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Multiplex acute leukemia cytosensing using
multifunctional hybrid electrochemical nanoprobes at a
hierarchically nanoarchitectured electrode interfacet

Tingting Zheng,?® Tingting Tan, Qingfeng Zhang,® Jia-Ju Fu,? Jia-Jun Wu,?
Kui Zhang, Jun-Jie Zhu*® and Hui Wang*®

We have developed a robust, nanobiotechnology-based electrochemical cytosensing approach with high
sensitivity, selectivity, and reproducibility toward the simultaneous multiplex detection and classification of
both acute myeloid leukemia and acute lymphocytic leukemia cells. The construction of the
electrochemical cytosensor involves the hierarchical assembly of dual aptamer-functionalized,
multilayered graphene-Au nanoparticle electrode interface and the utilization of hybrid electrochemical
nanoprobes co-functionalized with redox tags, horseradish peroxidase, and cell-targeting nucleic acid
aptamers. The hybrid nanoprobes are multifunctional, capable of specifically targeting the cells of
interest, amplifying the electrochemical signals, and generating distinguishable signals for multiplex
cytosensing. The as-assembled electrode interface not only greatly facilitates the interfacial electron
transfer process due to its high conductivity and surface area but also exhibits excellent biocompatibility
and specificity for cell recognition and adhesion. A superstructured sandwich-type sensor geometry is
adopted for electrochemical cytosensing, with the cells of interest sandwiched between the nanoprobes
and the electrode interface. Such an electrochemical sensing strategy allows for ultrasensitive, multiplex
acute leukemia cytosensing with a detection limit as low as ~350 cells per mL and a wide linear
response range from 5 x 10% to 1 x 107 cells per mL for HL-60 and CEM cells, with minimal cross-
reactivity and interference from non-targeting cells. This electrochemical cytosensing approach holds
great promise as a new point-of-care diagnostic tool for early detection and classification of human
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Introduction

The past two decades have witnessed significant progress in the
development of robust analytical tools with high sensitivity,
selectivity, and reproducibility toward early diagnosis of
cancer.”™ Electrochemical cytosensing has emerged as an
extremely attractive method that can be readily implemented
into quantitative bioassays for high-throughput clinical appli-
cations.>” Utilization of rationally designed multifunctional
nanoprobes and specifically tailored nano-biointerfaces for
electrochemical cytosensing provides unique opportunities to
optimize the interfacial electron transfer and cell recognition
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acute leukemia and may be readily expanded to multiplex cytosensing of other cancer cells.

processes, allowing for the integration of large signal amplifi-
cation, enhanced detection specificity, and expanded multiplex
sensing capabilities on a cytosensor. In this paper, we demon-
strate that by combining simple electrochemical transducers
with multifunctional hybrid nanoprobes and hierarchically
nanoarchitectured electrode interface, a highly sensitive and
selective electrochemical cytosensing platform can be devel-
oped for the simultaneous detection of both acute myeloid
leukemia (AML) and acute lymphocytic leukemia (ALL) cells.
Leukemia is a type of fatal cancer that affects the bone
marrow, the blood cells, and other parts of the lymphatic
system.' Early detection of acute leukemia is of vital impor-
tance because acute leukemia causes a large number of
abnormal blood cells to be produced and subsequently invade
the bloodstream much more rapidly than chronic leukemia.™
Acute leukemia is divided into two main types, AML and
ALL.*>" The American Cancer Society has estimated about
14 590 new cases of AML and 6070 new cases of ALL with 10 370
and 1430 expected deaths from AML and ALL, respectively, in
the United States in 2013."*** Identifying the specific type and
quantifying the progression level of acute leukemia at the early
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stage are of paramount importance for the doctors to better
predict each patient's prognosis and select the most appropriate
treatment accordingly. The diagnosis of acute leukemia is
typically performed in blood samples taken from vein or bone
marrow samples obtained from aspiration or needle biopsy.'® A
variety of analytical tools have been developed for acute
leukemia diagnosis, such as the complete blood count and
peripheral blood smear,”*®* cytochemistry test,”*" immuno-
phenotyping by flow cytometry**>® or microarrays,”®* and
polymerase chain reaction (PCR)-based DNA tests.”*>' These
methods either require time-consuming sample preparation
procedures and/or sophisticated instrumentation or involve
tedious data collection/analysis processes, limiting their use as
point-of-care diagnostic tools. The amplification of malignant
cell mutations by PCR may even lead to false-negative results in
some cases.*” Therefore there is an urgent need to develop a
robust preliminary testing approach, which can provide more
accurate and quantitative diagnostic results in a timely manner
for the early detection and classification of acute leukemia.

Here we have developed a nanobiotechnology-based elec-
trochemical approach with unique advantages of operational
simplicity, low cost, high sensitivity, excellent selectivity, and
ease of miniaturization toward multiplex acute leukemia cyto-
sensing. Using HL-60 and CEM as representative model AML
and ALL cells respectively, we demonstrate the construction of a
multicellular electrochemical cytosensing platform that simul-
taneously detects both AML and ALL cells in a highly quanti-
tative manner. The high detection sensitivity and selectivity,
integrated with the multiplex sensing capabilities, are achieved
essentially by hierarchically assembling dual aptamer-func-
tionalized graphene-Au multilayered nanostructures on a
glassy carbon electrode surface and using hybrid electro-
chemical nanoprobes co-functionalized with distinguishable
redox tags, signal amplifying enzyme, and cell-targeting
aptamers. This multiplex electrochemical cytosensing approach
is of great clinical value for the high throughput early detection
and classification of human acute leukemia.

Experimental details
Materials and chemicals

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was
purchased from Bio. Basic Inc. (Markham Ontario, Canada).
Tetrachloroauric acid (HAuCl,-4H,0), trisodium citrate and
tetraethoxysilane (TEOS), pluronic P123, thionin acetate salt,
anthraquinone, calcein-AM, and 6-mercapto-1-hexanol (MCH)
were all purchased from Sigma-Aldrich (St. Louis, USA). Dil was
purchased from Beyotime Institute of Biotechnology (Nantong,
China). Trypan blue and horseradish peroxidase (HRP) were
purchased from Beijing Biosynthesis Biotechnology Co. Ltd.
(Beijing, China). Phosphate buffer saline (PBS, 0.01 M, pH 7.4)
contained 136.7 mM NacCl, 2.7 mM KCl, 8.7 mM Na,HPO,, and
1.4 mM KH,PO,. All reagents were of analytical grade and were
used without further purification. Ultra-pure water (18.2 MQ
resistivity, Milli-Q, Millipore) was used for all the experiments.
Thiolated aptamers were synthesized and purified by Shanghai
Sangon Biotechnology Co. Ltd. (Shanghai, China). The
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sequence of the sgc8c aptamer was 5'-HS-ATC TAA CTG CTG
CGC CGC CGG GAA AAT ACT GTA CGG TTA GA-3'. The
sequence of the KH1C12 aptamer was 5'-HS-ATC CAG AGT GAC
GCA GCA TGC CCT AGT TAC TAC TAC TCT TTT TAG CAA ACG
CCC TCG CTT TGG ACA CGG TGG CTT AGT-3'.

Apparatus

UV-vis extinction spectra were recorded on a UV-3600 spectro-
photometer (Shimadzu, Kyoto, Japan). Powder X-ray diffraction
(XRD) patterns were performed using a Philip-X'Pert X-ray
diffractometer with a Cu Ko X-ray source, A = 0.15418 nm.
Scanning electron micrographs (SEM) were obtained with a
Hitachi S4800 scanning electron microscope. Transmission
electron micrographs (TEM) were measured 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 fluorescence
microscope (Germany). Electrochemical impedance spectros-
copy (EIS) was performed with an Autolab electrochemical
analyzer (Eco Chemie, The Netherlands) in a 10 mM K;Fe(CN)y/
K, Fe(CN)e (1:1) mixture with 1.0 M KCI as the supporting
electrolyte, using an alternating current voltage of 5.0 mV,
within the frequency range of 0.1-10 kHz. Cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) measurements
were performed on a CHI 660C electrochemical workstation
using a three-electrode system.

Nanoprobe fabrication

Mesoporous SBA-15 was prepared following a previously
reported protocol.>® Briefly, 3 ¢ of Pluronic P123 and 8.5 g of
TEOS were dissolved in 120 mL of 1.5 M HCI aqueous solution
and stirred at 35 °C for 20 h. The solution was then moved into
an autoclave and aged at 120 °C for 24 h. The precipitate was
washed with H,O and ethanol, and dried at room temperature
in air. The as-synthesized SBA-15 sample was calcined by slowly
increasing the temperature from 25 °C to 500 °C over 8 h and
then remained at 500 °C for 6 h.

The thionine modified SBA-15 (SBA-15/Thi) was fabricated by
dispersing 10.0 mg of SBA-15 in 1.0 mL of H,O, followed by
addition of 2.0 mL of saturated thionine solution. The mixture
was sonicated for 20 min and centrifuged at 6000 rpm for 10
min to obtain the precipitate of SBA-15/Thi. The precipitate was
washed several times with H,O and redispersed in 1.0 mL 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (pH 5.2).
Colloidal Au NPs, which were prepared by the reduction of
HAuCl, with trisodium citrate,** were mixed with SBA-15/Thi,
sonicated for 30 min, centrifuged at 6000 rpm, and redispersed
in H,0. Then, 50 pL of HRP (1 mg mL ') and 50 pL of thiolated
Sgc8c aptamer (HS-Sgc8c, 5 uM) were added into the dispersion.
After incubation at 25 °C under shaking for 4 h and keeping
overnight at 4 °C, the precipitate was isolated by centrifugation
at 6000 rpm for 10 min to remove the nonconjugated HRP and
aptamer. The HRP-Sgc8c-SBA-15/Thi/Au NP hybrid nanoprobes
were obtained by redispersing the precipitate in an incubation
buffer containing 1 mM Ca*>*, 1 mM Mn”" and 0.1% BSA and
stored at 4 °C. HRP-KH1C12-SBA-15/AQ/Au NP nanoprobes were
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fabricated following the same protocol except that anthraqui-
none was used instead of thionine.

Cytosensor assembly

A glassy carbon electrode (GCE, 3 mm diameter) was polished to a
mirror using 0.3 and 0.05 um alumina slurry (Buehler) followed
by rinsing thoroughly with H,O. After successive sonication in
1 : 1 nitric acid and acetone, the electrode was rinsed with H,O
and allowed to dry at room temperature. For electrodeposition of
Au NP-EG nanocomposite films, a dispersion containing 1.0 mg
mL ™" graphene oxide (GO) and 100 mM HAuCl, was prepared.
The cyclic voltammetric reduction was performed in the deposi-
tion solutions with magnetic stirring and N, bubbling on a CHI
660C electrochemical workstation (CH Instruments, Shanghai)
using a three-electrode system: the prepared GCE as the working
electrode, Pt foil as the counter electrode, and an SCE as the
reference electrode. The scan was performed between —1.5 and
0.6 V at a rate of 25 mV s~ . After deposition, the working elec-
trode was rinsed with H,O. Then, 5 puL of SH-KH1C12 (5 pM) and
SH-Sge8c (5 uM) 1:1 volume ratio mixture was immediately
applied to the Au NP-EG-modified GCE and incubated at 4 °C
overnight. After incubation, the aptamer/Au NP-EG/GCE was
rinsed with PBS (pH 7.4) carefully, immersed in 60 puL of 2 mM
MCH for 1 h at room temperature to block the nonspecific
binding sites, and then washed with PBS (pH 7.4) thoroughly.

The dual aptamer-functionalized, Au NP-EG modified GCE
was soaked in 100 pL of cell suspension at a certain concentration
and incubated at 37 °C for 1 h to capture the cells. Then the
electrode was taken out and rinsed with incubation buffer to
remove the noncaptured cells. Finally, 10 pL of an equivalent
mixture of HRP-KH1C12-SBA-15/AQ/Au and HRP-Sgc8c-SBA-15/
Thi/Au nanoprobes was dropped onto the electrode surface for
1 h at 37 °C. Before electrochemical measurements, the cyto-
sensor was washed thoroughly with the incubation buffer to
remove nonspecifically bound nanoprobes to minimize the
background response. For cytosensing, the electrode was placed
in a glass cell containing 1 mM H,0,-PBS (pH 6.5) and connected
to a CHI 660C electrochemical workstation. DPV measurements
were performed from 50 mV to —700 mV (vs. Ag/AgCl) with a
pulse amplitude of 50 mV and a pulse width of 50 ms.

Cell lines and cell culture

HL-60, CEM, K562 and Hela cells were obtained from Nanjing
KeyGen Biotech Co., Ltd. and cultured in a flask in RPMI 1640
medium (Gibco, Grand Island, NY) supplemented with 10% fetal
calf serum (FCS, Sigma), penicillin (100 ug mL™") and strepto-
mycin (100 pg mL™") in an incubator (5% CO,, 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 ¢ L™ glucose, 5 mM
MgCl,, 0.1 mg mL ' tRNA and 1 mg mL ™" BSA, all dissolved in
Dulbecco's phosphate-buffer saline with CaCl, and MgCl,) to
obtain a homogeneous cell suspension. The binding buffer was
used to ensure the effective binding affinity between cells and
aptamers. Red blood cells were obtained by centrifugation from
whole blood samples provided by Nanjing Drum Tower Hospital.
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Results and discussion
Fabrication of multifunctional nanoprobes

The multifunctional electrochemical nanoprobes were fabri-
cated through a layer-by-layer (LBL) assembly process, which is
schematically illustrated in Fig. 1A. The as-fabricated hybrid
nanoprobes have a unique set of combined capabilities of
multiplex cytosensing, specific cell targeting, and enzyme-
catalyzed signal amplification. By using anthraquinone (AQ)
and thionine (Thi) as two distinguishable redox-tags, multiplex
sensing capability can be achieved by generating amperometric
signals at distinctly different potentials. The amperometric
peak currents and the peak positions can be used to quantify
the concentration and identify the type of leukemia cells,
respectively. The horseradish peroxidase (HRP) immobilized on
the nanoprobes dramatically amplifies the electrochemical
signals due to the HRP-catalyzed oxidation of the redox-tags by
H,0,. Such enzyme-catalyzed redox processes generated
significantly enhanced amperometric responses than the direct
electrochemical signals from the redox tags.** The functionali-
zation of the nanoprobes with cell-targeting aptamers (KH1C12

A N Au NPs HRP/KH1C12
AQ
2 e /:/ (3, A

VVy

Thi

SBA-15 \

Fig. 1 (A) Schemes illustrating the LBL assembly processes for the fabrication of
SBA-15/redox-tags/Au NP/HRP/aptamer hybrid electrochemical nanoprobes.
The relative sizes of the SBA-15, redox tags, Au NPs, HRP, and aptamers are not to
scale. TEM images of SBA-15 (B) before redox tag loading and after loading of (C)
Thiand (D) AQ. The insets show the Fourier Transform patterns obtained from the
selected regions in the TEM images. (E) TEM image of SBA-15 loaded with Thiand
decorated with Au NPs.
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aptamer for HL-60 cell recognition®® and Sgc8c aptamer for
CEM cell recognition®’) allows for the selective attachment of
the nanoprobes onto the surface of the specific targeting cells.
Nucleic acid aptamers, which have been recently identified as
specific ligands for cell surface biomarkers, have the unique
capability of recognizing trace cancer cells from complex living
samples.®®** The identification of specific aptamers for
leukemia cell recognition opens up unique opportunities for
the development of new methods for leukemia diagnosis and
new drugs for leukemia therapy.***°

SBA-15,*' a mesoporous nanostructure of silica, was used
as the carrier to load a large amount of redox-tags, which
generated the electrochemical signals for cytosensing. The
adsorption of AQ and Thi on the wall surfaces of SBA-15
resulted in the decrease of the apparent pore diameters, which
was clearly visualized in the transmission electron microscopy
(TEM) images shown in Fig. 1B-D. The average pore sizes of
SBA-15 were measured to be ~5.5 nm prior to redox-tag
loading, ~4.0 nm after loading of Thi, and ~4.8 nm after
loading of AQ, respectively. The periodicity of SBA-15, however,
remained at ~10.1 nm and was essentially unaffected by the
loading of the redox-tags, as shown by both TEM images
(Fig. 1B-D) and the corresponding Fourier Transform
patterns obtained from the images (insets of Fig. 1B-D).
The outer surfaces of the SBA-15 loaded with Thi or AQ were
then decorated with a sub-monolayer of Au nanoparticles (NPs)
(see the TEM image in Fig. 1E) through electrostatic
interactions.

The structures of SBA-15 and the as-assembled SBA-15/AQ/
Au and SBA-15/Thi/Au nanocomposites were further character-
ized by powder X-ray diffraction (XRD) measurements. The
small-angle XRD patterns shown in Fig. 2A further verified that
the hexagonally packed mesoporous structures and the struc-
tural periodicity of SBA-15 were well-maintained in the redox-
tag loading processes. The silica framework of SBA-15 was
amorphous as only a broad feature was observed in the wide-
angle XRD pattern (see pattern a in Fig. 2B). After attaching Au
NPs onto the surface of SBA-15 (see pattern b in Fig. 2B), a series
of diffraction peaks corresponding to the (111), (200), (220) and
(311) planes of the cubic phase Au nanocrystals** were clearly
observed on top of the signals from SBA-15. The last step in the
nanoprobe fabrication was the co-functionalization of the
surfaces of the attached Au NPs with HRP and thiolated
KH1C12 or Sgc8c aptamer through Au-thiol interactions. The
hybrid nanoprobe assembly processes were monitored by
microeletrophoresis measurements whose results were
expressed as {-potentials as shown in Fig. S1 in the ESL.{ SBA-15
was negatively charged at neutral pH due to the presence of
hydroxyl groups on its surfaces. Since both AQ and Thi were
positively charged in weakly acidic solution,* the adsorption of
the redox-tag layers onto the SBA-15 surfaces yielded positive
{-potentials. The subsequent attachment of negatively charged
Au NPs onto the outer surfaces of SBA-15 switched the
{-potentials back to negative values. The evolution of the
{-potentials clearly verified that the hybrid nanoporbes were
fabricated essentially through stepwise LBL assembly
processes.
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Fig.2 (A) Small angle XRD patterns of SBA-15, SBA-15 loaded with Thi, and SBA-
15 loaded with AQ. (B) Wide-angle XRD patterns of SBA-15 and SBA-15/Thi/Au
nanocomposites.

Assembly of electrochemical cytosensors

Fig. 3 schematically illustrates the major steps involved in the
cytosensor assembly process. To increase the surface area and
conductivity of the cytosensing interface, we first modified the
GCE surface with a multilayered Au NP-graphene composite
film. Then thiolated cell targeting aptamers, SH-KH1C12 and
SH-Sgc8c, were both conjugated to the Au NPs in the composite
film through Au-thiol interactions to create a biocompatible

EG/Au NPs m Sgc8c/KH1C12

x

. H202 H20  H20: H20

GCE

HRP(ox) HRP(red)HRP(ox) HRP(red)

AQ(red) AQ(ox)

Thi(red) Thi(ox)

Current

-06 04 -02
Potential / V

Fig. 3 Schemes illustrating the major steps involved in the construction of the
electrochemical cytosensor.
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interface for specific capture of both HL-60 and CEM cells.
Finally, after the targeting cells were captured on the electrode
surface, the hybrid nanoprobes were further tethered onto the
surfaces of the captured cells. In this way, a sandwich-like
superstructure was assembled with the leukemia cells of
interest sandwiched between the electrode interface and the
electrochemical nanoprobes.

We adopted a co-electrodeposition method to hierarchically
assemble a multilayered Au NP-graphene composite film on the
GCE surface.** It was recently reported that colloidal graphene
oxide (GO) could be electrochemically reduced to yield multi-
layered graphene films on an electrode surface by cyclic vol-
tammetry (CV).* A typical CV diagram of GO electrolysis on a
GCE is shown in Fig. S2 in the ESL.{ The cathodic peak I was
attributed to the irreversible electrochemical reduction of GO
while the cathodic peak II and the anodic peak III were ascribed
to the redox pair of some oxygen-containing groups on the
graphene plane.* The progressive increase of the peak currents
with successive potential scans indicated layer-by-layer surface
deposition of graphene onto the GCE. As shown in Fig. 4A, the
CV diagram for the electrolysis of GO coexisting with HAuCl,
displays dramatically different features from those of GO elec-
trolysis. The deposition potential of Au NPs (—0.25 V vs. SCE)

A
3%
0.2-§- ﬁ
-
S8
gL
g | 3
§o.1-°0
O

0.0 02  -04
Potential / V (vs. SCE)

Fig. 4 (A) Cyclic voltammograms for the electrolysis of 1.0 mg mL™" GO + 100
mM HAuCl, in pH 9.0 carbonate buffer solution at a scan rate of 25 mV s~". (B)
SEM image of the electrochemically deposited Au NP-EG multilayered composite
film on the GCE.
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was much lower than that of graphene (—1.2 V vs. SCE). As a
result, the Au NPs and electrochemically reduced graphene (EG)
were alternately deposited layer by layer during the repeated
cyclic voltammetric scans, leading to the formation of hierar-
chically multilayered nanostructures consisting of alternating
layers of Au NPs and EG sheets.** Cyclic voltammetric scans
with a scan rate of 25 mV s~ ' at room temperature in the voltage
range of —1.5 V to 0.6 V allowed for complete and homogenous
deposition of both Au NPs and EG in each scan cycle, which was
consistent with previous observation.** Fig. 4B reveals that Au
NPs with an average diameter of ~15 nm were uniformly
distributed between the thin and transparent graphene sheets.
The reduction currents progressively increased with successive
scan cycles and were remarkably larger than those of GO elec-
trolysis. This is because the intercalation of highly conductive
Au NPs between graphene sheets greatly improved the
conductivity of the nanocomposite film and further increased
the surface area by effectively preventing graphene agglomera-
tion.* Fig. S3 in the ESIT shows the UV-visible extinction spectra
of GO and the electrochemically deposited Au NP-EG composite
film. Colloidal GO suspension showed an absorption peak at
229 nm, while reduction of GO into graphene resulted in a red-
shift of this absorption peak to 268 nm, indicating the forma-
tion of graphene.*® The extinction peak at 532 nm was the
plasmon resonance band of the Au NPs in the nanocomposite
film. The wide angle XRD patterns of the GO and Au NP-EG
hybrid film are shown in Fig. S4 in the ESIL.{ The characteristic
XRD peak of GO centered at 9.12° completely disappeared after
the electrodeposition, strongly indicating that GO was electro-
chemically reduced into graphene.” A series of characteristic
diffraction peaks corresponding to the cubic phase of Au** were
clearly observed in the XRD pattern of the Au-EG hybrid film,
further verifying the co-deposition of EG and Au NPs on the GCE
surface.

The surface modification of the GCE with the Au NP-EG
nanocomposite films effectively facilitated the interfacial elec-
tron transfer process. [Fe(CN) > /[Fe(CN)¢]'~ was used as the
redox probe to characterize the electron transfer resistivity of
the bare and modified GCEs. As shown in Fig. S5 in the ESL,t the
CV peak currents became increasingly more intense as the
number of layers in the Au NP-EG composite films increased.
Optimal electrochemical response was obtained when 4 layers
of EG were electrochemically deposited onto the GCE surface.
Although deposition of more layers of EG and Au NPs resulted
in larger peak currents, the background currents also signifi-
cantly increased largely due to the increase in interfacial areas.
Therefore, in the process of cytosensor assembly, we carried out
the electrodeposition through 5 cycles of CV scans and stopped
at —1.0 V in the fifth scan cycle (indicated by a blue arrow in
Fig. 4A) such that 4 alternating layers of Au NPs and EG were
deposited on the GCE surface with an additional sub-monolayer
of Au NPs deposited on the upper surface of the top layer of EG.
The Au NPs on the top layer were then functionalized with
thiolated aptamers, SH-KH1C12 and SH-Sgc8c, to selectively
capture both HL-60 and CEM cells, respectively. The nonspecific
cell binding sites were effectively blocked using 6-mercapto-1-
hexanol (MCH).
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We used confocal fluorescence microscopy to characterize
the adhesion specificity and viability of the leukemia cells
captured at the as-assembled electrode interface. To distinguish
the two types of leukemia cells, the CEM and HL-60 cells were
stained with trypan blue and Dil, respectively, and then
captured on the electrode surface. As shown in Fig. 5A and B,
strong blue and red fluorescent signals were observed from
trypan blue-stained CEM cells and Dil-stained HL-60 cells under
375 nm and 549 nm laser excitations, respectively, indicating
that both CEM and HL-60 cells were selectively captured on the
electrode surface. To visualize whether the cells were still alive
on the electrode surface, the captured cells were stained with
calcein acetoxymethyl ester (calcein-AM), a widely used cell
viability fluorescence indicator. Strong green fluorescence
(excited at 488 nm) from both CEM and HL-60 cells (Fig. 5C) was
observed and the cell distribution pattern was almost identical
to that of the overlaid image of Fig. 5A and B (Fig. 5D), indi-
cating that the dual aptamer functionalized, Au NP-EG modi-
fied electrode interface exhibited excellent biocompatibility to
both CEM and HL-60 cells. More than 95% of the CEM and
HL-60 cells captured on the electrode interface were observed to
be alive in RPMI 1640 medium for over 48 h.

The stepwise cytosensor assembly process was monitored by
electrochemical impedance spectroscopy (EIS) measurements.
The electron-transfer resistance (R.) of the redox probe,
[Fe(CN)s]> /[Fe(CN)e]*~, at a GCE was measured at multiple
stages during the cytosensor assembly process and the resulting
Nyquist plots are shown in Fig. 6. The EIS results were fitted to a
Randles equivalent circuit (inset in Fig. 6), which included the
solution resistance (Rs), Rec of [Fe(CN)¢]> /[Fe(CN)e]*~, the

50um

Fig. 5 Fluorescence microscopy images of (A) CEM cells stained by trypan blue,
(B) HL-60 cells stained by Dil, and (C) both captured CEM and HL-60 cells stained
by calcein-AM after cell capture on the ITO/Au NP-EG/aptamer electrode for 1 h,
and (D) the overlaid image of the fluorescent signals from all captured cells.
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Fig. 6 Nyquist diagrams of electrochemical impedance spectra recorded from
0.1to 10° Hz for [Fe(CN)g]>~/[Fe(CN)6]*~ (10 mM, 1 : 1)in 1.0 M KCl at a bare GCE
(a), Au NP-EG/GCE (b), aptamer/Au NP-EG/GCE (c), MCH/aptamer/Au NP-EG/
GCE (d), cell/MCH/aptamer/Au NP-EG/GCE (e), nanoprobes/cell/MCH/aptamer/
Au NP-EG/GCE (f). The inset shows the equivalent circuit used to fit the EIS data.

0 500

constant phase element (Cq), and Warburg impedance (W). In
the Nyquist diagrams, the diameters of the semicircles reflected
the R.. of redox conversion of the electroactive marker
[Fe(CN)e]* /[Fe(CN)s]*~ on the GCE at certain applied poten-
tials. It was observed that the assembly of the Au NP-EG
nanocomposite layers on the GCE surface resulted in a
substantial decrease in the R.. because the Au NP-EG nano-
composite film significantly increased the surface area and
electro-conductivity of the electrode interface and thus facili-
tated the interfacial electron transfer process. After aptamer-
functionalization and subsequent MCH blocking, the electron
transfer resistance significantly increased due to the fact that
the aptamers acted as an inert blocking layer that hindered the
electron transfer. The subsequent adhesion of cells onto the
electrode interface further obstructed the access of the redox
probes to the electrode, leading to a substantially higher R
value. Finally, the attachment of the hybrid nanoprobes onto
the cell surfaces further increased the R essentially due to the
barrier effect of SBA-15 against the electron communication
between [Fe(CN)q]> /[Fe(CN)s]*~ and the electrode surface. The
evolution of the R.; during the cytosensor assembly process is
shown in Fig. S6 in the ESIL.{ The standard deviations, which are
shown as the error bars in Fig. S6,7 were obtained from inde-
pendent EIS measurements performed on three cytosensors.

Electrochemical cytosensing

The detection sensitivity and linear response range of the
multiplexed cytosensor were evaluated using HL-60 and CEM
cells as the targeting cells. Differential pulse voltammetric
(DPV) measurements were carried out in phosphate buffered
saline (PBS) at pH 6.5 containing 1 mM of H,0, after incubating
the dual aptamer functionalized, Au NP-EG modified GCE with
the targeting cells at various concentration levels and the
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electrochemical nanoprobes. As shown in Fig. 7A, the DPV
reduction currents progressively increased with the HL-60 and
CEM cell concentrations. The calibration plots for both HL-60
and CEM cells displayed a good linear relationship between the
reduction peak current and the logarithm of the cell concen-
tration in the range of 5 x 10°-1 x 10’ cells per mL with
correlation coefficients of 0.994 and 0.996 for HL-60 and CEM
cells (n = 10), respectively (Fig. 7B). The error bars in Fig. 7B
represent the standard deviations obtained from parallel
measurements performed using five different cytosensors. The
detection limits for HL-60 and CEM cells were determined to be
~350 cells per mL at 3o, which were lower than those of
previous reported EIS-based cytosensing approaches.*®* The
high detection sensitivity may be a consequence of the syner-
gistic effects of excellent conductivity of Au NP-EG nano-
composite films, the loading of a large amount of redox-tags in
SBA-15, and the high catalytic activity of HRP toward H,O,
reduction. The wide linear response ranges allow for the
quantification of both types of acute leukemia cells over a broad
distribution of concentration levels.
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Fig. 7 (A) DPV responses at different HL-60 and CEM cell concentrations (from
curve ato g: 5 x 102, 5 x 10%, 1 x 10% 5 x 10%, 1 x 10% 1 x 10°and 1 x 10’
cells per mL of HL-60 and CEM cells, respectively). (B) Calibration curves for HL-60
and CEM cells in PBS, pH 6.5, containing 1 mM H,0..
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Fig. 8 DPV signals for the investigation of cross-reactivity: (a) 1 x 10° cells per
mL CEM solution, (b) 1 x 10° cells per mL HL-60 solution, and (c) a mixture
solution containing 1 x 10° cells per mL HL-60 and 1 x 10° cells per mL CEM.

An excellent multiplexed cytosensor must exclude cross-
reactivity between different types of targeting cells. The cross-
reactivity of the as-fabricated cytosensors was evaluated by
comparing the amperometric responses obtained in the pres-
ence of both HL-60 and CEM cells to the electrochemical signals
obtained with only one type of cells present. Fig. 8 shows the
results of a typical electrochemical assay, in which the dual-
aptamer modified electrode was incubated with 10° cells per mL
of CEM cells (curve a), 10° cells per mL of HL-60 cells (curve b),
and a mixture of 10> cells per mL of CEM cells and 10° cells per
mL HL-60 cells (curve c), followed by incubation with the hybrid
nanoprobes (SBA-15/AQ/Au NP-KH1C12-HRP and SBA-15/Thi/
Au NP-Sgc8c-HRP). When only CEM cells were present, a well-
defined DPV peak was obtained at —0.204 V vs. Ag/AgCl (elec-
trochemical signal from Thi), while in the presence of HL-60
cells only, a single DPV peak at —0.518 V vs. Ag/AgCl (electro-
chemical signal from AQ) was observed. The two peaks were
used to quantify the concentrations of CEM and HL-60 cells,
respectively. When both cells were incubated, two signal peaks
appeared simultaneously in the DPV diagrams and the detec-
tion of CEM and HL-60 cells showed minimal interference with
each other.

The detection specificity is also a key issue in cytosensing. In
this work, Hela (a non-leukemia cancer cell line), K562 (a
chronic leukemia cell line), and normal red blood cells were
used as interferences to evaluate the selectivity of the cyto-
sensor. In Fig. 9, the electrochemical signals of 10° cells per mL
of HL-60 and 10° cells per mL of CEM cells in the absence of
interference are compared with those obtained in the presence
of interference cells at 10° cells per mL concentration level. It
was apparent that the presence of various non-targeting cells,
even at concentrations an order of magnitude higher than the
targeting cells, had minimal interfering effects on the electro-
chemical detection. These results clearly indicated that the as-
constructed electrochemical cytosensor had excellent sensing
specificity and was capable of differentiating HL-60 and CEM
cells from complex samples.

This journal is © The Royal Society of Chemistry 2013
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Fig.9 DPV responses at the concentration of 1 x 10° cells per mL HL-60 and 1 x
10° cells per mL CEM in the absence of interfering cells and in the presence of 1 x
10° cells per mL of Hela, 1 x 10° cells per mL of K562, and 1 x 10° cells per mL of
red blood cells. The error bars represent the standard deviation obtained from
measurements performed on the three cytosensors.

Conclusions

Taking the advantage of novel nanobiotechnology, a multiplex
electrochemical cytosensing platform has been constructed to
simultaneously detect and classify both AML and ALL cells in a
highly sensitive, selective, and reproducible manner. The
multifunctional hybrid nanoprobes integrate unique capabil-
ities to specifically target the cells of interest, to amplify the
electrochemical signals, and to generate distinguishable signals
for multiplex cytosensing. The hierarchical assembly of Au NP-
graphene multiplayer composite films and dual aptamer func-
tionalization on the GCE surface provide not only a highly
conductive and biocompatible electrode interface for electro-
chemical sensing but also an analogue of extracellular matrix
for the specific cell recognition and adhesion. The as-fabricated
cytosensors showed a detection limit of ~350 cells per mL and
exhibited a wide linear response range of 5 x 10>-1 x 10 cells
per mL for both HL-60 and CEM cells, with minimal cross-
reactivity and interference from non-targeting cells. This robust
electrochemical cytosensing approach is believed to be of great
clinical value as a diagnostic tool for early detection and clas-
sification of human acute leukemia. By selecting the nucleic
acid aptamers that specifically target other types of cancer
cells,*** this approach can be readily expanded to multiplex
detection and classification of a variety of cancer cells.
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