and quantitative characterization of DR4/DR5 expression
status on cell surfaces can both be achieved. This nanobiotechnology-based cytosensing strategy provides a useful tool
for proﬁling the evolution of death receptor expression on cell
surfaces in the process of leukemia treatment and can be
miniaturized for high throughput clinical applications. This
versatile electrochemical cytosensing platform is believed to be
of great clinical value for diagnosis and treatment of human
leukemia, especially for evaluation of individualized therapeutic
eﬀects on leukemia patients after chemo-/radiation therapy or
drug treatment.
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