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A multivalent recognition and alkaline phosphatase (ALP)-responsive aptamer electrogenerated chemiluminescence (ECL) biosensor for
cancer cell detection and in situ evaluating cell surface glycan expression was developed on a poly(amidoamine) (PAMAM) dendrimer
conjugated chemically reduced graphene oxide (rGO) electrode interface. In this strategy, the multivalency and high affinity of the cell-
targeted aptamers on rGO provided a high efficient cell recognition platform on the electrode. The ALP and concanavalin A (Con A)
coated gold nanoparticles (Au NPs) nanoprobes allowed the ALP enzyme-catalyzed production of phenols that inhibited the ECL
reaction of Ru(bpy);>" on the rGO electrode interface, affording a fast and highly sensitive ECL cytosensing and cell surface glycan
evaluation. Combining the multivalent aptamer interface and ALP nanoprobes, an ECL cytosensor showed a detection limit of 38 CCRF-
CEM cells mL™" in human serum samples, broad dynamic range and excellent selectivity. In addition, the proposed biosensor also
provided a great insight into dynamically profiling of different glycans expression on cell surface based on the carbohydrate recognized

lectins on the nanoprobes, exhibiting a great promising in clinical diagnosis and drug screening.

1. Introduction

Carbohydrate, the key components of cell surface glycolipids and
glycoproteins, play critical roles in a wide variety of biological
processes including cell growth and differentiation, cell adhesion,
cell-cell communication, immune response, pathogen interaction,
and intracellular signaling events.'* The variational expression of
cell surface carbohydrate is associated with a variety of diseases,
especially neurodegenerative disease and cancers.’ Therefore,
simultaneous analysis of cell surface carbohydrate expression is
essentially important in clinic diagnostic and provides an
effective way to monitor the progressions of diseases and
understand of their roles in disease development.

Traditional approaches of cell surface glycans analysis
including mass spectrometry (MS),*® nuclear magnetic resonance
(NMR),”"? chromatography'* ' and spectrometry.'> '® Although
some of these analysis can provide molecule-level information,
they are require complicated sample preparation and unsuitable
for dynamically detection due to its destructive nature. Moreover,
some methods such as MS and NMR either require valuable
equipment or need to be performed by skilled personnel. As an
alternative, glyco-biosensors such as lectin arrays'” '® and
electrochemical biosensors™ '° by means of the highly specific
binding of lectin to carbohydrate have been developed for glycan
profiling.* However, the issues of less active-sites accessibility
and low affinity between lectin and carbohydrate limit their
sensitivity and stability.

Multivalent recognition plays a critical role in a series of
binding processes in nature. A multivalency system is proven to
enhance the affinity by one to nine orders of magnitude. To
realize the maximized multivalency effects for proteins or cells, a
majority of biointerfaces have been rationally designed based on
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numerous  scaffolds.”***  Poly(amidoamine)  (PAMAM)
dendrimers are the mostly widely used mediator have been
reported to be an excellent mediator for facilitated multivalent
effect owing to their capability to preorganize/orient ligands and
the easy deformability of the polymer chains.”* ?* Dramatically
increased cell capture efficiency was obtained on an antibody
conjugated dendrimer multivalent interface.”® Recently, the
multivalency effects were also observed on nanomaterials
scaffolds such as gold nanoparticles, quantum dot for the
recognition of carbohydrate, antibody, peptides and DNA 2" 2%’
The large accommodation of nanoparticles surface allows more
active molecules to be loaded to improve the binding affinity.
Moreover, the excellent photonic, electrochemical and
mechanical properties of nanoparticles allow them to be excellent
transducers with extensive analytical techniques. Graphene, a
two-dimensional carbon crystal with only one atom thickness, has
drawn much attention because of its excellent electrical
conductivity, high surface-to-volume ratio, remarkable chemical
stability, easy functionalization and excellent biocompatibility.
The unique electric and photo-electrochemical characteristics of
graphene have been broadly studied and applied in quantum
electrical  devices, electromechanical  resonators, and
electrochemical sensors.”*** Here, PAMAM conjugated graphene
(rGO-DEN) composite electrode interface was developed by
coupling the unique properties of graphene and PAMAM
dendrimer, which can not only improve the electrode interface
electron transfer but also enhance the multivalent recognition
efficiency, and will be great promising in fabrication of biomimic
devices and biosensors with high sensitivity.

Electrogenerated  chemiluminescence (ECL) technique
combining high controllability inherited from electrochemical
modes with low background noise similar to other luminescent
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signals, has attracted considerable interest.> Recently, ECL
biosensor is extensively developed for diagnostic purposes, such
as aptamer or DNA binding*® ¥’ enzyme reaction,®
cytosensing.®® ** Tris(2,2’-bipyridyl) ruthenium(Il) chloride
hexahydrate (Ru(bpy);>") has been the most popular ECL system
due to their high efficiency.*' The Ru(bpy);>" ECL system can be
strongly inhibited by many phenol and phenolic analogues based
on a “electrochemical oxidation inhibiting” mechanism. ** 4
Alkaline phosphatase (ALP) is one of important enzyme that can
catalyze the hydrolysis of a group of phosphoryl esters to
generate electroactive products. ** * An ALP catalyzed ECL
inhibition system of CdSe nanoparticles has been reported to
detect the enzymatic processes in serum samples by the phenolic
groups in ALP catalytic products.*® The phenol product by ALP
catalyzed reaction can also significantly inhibit the Ru(bpy)s>*
ECL system.**® Moreover, the ALP hydrolysis substrate phenyl
phosphate disodium (PPNa) has almost no effect on the
Ru(bpy);>" ECL signal, showing the great promise in sensitive
biosensing applications.*®

Herein, a multivalent recognition and ALP-responsive aptamer
ECL biosensor for cancer cell detection and in situ evaluating cell
surface glycan expression was developed on a PAMAM
dendrimer conjugated chemically reduced graphene oxide rGO
electrode interface (rGO-DEN) (Scheme 1). In this experiment,
CCRF-CEM cell (human Acute Lymphoblastic Leukemia) was
used as a model cell line, and the abnormal glycan expression on
CCRF-CEM cell may be associated with fatal immune
deficiency-associated diseases.” An CCRF-CEM cell specific
aptamer sgc8c conjugated the rtGO-DEN interface were fabricated
for highly selective cell capture,*® which can not only provide a
multivalent recognition interface that dramatically improves the
cell capture efficiency but also enhance the electron transfer
ability as well as the sensitivity of the biosensor. Besides, lectins
and ALP modified gold nanoparticles were prepared as signal
probes. Thus, a sandwich type biosensor formed based on the
specific interaction between the lectins and the carbohydrates on
cell surface. The nanoprobes can inhibit Ru(bpy);”>" ECL reaction
by the ALP catalytic product phenol in the presence of PPNa,
allowing a highly sensitive carbohydrate cancer cell biosensor for
human serum samples and open a new way to insight of the
physiological functions of glycans in the cellular processes.

2. Experimental sections

Materials and reagents

PPNa, p-Nitrophenyl phosphate disodium salt (PNPP), TPrA and
graphite powder (99.99995%, 325mesh) were obtained from Alfa
Aesar. Glutaraldehyde (GA) and lectins including Con A, wheat
germ agglutinin (WGA) and peanut agglutinin (PNA) were
purchased from Sigma-Aldrich. Ru(bpy);*" was purchased from
Acros Organics (USA). Bovine serum albumin (BSA) was from
Dingguo Biological Products Co. (Beijing, China). HAuCl, -
3H,O (48% w/w) was obtained from Shanghai Reagent
(Shanghai, China). The third generation amine-terminated
polyamidoamine dendrimers (G3.0 PAMAM-NH,, abbreviated to
be DEN) were purchased from Chenyuan Organosilicon New
Material Company (Weihai, China). ALP and aptamer sequences
were obtained from Shanghai Sangon Biological Engineering
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Technology & Services Co., Ltd. The sequence of sgc8c aptamer
is listed as follows: 5’-NH,-TTT TTT TTT ATC TAA CTG CTG
CGC CGC CGG GAA AAT ACT GTA CGG TTA GA- 3’. The
use of ALP should with 0.01 M Tris/HCI (pH 8.0) containing 10
mM MgCl, and 1 mM ZnCl,. Tris-HCI buffer (pH 7.4, 10 mM)
containing 137 mM NaCl and 2.7 mM KCI was used as washing
solution, the Tris buffer (pH 9.0, 50 mM) containing 137 mM
NaCl, 2.7 mM KCI, 10 mM MgCl, and 1 mM ZnCl, was used as
detection solution. Human serum was provided by the Affiliated
Hospital of Tsinghua University. Other regents of analytical grade
were obtained from Beijing Chemical Company (China) and were
used as received.

Apparatus

Transmission electron microscope (TEM) images were collected
with a Hitachi H-7650B (Japan) opened at an accelerating voltage
of 100 kV. The UV-vis absorption spectra were obtained via a
Hitachi U-3900 UV/Vis spectrophotometer (Japan). Fourier
transform infrared spectroscopy (FTIR) of samples in KBr pellets
was recorded on a Perkin-Elmer Spectrum GX spectrometer
(Perkin-Elmer Company, USA). XRD patterns were obtained
using a D8 Advance (Bruker) X-ray diffractometer using Cu-Ka
radiation (1 % 1.5418 A). Raman spectra were collected on a RM
2000 Microscopic confocal Raman spectrometer (Renishaw PLC,
England) with a 633 nm He-Ne laser beam.

The cyclic voltammetry (CV) was conducted on a CHI 440b
instrument (CH Instrument Co., USA). Electrochemical
impedance spectroscopy (EIS) was carried out on a PARSTAT
2273  potentiostat/galvanostat ~ (Advanced = Measurement
Technology Inc., USA). Impedance measurements
performed by applying an ac voltage of 5 mV amplitude with
frequency from 0.01 Hz to 10° Hz in a 5 mM
K;[Fe(CN))/K4[Fe(CN)g] redox probe solution with 0.5 M KCL.
The ECL measurements were carried out on an MPI-B
multifunctional electrochemical analytical system (Xi’an Remex
Analytical Instrument Ltd. Co., China). The voltage of the
photomultiplier tube (PMT) was maintained at 600 V.

were

Synthesis of GO-DEN and rGO-DEN Conjugates

The graphene oxide (GO) was synthesized according to our
previous works.*” ** GO-DEN composites were prepared as
following. Briefly, 2 mL of DEN solution (50 uM) was added to 2
mL of GO solution (ca. 0.5 mg mL™") containing KOH (20 mM).
The mixture was stirred at 40 °C for 12 h. 160 uL of 0.5 M H,SO4
solution was then added and the mixture was further stirred for 30
min. The resulting GO-DEN composites were collected by
centrifugation, and washed with DI water for several times. The
chemically reduced GO-DEN (rGO-DEN) was obtained by
mixing 1 mL of the GO-DEN (ca. 0.3 mg/mL), 15uL of hydrazine
(35 wt% in DI water) and 11.8 uL of ammonia (25 wt% in DI
water) at 80 °C for 90 min.

Preparation of ALP-Con A-Au NPs nanoprobes

Au NPs with a diameter of 13 nm were synthesized according to
literature procedures.”’ Au NPs were coated with ALP and Con A
according to the following method.”" > Briefly, 1 mL Au NPs
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were adjusted to pH 6.2 with 0.IM K,CO; before use. The
bioconjugates were freshly prepared by addition of ALP (20 pL, 1
mg/mL) and Con A (20 pL, 1 mg/mL) into 1.0 mL of the Au NPs
solution. The mixture was then gently stirred at room temperature
for 2 h. The excess reagents were removed by centrifugation for
10 min at 10,000 rpm. After discarding the supernatant, the red
pellets were washed twice with 10mM Tris buffer (pH 7.4), the
resulting ALP-Con A-Au NPs conjugates finally
resuspended in Tris buffer and stored at 4 °C for use. The activity
of the ALP on the surface of ALP-Con A-Au NPs conjugates was
measured by recording the absorbance at 400 nm in the solution
the ALP substrate of PNPP.

were

Cell Culture and Treatments

CCRF-CEM cells were obtained from ATCC (American Type
Culture Association). CCRF-CEM cells were cultured in RPMI
1640 medium (Dingguo Biological Products Co., Beijing, China)
containing 10% fetal bovine serum (Dingguo), 100 U mL™
penicillin, and 100 U mL™" streptomycin at 37° C in a humidified
atmosphere of 5% CO,. The cells at the logarithmic growth were
collected and separated from the medium by centrifugation at 800
rpm for 5 min and then washed with sterile Dulbecco's phosphate
buffer saline (DPBS, pH 7.4) twice. The sediment was then
resuspended in DPBS or in human serum to obtain a
homogeneous cell suspension. Cell number was determined by
using a blood counting chamber.

Biosensor Fabrication and Cell Capture

The glassy carbon electrode (GCE, diameter of 3 mm) was
polished with 0.3 and 0.05 pm a-Al,O; powder followed by
successive sonication in ethanol and distilled water respectively.
After being dried with high-purity nitrogen gas, 6 pL of 1mg
mL™' rGO-DEN solution was dropped onto GCE and dried
overnight to fabricate a functional film (rGO-DEN/GCE).
Subsequently, the electrode was immersed in 100 pL of 2.5% GA
solution for 1 h to activate amine group on the film surface. Then,
50 pL of 1 uM sgc8c aptamer solution was added to the film and
incubated for 1 h (aptamer/rfGO-DEN/GCE). The electrode
surface was then rinsed with washing buffer and dried in a
nitrogen gas stream. Whereafter, 200 pL sample prepared by
dispersing a certain amount of CCRF-CEM cells in DPBS was
added on the sgc8c modified surface and incubated at 37 °C for
1.5 h. Following a rinse with buffer, CCRF-CEM
cell/aptamer/rGO-DEN/GCE electrode was obtained.

ECL measurements of ALP-Con A-Au NPs
Nanoprobe-Based Cell Surface N-Glycan Expression

The CCRF-CEM cell/aptamer/rGO-DEN/GCE electrode was
incubated with 30 uL of ALP-Con A-Au NPs nanoprobes solution
containing 1 mM Ca®" and Mn?" for 1 h. The nanoprobes were
captured via the specific binding between Con A and cell surface
mannose and trimannoside. Here, the Ca’" and Mn*" were
necessary for the activity of Con A binding to cell surface
mannose. After carefully rinsed with PBS, the prepared ALP-Con
A-Au NPs/CCRF-CEM cell/aptamer/rGO-DEN/GCE electrode
was immersed in 2 mL Tris-HCI (pH 9.0, 50 mM) solution with
0.25 mM TPrA, 75 uM (Ru(bpy);)** and 4 mM PPNa for 20 min.

ss The ECL measurements were performed from 0 to 1.25 V with

scan rate of 100 mV s ' using Ag/AgCl electrode with saturated
KCI solution and platinum wire as the reference electrode and

counter electrode, respectively.
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60 Scheme 1 (A) Schematic illustration of the aptamer ECL biosensor sensor

based on the multivalent recognition and ALP responsive signal amplification
for sensitive cell detection and cell surface carbohydrate evaluation. (B)
Synthesis of rGO-dendrimer conjugates. (C) Fabrication procedures of ALP-
Con A-AuNPs nanoprobes.
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Fig.1 The Raman spectra (A) of GO (a), GO/DEN (b), rGO (c) and
rGO/DEN (d), and FTIR spectra (B) of GO (a), Dendrimer (b) and

70 rGO/DEN (c).

Scheme 1 presents the ECL biosensor for cytosensing and cell
surface carbohydrate evaluation based on multivalent recognition
and dual signal amplification. The PAMAM dendrimer
conjugated rGO was firstly fabricated and modified onto the

75 GCE, which can not only promote the interface electron transfer

This journal is © The Royal Society of Chemistry [year]
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rate but also afford a large accommodation for aptamer
conjugation. The dendrimer mediated multivalent binding
between aptamer and cancer cells could improve the cell capture
efficiency and thus enhance the sensitivity of the biosensor. The
cell captured electrode was then incubated with the ALP-Con A-
Au NPs nanoprobe to form a sandwich type system based on the
specific recognition between the lectin and carbohydrate on cell
surface, obtaining high selectivity and sensitivity for cell
detection as well as the surface glycan analysis. Meanwhile,
ALP-Con A-Au NPs exploit the amplification effect of Au NPs
for loading a large number of lectins and ALP, and significantly
inhibit Ru(bpy);>" ECL signal.™® Therefore, the sensitivity of the
biosensor is greatly enhanced.

Fig. 1A shows the Raman spectra of the forming of rGO-DEN
composites. The characteristic spectrum of GO or rGO are
focused at two main bands, the G mode (usually observed at
~1580 cm™) and the D mode (at ~1350 cm™).>* The relative
intensity of the D and G bands (D/G) reflects the electronic
conjugation state of graphene derivate. When GO was reduced,
the intensity ratio of D mode and D mode increases, indicating
the formation of rGO. It’s clear that rGO-DEN keeps the original
properties of rGO in the process of assembling GO with PAMAM
and reduction with hydrazine hydrate.

FTIR was also used to confirm the conjugation of rGO-DEN.
In Fig. 1B, the peaks of GO (curve a) at 1624 and 1729 cm'
correspond to the stretching vibrations of C=C and C=0O
respectively, which demonstrate the carboxylic group existing on
the surface of GO. The pure PAMAM give absorption bands at
1646 and 1553 cm ', assigned to C=O stretching (amide I) and
N-H bending/C-N stretching (amide II) vibrations of the
dendrimer interior, respectively (curve b).*> After PAMAM
coupling and hydrazine reducing, absorption bands at 1638 and
1559 cm™' were observed, and the characteristic absorption peaks
of carboxylic group at 1729 cm ' was disappeared, indicating the
formation of PAMAM conjugated rGO composite which also
kept the well-defined nanosheet structure (Fig. S1C).

Au NPs with a diameter of about 20 nm were used and
conjugated with Con A and ALP. The Au NPs were characterized
by UV-vis spectrometry and TEM (Fig. S1A in Supporting
Information). After the conjugation of Con A and ALP, the
characteristic absorption peak of gold nanoparticles red shift from
522 nm to 528 nm due to the decoration of biomolecules on Au
nanoparticles. The activity of the ALP-Con A-Au NPs nanoprobe
was verified by UV-Vis. (Fig. S1B). In the presence of ALP, the
colourless PNPP was catalyzed to produce p-nitrophenol (PNP), a
bright yellow product (insert in Fig. S1B). Accordingly, the
absorption peak at 310 nm of the solution was decreased, and a
distinct absorption peak at 400 nm was observed (curve c). The
result demonstrated that ALP-Con A-Au NPs nanoprobe has
excellent activity.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) are used to verify the stepwise assembly of
the cytosensor.”’ Both the bare GCE (curve a) and rGO-DEN
modified GCE (curve b) exhibited a couple of reversible redox
peaks as shown in Fig. S2A (Supporting Information), and an
increasing current intensity presented on the rGO-DEN/GCE,
ascribing to the large surface and the excellent conductivity of
rGO-DEN composite. After immersing into sgc8c aptamer, the
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current decreased (curve c) due to the electron inert feature of the
aptamer. The peak currents were further decreased, and the gap
between the anodic and cathodic peaks became wider after
subsequent capture of CCRF-CEM cells by the specific
recognizing of sgc8c to the cell surface PTK7 (curve d).
Moreover, the electron transfer between the redox probe and
electrode was further hindered after incubation with ALP-Con A-
Au NPs probes because of the electrostatic repulsion between
negatively charged Con A and citrate anions on Au NPs and
Fe(CN)s*" (curve e). Fig. S2B shows the Nyquist plots of EIS
upon the stepwise modification processes. Nyquist plots
composed of a semicircle portion at higher frequencies
corresponding to the electron-transfer-limited process and a linear
portion at lower frequencies representing the diffusion limited
process. The semicircle diameter equals to the electron transfer
resistance (Ry). Due to the good conductivity of rGO, the rGO-
DEN/GCE (curve b) displayed a lower resistance than bare GCE
(curve a). Afterwards, the R, increased successively with
sequential assembly of sgc8c aptamer (curve c), capture of
CCRF-CEM cell (curve d), and incubation of nanoprobes (curve
¢), which was well consistent with that of CV and demonstrated
the feasibility of the biosensor.
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Fig. 2 ECL intensity-potential curves of aptamer/rGO-DEN/GCE (a),
cell/aptamer/rGO-DEN/GCE (b), ALP-Con A-Au NPs/aptamer/rGO-
DEN/GCE (c), ALP-Con A-Au NPs/cell/rGO-DEN/GCE (d), and ALP-
Con A-Au NPs/CCRF-CEM cell/aptamer/rGO-DEN/GCE (e) in 50 mM
Tris/HCI (pH 9.0) containing 0.25 mM TPA, 75 uM Ru(bpy);*" and 4mM
PPNa. Scan rate,100 mV/s. The PMT voltage is 600 V. The concentration
of CCRF-CEM cells: 1.0x10° cells mL™'. Inset: Values of the peak
intensities of the corresponding ECL curves at 1.25V.

Fig. 2 shows the ECL behaviours of the biosensor in 50 mM
Tris buffer (pH 9.0) containing 0.25 mM TPA, 75 uM Ru(bpy);>*
and 4mM PPNa. The aptamer/rGO-DEN/GCE exhibited a strong
ECL emission of Ru(bpy);>" starts at about 1.0 V with a peak at
around 1.15 V in the presence of TPA (curve a). The ECL
intensity decreased after immersing the aptamer/rGO-DEN/GCE
electrode in the cell solution due to the multivalent recognition
between the sgc8c aptamer conjugated rGO-DEN interface and
PTK?7 on the CCRF-CEM cell surface (curve e). The high ECL
signal was attributed to the reaction between Ru(bpy),>" and
TPrA. When the cell adsorbed electrode was treated with the
ALP-Con A-Au NPs, a sharp decrease of the ECL signal was
observed, attributing to the phenolic groups of ALP catalytic
products that significantly inhibited Ru(bpy);>* ECL reaction. To
verify the ECL signals come from the multivalent recognition
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between the aptamers and cell as well as the specific binding TPrA ECL inhibition system only in the presence of both cell or
between the nanoprobes and cells, the aptamer/rGO-DEN/GCE nanoprobes. In addition, the rGO-DEN/GCE did not immobilize
was incubated in the solution with CCRF-CEM cells (curve b) or 10 sgc8c aptamer followed by incubating with cell and nanoprobe

ALP-Con A-Au NPs nanoprobes separately (curve c). It was clear also exhibited an intensive response (curve d), which suggested
s that both of the electrode presented high responses which was that sge8c aptamer modified electrode can selectively recognize
closed to the background. The reason is that the aptamer modified and capture the CCRF-CEM cell surface, and the nonspecific
electrode can be built to the intact ALP-responsive Ru(bpy);>‘- adsorption was very weak.
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Fig. 3 Optimization of (A) aptamer concentration, (B) pH value, (C) cell incubation time and (D) molar ratio of ALP to Con A used for preparation of
nanoprobes in 50 mM Tris (pH9.0) containing 0.25 mM TPA, 75 uM Ru(bpy);*" and 4 mM PPNa. Error bars represent standard deviations from three
independent experiments. CV Scan rate, 100 mV/s. The PMT voltage is 600 V. The concentration of CCRF-CEM cell is 1.0x10° cells mL"".

20 The numbers of the aptamer on the electrode plays an on the cell capture. It was observed that the ECL intensity
important role on the cell capture and the sensitivity of the changes elevated with increasing incubation time and reached an
biosensor. As a result, the aptamer conjugated electrodes were approximate plateau at 90 min (Fig. 3C). Thereby, 90 min was
fabricated by dropping the rGO-DEN/GCE in the solution with s applied as the best recognition time. In addition, the effect of
different concentrations of aptamer. As shown in Fig. 3A, the molar ratio of ALP to Con A used for preparation of nanoprobe

»s ECL intensity change increased with the aptamer concentration was also discussed. At a constant total protein weight, the ECL
from 0.5 to 1.0 mM, demonstrating that more CCRF-CEM cells response changes increased with the increasing molar ratio of

were captured. After that, the ECL intensity change decrease ALP to Con A until 1:1, followed by a sharp decrease, which was
which could be ascribed to the steric hindrance of the large due to the fact that the recognition protein on the nanoprobe was

w
=

numbers of aptamer and cells on the electrode interface. insufficient for binding to CCRF-CEM cells. As a result, 1:1 of
30 Therefore, the concentration of 1.0 mM of the aptamer precursor the ratio of ALP to Con A was used for the preparation of the

solution was used. The pH effect on the biosensor performances nanoprobes.

was also studied. The ECL signal changes in 50 mM Tris-HCI The highly sensitive and selective detection of cancer cells

buffer with pH values varying from 8.0 to 10.0 were recorded ss from human serum plays an important role in early cancer

(Fig. 3B). The change of ECL response increased as the pH diagnosis, and thus greatly increases the chance for effective
35 increased from 8.0 to 9.0 and then decreased at pH higher than treatment.*® Under the optimized conditions, we investigated the

9.0. The weak ECK response at lower pH was attributed to the performance of the developed aptamer sensor in quantitative

low activity of ALP in hydrolysis, and the decrease of response at analysis of cancer cells. Fig. 4A presents the ECL signals of the
high pH might cause by desorption of the cell in strong alkalis ¢ biosensor responding to CCRF-CEM cells. Upon increasing the

condition. Thus, all subsequent experiments were performed in concentration of CCRF-CEM cell, the ECL intensity decreased
40 50 mM Tris-HCl1 buffer with a pH of 9.0. Furthermore, the due to the ECL inhibition of ALP hydrolysate phenol. The ECL
binding time between aptamer and cells was also a crucial factor intensity changes between the ECL signal without cells and with

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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cells at different concentrations was record. The inset of Fig. 4A
displays the relationship between the ECL intensity changes
(Algcy) as a function of the logarithmic value of the concentration
of CCRF-CEM cells. A good linear relationship was obtained in
the range of 1.0x10% to 1.0 x10° cells mL™". The linear regression
equation is Alzc; (au) = 2532.8 x log C..y (cells mL™") — 3066.0
with a correlation coefficient of 0.9950 (n=3), where Alg; is the
ECL signal changes and C,.; is the CCRF-CEM cell
concentrations. The detection limit is estimated to be 38 cells
wmL ™" at 30. It is obvious that the sensitivity of multivalent
recognition and dual signal amplification strategy is much higher
than those cytosensors using Con A as the capture or recognition
element reported in the literatures.*® > It is reasonable that the
ECL cytosensor is based on the covalent attachment of aptamer to
is the rGO-DEN. The large number of aptamers mediated by
PAMAM affords a multivalent binding effect that significantly
enhances the cancer cell capture efficiency. In addition, compared
to the weak affinity between lectin and carbohydrate, the high
affinity between the aptamer and cells also intensively improves
20 both of the binding efficiency and selectivity of the cells on the
electrode interface, and enhances both of the sensitivity and
selectivity of the biosensor.
The determination of different cell lines such as CCRF-CEM
(human Acute Lymphoblastic Leukemia, a), Ramos (Human
2s Burkitt's lymphoma cell line, b), K562 (human immortalised
myelogenous  leukemia, c¢), MCF-7 (human breast
adenocarcinoma cell line, d), A549 (human alveolar basal
epithelial cells, ) and BEAS-2B (human bronchial epithelial cell,
f) cell line were studied as shown in Fig. 4B. A significantly ECL
30 response was obtained for the CCRF-CEM cells, whereas a small
response is observed for the other cell lines even though the
Ramos and K562 cell also belong to leukemia cell line. This
result demonstrates the excellent selectivity of the proposed
sensor, which is promising in the applications of circled tumor
35 cell detection and histopathological lesion studies.
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Fig. 4 (A) ECL intensity-time curves of the aptasensor after incubation
with CCRF-CEM cell at different concentrations (from O, 1.0x10%,

40 5.0x107%, 1.0x10%, 5.0x10°, 5.0x10%, to 1.0x10° cells mL"" respectively) in
50 mM Tris/HCI (pH 9.0) containing 0.25 mM TPA, 75 uM Ru(bpy);*"
and 4 mM PPNa. Inserts are the plots of ECL intensity changes vs
logarithm of CCRF-CEM cell concentration. Error bars represent standard
deviations from three independent experiments. (B) The ECL changes of

45 the biosensor treated with various cancer cell lines. All measurements
were performed with as cell concentration of 1.0x10° cells mL™". Scan
rate, 100 mV/s. The PMT voltage, 600 V.

To further demonstrate the feasibility of the developed
biosensor, the detection of CCRF-CEM cancer cells in human
so serum were carried out. A gradual decrease in the ECL intensities
was observed with increasing CCRF-CEM cell in human serum
in the range from 10% to 10° cells. The ECL intensity changes and
the logarithm of cell concentration also represent a linear
relationship like that in PBS solution. The sensitivity of the ECL
ss biosensor for human serum samples was almost the same as that
in PBS, revealing that the developed biosensor can be used for
circled tumor cell detection from peripheral blood.
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/
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4000
2000 ¥ i I
/! 7

2.70 3.00 370 4.00 5.00
Log Ceai(cell mL")

Alect

100004 B - 3

7 7

T 1 f
ConA WGA PNA

s Fig. 5 (A) ECL intensity-time curves of ALP-Con A-Au NPs/CCRF-CEM
cell/aptamer/rGO-DEN modified GCE in response to CCRF-CEM cell in
200 pL human serum (from a to f: 0, 5.0 x 10%, 1.0 x 10%, 5.0 x 10, 1.0 x
10%, and 1.0 x 10° cells mL™" respectively). (B) The ECL changes of
different lectin - recognized glycans on ALP-lectin-AuNPs/CCRF-CEM

65 cell/aptamer/rGO-DEN modified GCE. ECL intensity was recorded in 50
mM Tris/HCI (pH 9.0) containing 0.25 mM TPA, 75 uM Ru(bpy);*" and 4
mM PPNa. CV Scan rate, 100 mV/s. The PMT voltage: 600 V. Potential:
0-1.25 V (vs Ag/AgCl). The error bars represent RSD across three
repetitive experiments.

70 The high sensitivity of the ECL biosensor allows it to be used
for dynamic cell surface carbohydrate expression evaluation. To
analysis the different cell surface carbohydrates expression,
nanoprobes with different lectins, such as Con A, PNA, and
WGA, were prepared respectively. The ALP-lectin-Au NPs

75 nanoprobe with distinct binding specificities (table S1) was used
to evaluate the carbohydrate expression on CCRF-CEM cell
surface. Under the similar condition, the different carbohydrate
expressions on CCRF-CEM cell surface were monitored. Fig. 5B
shows the ECL intensity changes by using the nanoprobes with

so various lectins that reflecting the coordinative carbohydrates
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expression levels of distinct membrane glycan motifs. The results
indicate that high level of Con A and WGA-specific glycans are
expressed on the CCRF-CEM cell surface. As a comparison, the
PNA-specific glycans expression level is low. As for the
important role of cell surface carbohydrate on a series of
biological processes such as cell growth and differentiation, cell
adhesion as well as the associated diseases such as cancer etc.,
the ECL biosensor provide a promising platform on the studies of
carbohydrate related disease as well as drug screening.

4. Conclusion

An ultrasensitive cytosensor for in situ evaluating cell surface
carbohydrate expression has been developed by combining the
signal amplification of ALP-Con A-Au NPs nanoprobe, the
specific binding of sgc8c aptamer and Con A, with ALP-
responsive ECL inhibition methods. Based on the multivalent
aptamer interface and ALP nanoprobes, the ECL cytosensor
showed a detection limit of 38 cells mL™"' in human serum
samples, broad dynamic range and excellent selectivity. In
addition, the proposed biosensor also provided a great insight into
dynamically profiling of carbohydrate expression on cell surface
based on the carbohydrate recognized lectins on the nanoprobes,
exhibiting a great promising in clinical diagnosis and drug
screening. Given the crucial roles of carbohydrate in a series of
biological processes and diseases, the sensitive and universal
ECL sensing platform is promising in developing on-chip, high-
throughput assays for glycomics studies as well as clinical
diagnostics and drug screening.
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