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Herein, by taking advantage of the special binding of an aptamer to the membrane surface of a B cell and
accumulation of the positive charges of a nanocomposite, including luminol-chitosan-platinum nanopar-
ticles (L-Cs-Pt NPs), on the negatively charge of the aptamer phosphate backbone, a sensitive, simple,
selective and rapid strategy for the detection of lymphoma cells by a new label-free electrogenerated
chemiluminescence (ECL) aptasensor has been introduced. With increasing concentrations of B lym-
phoma cells, the nanocomposite detaches from the aptamer, leading to a decrease in the ECL of a luminol

Iéiegs‘zzrsisr:s and H,0, system. With high loading of luminol and Pt NPs on a chitosan, together with the electrocat-
Electrogenerated chemiluminescence alytic effect of Pt NPs, enhanced sensitive detection of cancer cells with a limit of detection of 31 cells/
aptasensor mL was achieved. Step-by-step modification and biosensor response to cancer cells was monitored by

electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and ECL. The aptasensor exhib-
ited excellent specificity for lymphoma cells vs breast cancer (MCF-7) and human embryonic kidney
(HEK293) cell lines as potential interferents. Finally, the performance of the aptasensor in blood samples
was assessed against a commercial flow cytometric method. Satisfactory results confirmed the applica-
bility of the proposed biosensing platform.
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1. Introduction

Aptamers are single-stranded sequences of RNA/DNA aptamers
isolated from a random sequence library by the “in vitro” selection
and amplification Systematic Evolution of Ligands by EXponential
enrichment (SELEX) process. Sensors based on aptamers (aptasen-
sors) have been previously investigated as analytical tools in clin-
ical analysis. Aptasensors provide the desired fast response,
portability, specificity, and sensitivity, in addition to simplicity
and lower cost versus conventional methods [1]. A variety of detec-
tion methods have been coupled to analysis based on aptamers [2].
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Electrogenerated chemiluminescence (ECL) is a powerful and
effective analytical technique that has been applied in various fields
[3]. ECL is a process to convert electrochemical energy into light. In
this technique, a photon is emitted from an excited molecule (during
an electron transfer reactions)at the surface of an electrode [2]. Since
there is no need for a light source, ECL has a very low limit of detec-
tion. Additionally, this technique offers significant features of spatial
and time resolution such that emitted light location, and sample
time can be controlled [4]. ECL-based methods are attractive, as they
combine the advantages of electrochemical detection and chemilu-
minescent techniques, such as high sensitivity, wide linear range,
high specificity [5], low background signal [6], inexpensive instru-
ments, and fast response, while most current analytical methods
have drawbacks such as the necessity of specialized personnel, high
cost, laborious procedures, or limited sensitivity [7]. It has become
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an important and powerful tool in analytical and clinical applica-
tions on account of its versatility and simplified optical setup [8].
Luminol is a well-known luminophore that can generate strong
ECL signals with H,0, [3]. Metal ions are traditional catalysts in
the luminol-H,0, reaction [9]. The generation of reactive oxygen
species from H,0, can be catalyzed by certain nanoparticles (NPs).
The oxidation of luminol can be greatly accelerated in the presence
of a high amount of these species, leading to the amplification of
the ECL signal [2]. Recently, luminol functionalized NPs, instead of
solution luminol use for ECL emission, have been of high research
interest due to the high luminol loading possible and the catalytic
properties. Specific NPs exhibiting catalytic activity for luminol
molecule ECL, with high luminol surface loading have confirmed
the higher sensitivity [10]. Recently, immobilization of luminol on
NPs has been used for the simultaneous genotyping of single nucleo-
tide polymorphisms (SNPs) and electrochemical DNA biosensors.
However, covalent binding only through luminol nitrogen atoms
to NPs limits high loading. To address this issue, signal amplification
based on graphene and a metal-organic framework (MOF) has been
reported [10]. Nevertheless, a weak m-7 interaction of luminol on
graphene and the inaccessibility of all MOF cavities for luminophore
led to limitation in trace bioanalysis. In addition, signal amplification
based on the single reactive function of these carriers might not meet
the requirement for the detection and quantitation of low-
abundance cancer cells/disease-related biomarkers. One approach
to tackle these shortcomings is to produce a high concentration of
active intermediates using a co-reaction accelerator. However, sep-
aration and a large distance between the co-reaction accelerator and
luminophore leads to increased overall decomposition of active
intermediate and decreases the efficiency of an accelerator signifi-
cantly. In the light of the demand for circumventing these disadvan-
tages, confined multiple catalysts considerably boost the signal [11].
It was realized that the polymer-based carrier might be an intriguing
candidate to improve the performance of ECL aptasensors. Polymers
are interesting as matrix materials to control the growth and stabi-
lization of particles to prevent NP aggregation [12]. Recently,
remarkable attempts to synthesize nanoparticles have been made
using physical and chemical methods to adjust morphology, size,
shape and composition, giving controlled optical and luminescent
properties. The synthesis of nanoparticles involving polymer tem-
plates is considered one of the most effective ways of achieving high
levels of synthetic control during the manufacture of nanoparticles.
Nanoparticles synthesized with polymers as stabilizing agents usu-
ally facilitate good control over the size and morphology. The inter-
action between polymers and solid particles can enhance or alter the
stability of particle suspension [13]. The addition of chemical cap-
ping agents to the solution controls anisotropic growth of nanopar-
ticles. Nanocomposites in a readily processable form can also be
made with the incorporation of nanoparticles into polymers. Fur-
thermore, polymeric matrices prevent both the oxidation and coa-
lescence of nanoparticles and thereby help in long-term stability
[14]. Polymeric stabilization is used to advantage for generating nar-
row size distributions of nanoparticles. A polymeric layer adsorbed
on a nanoparticle surface acts as a diffusion barrier to the growth
species, resulting in diffusion-restricted growth of the nanoparticle.
This kind of restricted growth reduces the size distribution of the ini-
tial nuclei, which finally results in the formation of monodispersed
nanoparticles [13]. Chitosan (Cs) is a natural polymer isolable from
crustacean shells [ 15] which contains primary amines that can inter-
act with metal ions, such as Pt, as a stabilizer by chelation, and an
immobilization matrix for a large amount of luminophores; thus,
Cs is interesting for the synthesis of metal NPs [12,15].

One of the most frequently occurring diseases and the second
leading cause of death globally, cancer is a major global healthcare
challenge [16]. In cancer, effective diagnosis and treatment at an
early stage is essential [17]. Increased levels of tumor markers in
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the neoplastic process are associated with certain tumors. There-
fore, tumor marker determination has an effective role in disease
screening and diagnosis [18]. Characterization of antigen proper-
ties on the cancer cell surface is essential for targeted therapy
development. CD20 is an expressed membrane protein on B lym-
phocytes (B cell-specific antigens) at the early stages of cell differ-
entiation [19,20]. For the first time, Tan et al. reported the binding
interaction between cancerous B cell surface-antigens and
antibody-drugs using the anti-CD20 antibody Rituximab as exam-
ple [19]. They reported a systematic approach for utilizing the QCM
technique to quantify the apparent binding constant between Raji
cells and Rituximab for in depth understanding of the binding
event to facilitate understanding comprehension of the mecha-
nisms of resistance to antibody based therapy [19]. Sensitive tests
of tumor markers are important for early clinical diagnosis and
achieving better patient recovery [21]. Flow cytometry is routinely
used in medicine as a reference method for the immunophenotypic
analysis of acute leukemia and lymphoma. The most common
method used by pathologists for diagnosing lymphoma consists
of tissue samples stained with hematoxylin-eosin (H&E). This task
is challenging and time-consuming, mainly when the objective is
to classify the lymphoma type correctly [22,23]. The most recent
cancer cell detection efforts have focused on the development of
biosensors with adequate sensitivity and selectivity, rapid detec-
tion, and easy operation. A biosensors has proved to be an attrac-
tive and applicable tools for non-invasive diagnosis in early lung
cancer [24]. ECL is a valuable tool in life science research to study
basic physiological mechanisms, for detection, discovery of causes,
and to find potential cures for disease. The most common and
arguably the most important, commercial application to date for
ECLis its use in diagnostic assays. Currently, over 50 assays, includ-
ing those for thyroid disease, tumors, as cardiac markers, in fertility
therapies and analytes relevant to infectious diseases, are commer-
cially available [25].

To the best of our knowledge, an ECL-based aptasensor for deter-
mining CD20 biomarkers on the cell surface has not been reported.
Huang et. al. used a sandwich platform based on the peptide and a
labled antibody for the rapid and accurate determination of Ritux-
imab in lymphoma patient plasma [26]. Our group has recently
reported developing an immunosensor using boronic acid-
modified magnetic graphene nanoribbons for immobilizing anti-
CD20 antibodies to detect lymphoma cells by the impedimetric
method [20]. In the present report, we took advantage of the high
affinity of an aptamer for the B cell membrane surface and the
nanoscale proximity effect between Pt NPs and luminol confined
in Cs. A sensitive, simple, selective and rapid detection of lym-
phoma cells by the new label-free ECL aptasensor is introduced.
The amine groups on the Cs lead to Pt NP formation, and Pt NPs
in the nanocomposite act as the site for luminol immobilization;
the combination of these components leads to the enhancement
of luminol activity. Additionally, decorating the Pt NPs as catalytic
probes on the Cs surface increased specific surface area, biocompat-
ibility and conductivity compared with CS and Pt NPs alone for
chemiluminescent detection and amplified the ECL luminol signal.

With increasing concentration of cancer cells, the accumulated
positive charge of L-Cs-Pt NPs on the negative phosphate backbone
of aptamer decreased because of the affinity of the aptamer for the
cancer cells. As a result, the ECL signal of L-Cs-Pt NPs diminished.

2. Materials and methods
2.1. Reagent and chemical
Cs, potassium chloride, potassium ferricyanide, potassium

ferrocyanide, sodium hydroxide, 5-amino-2,3-dihydro-1,4-phthala
zinedione (luminol), acetic acid, sodium borohydride (NaBH,),
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chloroplatinic acid (H,PtCly), tris(2-carboxyethyl)phosphine
(TCEP), 6-mercapto 1-hexanol (MCH), hydrogen peroxide solution
(H207), and other used materials were purchased in analytical
grade from Sigma-Aldrich. Double-distilled water was used for
the preparation of aqueous solutions. Lyophilized thiolated apta-
mer powder was purchased from FAZA Biotech Company with
the following sequences (Kd = 43 nM) [27]: 5 to 3"
AGGAGGATAGTTCGGTGGCTGTTCAGGGTCTCCTCCT

A stock solution of the aptamer was prepared using PBS (pH 7.4)
and frozen and stored at —20 °C.

Three different cell lines, including Raji cells (B lymphocyte/
Burkitt’s lymphoma), MCF7 cells (breast cancer cells), and
HEK293 cells (human embryonic kidney cells), were obtained from
the Cell Bank of the Pasteur Institute (Tehran, Iran). DMEM and
RPMI medium was from Gibco-BRL, Germany, Fetal Bovine Serum
(FBS) and penicillin, streptomycin was from Sigma-Aldrich, USA.

Labelled antibodies for flow cytometry were obtained from Bec-
ton Dickinson (BD, San Jose, CA) and Dako (Carpinteria, CA): CD20
(Dako), PE-CD19 APC (Dako) and Anti-CD20 FITC (Becton
Dickinson).

2.2. Apparatus

A homemade chemiluminescence detector (photomultiplier
tube voltage 800 V) was used for the ECL measurements, and an
Ivium potentiostat/galvanostat (Vertex, Ivium Technologies, and
the Netherlands) was applied to electrochemical measurement.
All electrochemical experiments were performed using a conven-
tional three electrode system containing a working electrode: gold
electrode (GE) form Compact Disk-R, an auxiliary electrode: a plat-
inum wire, and a reference electrode: Ag/AgCl/3.0 M KCl and the
data obtained were analyzed by IviumStat. The step potential
(SP) method was performed to record the ECL emission of L-Cs-Pt
NPs with optimise pulse potential conditions: 0.45 V, pulse period:
30 s, and pulse time: 1 s. The UV-Vis spectra were recorded using a
Perkin Elmer UV/Vis Spectrometer Lambda 12 in the wavelength
range of 200-800 nm. A Philips, CM30, Netherlands, was used to
obtain transmission electron microscopy (TEM) images and
energy-dispersive X-ray spectra (EDX) obtained by SEM-EDX,
XL30, Philips, Netherlands. A flow cytometer (FC500 cytometer,
Beckman-Coulter, Milan, Italy) equipped with a COULTER (Q-
PREP) was utilized using routine protocols. An ELISA microplate
reader (Bio-Rad, USA) was used to measure the absorbance of for-
mazan in living cells at A = 570 nm.

In electrochemical impedance spectroscopy (EIS) experiments,
Nyquist plots were obtained a 0.1 Hz-100 kHz frequency range,
applying a DC potential of 0.22 V and AC potential of 10.0 mV.
All EIS experiments were performed in 10 mM PBS (pH 7.4) con-
taining redox probe solution (5.0 mM Fe(CN)2~/4~ (1:1)) and
0.10 M KCl.

For ECL measurement with the aptasensor, the aptasensor was
placed in a cell containing PBS and H,0, (2 mM) and the ECL signal
measured. Next, the aptasensor was washed and incubated with a
sample containing Raji cells for 30 min, then H,0, is added to the
cells and the ECL signal measured again. The difference between
the ECL signal before and after incubation with Raji cells repre-
sented an analytical signal correlated with the concentration of
cells in the sample. Each aptasensor was used for one assay and
discarded.

2.3. Synthesis of L-Cs—Pt NPs

50 mg Cs were added to 10 mL of 1% V/V aqueous acetic acid
solution (pH = 3-4) and stirred until completely dissolved. Then,
15 mL of H,PtClg (0.01 M) was added with stirring for 1 h to obtain
a well-dispersed solution. In the next step, 15 mL luminol (0.01 M)
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was added. Finally, H,PtClg was reduced to Pt NPs by the addition
of NaBH4 (0.05 mL, 5%). Then, the obtained nanocomposite was
separated by centrifugation and washed several times with
double-distilled water. The synthesized L-Cs-Pt NPs were dis-
persed in PBS and stored at 4.0 °C before use.

2.4. Fabrication of the aptasensor

In this study, an archival gold reflective compact disk (CD) [4]
was applied as a working electrode to fabricate the sensor. First,
a piece was cut of the CD (1 cm x 1 cm) with a paper guillotine,
and placed in concentrated nitric acid to remove the protective
layer and expose the gold surface. The GE surface obtained was
then thoroughly washed with water and electrochemically cleaned
by repeat potential cycling over 0 to 1.5 V until reproducible
voltammograms were obtained in sulfuric acid solution (0.5 M).
Based on the literature, the gold electrode surface area was mea-
sured by following voltammograms in sulfuric acid (0.5 M) and
assuming a specific charge of 386 pnC cm~2 for gold oxide reduction
[28,29]. The gold electrode surface area was determined to be 0.2
3 +£0.02 cm?.

In the next step, the disulfide end of the aptamer was depro-
tected to a thiol using TCEP (20 pL of aptamer 4 uM was added
to PBS containing 5 mM TCEP and kept in darkness for 1 h). Then,
10 pL of aptamer solution was dropped on the cleaned GE and kept
for 24 h. The aptamer-modified electrode was rinsed using water
to remove unbound aptamer and subsequently treated with MCH
(5 uL, 2 mM) for 2 h to cover the nonspecific binding sites on the
surface. Finally, 10 pL of L-Cs-Pt NPs was dropped on to the surface,
and after 1 h, the aptasensor were exposed to lymphoma cells. The
fabrication steps of the proposed aptasensor are shown in Sche-
matic 1.

2.5. Cell culture

The cells were expanded according to the institute protocol: the
Raji cells were cultured in DMEM-high glucose, while MCF7 and
HEK293 cells were cultured in RPMI. Briefly, these cell lines were
cultured in 25 cm? cell culture flasks and grown in DMEM or RPMI
mediums containing 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin. After two passages, the cells were suitable for
experiments.

2.6. Methy! thiazole tetrazolium (MTT) assay

Various concentrations of L-Cs-Pt NPs were assessed for cyto-
toxicity by MTT assay over 24 h. Briefly, after cell counting,
8 x 10% Raji cells (B lymphocyte/ Burkitt’s lymphoma) with
100 uL of medium were placed in each well of 96-well plates and
grown overnight at 37 °C. The cells were treated with various con-
centrations of L-Cs-Pt NPs to study their cytotoxic effect. In paral-
lel, control experiments were conducted without L-Cs-Pt NPs. After
the incubation time, MTT-based assay was performed to evaluate
the viability of the cells by following a reported protocol [30], with
some modification. Briefly, the medium for the cells was removed
and 10 pL of 5 mg/mL MTT with 90 uL of fresh medium (without
FBS and antibiotics) was added to each well. The plated cells were
incubated at 37 °C for 4 h. After the incubation period, the medium
containing MTT was removed and cells incubated for another
10 min in 150 pL of 1:1 ethanol/DMSO. In living cells, the
absorbance of formazan was measured at A = 570 nm by an ELISA
microplate reader. All measurements were carried out in triplicate.
Cell viability was calculated as follows: % of cell viability =
([OD]test - [OD]blank/[OD]control - [OD]blank) x 100.
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Schematic 1. Aptasensor construction process: (1) Modification of GE surface with aptamer strands and block the surface by MCH, (2) Dropping the L-Cs-Pt NPs on the

modified surface electrode, (3) Incubation of the electrode surface with Raji cells.

2.7. Real sample preparation

Two samples (cancer patients) of whole human blood with
coded, unattributable, information were obtained from the clinical
laboratory of Bagiyatallah A'’Azam Hospital before final disposal
and were used as received without further treatment.

Flow cytometry was performed using routine protocols in place
at the time of diagnosis [31]. In this study, it was used for all sam-
ples with 2-color fluorescently labelled tracking antibodies.
According to the manufacturer’s instructions, 100 uL of whole
blood or cells was mixed with 10 pL volumes of each pre-titred
antibody (per test) and incubated for 20 min at 25 °C. Cells were
first washed by adding 1 mL of buffer, then, lysis buffer, fixed buf-
fer, and binding buffer were mixed in, and the cell pellet was resus-
pended with a suitable amount of solution. Cells were collected
after separation on the Coulter. In addition, a similar numbers of
cells (Raji cells) were also stained with CD20 and PE-labelled
CD19 antibodies.

3. Results
3.1. Characterization of L-Cs-Pt NPs

The UV-Vis spectra of platinum, Cs, and aqueous luminol solu-
tions, as well as L-Cs-Pt NPs, are shown in Fig. 1a. The Cs solution
shows no adsorption peak. The luminol solution spectrum exhi-
bits three distinct absorption peaks at 225, 305, and 360 nm.
The shoulder band for the H,PtCls aqueous solution at approxi-
mately 270 nm disappeared after reduction to Pt NP by NaBH,
and exhibited a strong absorption band at approximately
210 nm. The L-Cs-Pt NPs show the typical absorption peaks for

each component, indicating that nanoparticles have been synthe-
sized [10,32-34]. The TEM image of L-Cs-Pt NPs is shown in
Fig. 1b. As shown in the image, Pt NPs were well dispersed in
the Cs matrix, which suggests that the amino groups in the Cs
solution played a role in Pt NP stabilization. The average diameter
of the particles was observed to be approximately 12 nm. The
appearance of emission lines for C, O, and N indicates that lumi-
nol and Cs were present in the nanoparticles. The demonstration
of Pt in the EDX spectrum confirmed that Pt NPs were success-
fully produced (Fig. 1c).

3.2. Electrochemical characterization of the L-Cs-Pt NPs

Noble metal nanoparticles, such as Pt NPs, can form strongly
covalent bonds to -CN, -NH,, or -SH functional groups [35]. The
amine groups on the Cs lead to Pt NP formation on the linear chain
polymer dependent on length, and the presence of Cs causes an
increase in the Pt NPs on the nanocomposite surface. Available Pt
NPs in the nanocomposite act as the site for luminol immobiliza-
tion, and, thus, the presence of these NPs leads to the enhancement
of luminol. As shown in Fig. 2, an obvious signal was obtained with
Cs, while a very weak signal was obtained without Cs. Additionally,
the elimination of Pt NPs from the nanocomposite leads to a
decrease in the luminol signal of L-Cs compared to L-Cs-Pt NPs.
The reason may be that the luminol immobilization sites have
decreased. Additionally, Pt NPs have shown catalytic activity
toward luminol oxidation. On the other hand, Cs can help to
increase the Pt NPs and, in the end, increase the luminol on the
nanocomposite surface. The results obtained also indicated that
with the elimination of Pt NPs on the nanocomposite, surface-
immobilized luminol subsequently decreased.
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Fig. 1. Characterization of the synthesized L-Cs-Pt NPs. (a) UV-Vis spectra of platinum, Cs and luminol aqueous solution, Pt NPs and L-Cs-Pt NPs, (b) recorded TEM image and

(c) EDX spectrum from L-Cs-Pt NPs.
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Fig. 2. Cyclic voltammograms of (a) L (0.01 M), (b) L-Cs, and (c) L-Cs-Pt NPs on the
GE in PBS (0.01 M, pH = 7.4), scan rate = 100 mV s~ '. Inset: the suggested
electrooxidation mechanism for luminol at pH = 7.4 [38,39].

The oxidation of luminol was not accompanied by a cathodic
wave, which indicates that the electrode reaction is irreversible
[36]. Luminol is a diprotic acid (denoted as LH,) with pKa values
of 6 and ~13, respectively. The protons from the amine moiety
are relatively stable and are less acidic than the acyl-hydrazide
protons on the molecule [37]. As can be seen in Fig. 2 in pH 7.4
PBS containing luminol, a small oxidation peak was noticeable at
approximately 0.52 V, which could be attributed to the electro-
oxidation of the luminol anion (LH) to a luminol radical anion
(L) according to the following reaction [38]:

LH™ —e~ —L-+H* (1)

3.3. Electrochemical characterization of the aptasensor modification
steps

EIS is a suitable technique for monitoring electrode interfacial
properties [39]. It is an inexpensive, powerful, rapid, and label-
free alternative technology for interaction monitoring at solid/lig-
uid interfaces and has various applications in biosensor fabrication
[40]. Thus, EIS measurements have been used to study the modifi-
cation of electrode surface processes. Equivalent circuits modes
enable a description of the electrode/electrolyte interface [41]. A
modified Randles’ model [34] was used to approximate the con-
stant phase element (CPE or Q), solution resistance (Rs), electron
transfer resistance (Rcr), and Warburg impedance (W). In this
model, the semicircle diameter represents the Ry of the electro-
chemical reaction [34,42]. These parameter values are presented
in Table 1.

The Nyquist plots of the step-by-step modification of the ECL
aptasensor are shown in Fig. 3. Electrochemical impedance spectra
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Table 1

Obtained Randles parameters for the fabrication steps of the proposed aptasensor.
Electrode Rs Rer Y Q

@ @ WS Ly .
(uS)
GE 79.9 244 760 3.35 0.858
GE/Ap 78.8 1740 701 4.58 0.872
GE/Ap/MCH 84.1 2340 766 2.37 0.886
GE/Ap/MCH/L-Cs-Pt NPs 772 1860 667 399  0.861
GE/Ap/MCH/L-Cs-Pt NPs/Raji 836 3180 775 207  0.890
cells

fitted to the Randles circuit and the experimental spectra are
shown by dashed and dotted plots, respectively. The bare GE pre-
sented a small semicircle domain and Rcr (244 Q), indicating fast
electron transfer of the probe at the electrode surface. Self-
assembled thiolated aptamers cause an increase in the Rer value
(1740 Q) of the GE due to the development of negative charges
on the surface, which in turn leads to the repulsion of negatively
charged [Fe(CN)g]>~/4~ [4]. After blocking the electrode with
MCH, a larger semicircular region was observed with the estimated
corresponding Rct value of 2340 Q. After the accumulation of L-Cs-
Pt NPs on the surface electrode, Rqr decreased to 1860 Q, which
can be attributed to facilitated electron transfer by the Pt NPs
[10]. After incubating the prepared aptasensor with 1000 cells/
mL of lymphoma cells, Rer dramatically increased (3180 Q), indi-
cating that cells attached to the aptasensor surface.

The EIS data for the control experiments with Raji cells in the
absence of the aptamer immobilized on the electrode surfaces,
are shown in Fig. S1. In the absence of the aptamer, L-Cs-PtNPs
cannot accumulate on the electrode surface and the RCT of GE/
MCH/L-Cs-PtNPs does not change compared to that of GE/MCH.
Furthermore, when GE/MCH/L-Cs-PtNPs are incubated with Raji
cells, the RCT remains unchanged. This confirms that Raji cells
are not retained on the electrode surface in the absence of the
aptamer.

3.4. ECL behavior of the aptasensor

The ECL behavior of various step modifications of the aptasen-
sor was also been studied, and the results are shown in Fig. 4A.
Fig. 4A shows (curves a-c) that the bare and aptamer-modified
GE and MCH have no ECL signal. When L-Cs-Pt NPs were added
to the electrode surface, an ECL signal appeared (curve d of

3000 «
2500 +

& 2000 1

-N 1500 1 o

1 s "u 4 . s
1000 L ’)ah." ‘% . d’o i(o
500 { B ey, ,:B:"" o

0 500 1000 1500 2000 2500 3000 3500 4000 4500
7'(Q)

Fig. 3. Nyquist plots of the bare GE (red), GE/Ap (green), GE/Ap/MCH (blue), GE/Ap/
MCH/L-Cs-Pt NPs (black), and GE/Ap/MCH/L-Cs-Pt NPs/cells (pink) in PBS contain-
ing 5 mM [Fe(CN)g] 4> probe and KCI 0.1 M. Experimental spectra are presented as
dot plots, and fitted spectra are shown as dashed plots. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 4A), indicating that the presence of luminol on the surface elec-
trode was due to the successful interaction of L-Cs-Pt NPs with the
aptamer-modified electrode. Cs induced a positive charge on the L-
Cs-Pt NPs and generated electrostatic interactions with the nega-
tively charged aptamer phosphate backbone. However, when the
aptasensor was exposed to lymphoma cells, the ECL intensity
decreased (Fig. 4A curve e). This can be explained by the fact that
when the cells interact with the aptamer, the negative charge on
the electrode surface decreases. Thus, L-Cs-Pt NPs on the electrode
surface also decreased. To identify the mechanism of the reduced
signal upon cancer cell binding, after exposing the GE/Ap/MCH/
L-Cs-Pt NPs to lymphoma cells, the supernatant solution was
separated, and the emitted ECL signal from the L-Cs-Pt NPs was
investigated. As shown in Fig. 4B, an obvious signal appeared that
indicated the presence of luminol in the supernatant solution. The
details of the ECL measurements supporting the release of L-Cs-Pt
NP nanocomposite particles in the supernatant from the biosensor
incubated with Raji cells are given in the Supporting Information
(Fig. S2 and corresponding discussion). The cell concentration
was measured with a hemocytometer.

3.5. Optimization of experimental conditions

Experimental conditions such as pH, H,O, concentration, and
applied potential significantly affect aptasensor ECL behavior. The
ECL signals from GE/Ap/MCH/L-Cs-Pt NPs were monitored at pH
values from 6 to 11, and the performance of the aptasensor was
investigated. The ECL intensity increased with an increase in pH
over the range from 6 to 10 and then decreased in the range of
10-11 (see Fig. 5a).

The surface of the Cs hydrogel may be neutral, or positively, or
negatively charged depending on the solution pH that is equal,
below or above PZC [43]. The Cs hydrogel PZC is approximately
10 [43,44]. Since the L-Cs-Pt NPs at pH < 10 were positively
charged, the maximum electrostatic interaction between them
and immobilized aptamers on the surface was obtained, and the
loading of luminol on the surface electrode at a maximum. Thus,
the ECL signal was increased. At pH > 10, the L-Cs-Pt NPs were neg-
atively charged, and the ECL signal decreased due to repulsion
between the nanocomposite and aptamers. According to these
results and due to the better performance and well-maintained
cancer cell biological stability [45], the physiological pH was
selected as the optimized pH value.

Luminol ECL at different concentrations of H,0,, in the range of
0.1-10 mM, was investigated. The results are shown in Fig. 5b,
indicating that the ECL signal increased with increasing H,0, con-
centration. The signal reached maximum intensity in 2 mM hydro-
gen peroxide and then was relatively constant.

For aptasensor preparation, potential exhibited a significant
effect on ECL sensor behavior. Thus, the effect of different poten-
tials in the range of 0-0.8 V was studied. As shown in Fig. 5c, the
ECL intensities increase over the range of 0-0.45 V and decrease
by a further increase in potential. At high potential, oxygen bubble
formation occurs due to background reactions (such as initiated by
H,0, and water oxidation) that can interfere with the luminol ECL
signal [10].

The PZC of the L-Cs-Pt NPs was determined in 0.01 M NaNOs
solution at 20 °C. A given volume (30 mL) of 0.01 M NaNOs solution
was taken and mixed with 30 mg of NPs. The pH values of the solu-
tions were adjusted to 5-12 using solutions of HNO3; and NaOH.
The initial pH of the solution was recorded, and each flask was cov-
ered with parafilm and shaken for 24 h. The final pH values of the
solutions were recorded, and the difference between initial and
final pH (the so-called ApH) was plotted against the initial pH val-
ues. The PZC values were calculated from ApH versus pH plots at
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the pH where ApH = 0 [46]. As shown in Fig. 5d, the PZC obtained
for the composition of L-Cs-Pt NPs is approximately 10.3.

To optimize the concentration of immobilized aptamers, GE was
treated with various aptamers concentrations from 1.0 to 6.0 uM.
As shown in Fig. 5e, the R¢r increased with aptamer concentration
up to 4.0 UM, reaching a plateau at higher aptamer concentrations.
Thus, based on the EIS results, 4.0 M was selected as the optimum
concentration for the fabrication of the aptasensor. Additionally,
the effect of binding time between the aptasensor and lymphoma
cells on the ECL intensity was investigated (Fig. 5f). As shown in

the figure, as the binding time of the GE/Ap/MCH/L-Cs-Pt NPs in
PBS (pH 7.4) containing 1000 Raji cells/mL increased, the intensity
of ECL (IgcL) proportionally decreased by 30 min and then remained
nearly constant. Therefore, 30 min was the appropriate time to
obtain maximum interactions between the aptamer and target
analyte.

3.6. Analytical performances of the aptasensor

The results obtained in Section 3.4 indicate that ECL peak inten-
sities decrease in the presence of lymphoma cells. Therefore, the
variation in the Igc of the aptasensor after interaction with cells
at different concentrations can be used as an indicator signal for
the determination of lymphoma cells. As shown in Fig. 6 (a and
b), ECL intensities decreased proportionally with increasing cell
concentration and were linear over the concentration range from
70 to 2090 cells/mL with a detection limit of 31 cells/mL based
on 3S4/m where Sy is the standard deviation of the blank measure-
ments and m is the slope of the calibration curve [47].

The reproducibility and stability of the proposed aptasensor to
detect target CD20 cells were investigated. A satisfactory RSD of
5.1% was obtained for the three aptasensors used to detect 250
cells/mL (Fig. 6¢). The stability was investigated in PBS (pH = 7.4)
at 4 °C over various time periods (Fig. 6d). After 14 days, a decrease
of 4.2% in the ECL signal to detect the same cell counts was
observed.

A comparison between the proposed method and an electro-
chemical immunosensor for the determination of lymphoma cells
is provided in Table 2. Compared to the other biosensor in Table 2
[20], the detection limit of the proposed aptasensor is similar and
the linear range is narrower than the immunosensor. The fact that
the current biosensor uses an aptamer, as compared with one
using an antibody, is a potential advantage because aptamers are
considered to confer higher stability and reproducibility over anti-
bodies. The proposed aptasensor is required a shorter time to
determine the Raji cells (30 min) than the immunosensor
(150 min). The fabrication procedure for the aptasensor is longer
than for the immunosensor. The storage stability of the
immunosensor and aptasensor were assessed at 7 and 14 days,
respectively. The stability of the aptasensor was better in compar-
ison. The immobilization of the recognition element is crucial in
biosensors fabrication, and this is easier for aptamers than antibod-
ies because the chemical modification of nucleic acids is simple
and straightforward compared with that of antibodies [48]. There-
fore, different detection schemes can be imagined in general with
aptamer-based sensors as compared with antibodies. On the other
hand, commercial flow cytometric assay as a reference method
needs approximately 6 x 10° cells/100 pL in a final volume for test-
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ing with antibodies. The minimum population size for quantifica-
tion of cancer cells (CD20") is about 50. Indeed, the present method
could detect 50 CD20" cells per 500,000 total white blood cells
(WBCs) in 30-40 min. So, the level for detection of residual disease
is about 0.01% the WBC population [49]. Since only these biosen-
sors (Table 2) are described for the direct detection of Raji cells,
they could be a suitable choice for application in clinical
laboratories.

3.7. Control experiments

The specific adsorption of cells to the aptasensor was investi-
gated. For this purpose, the prepared aptasensor was incubated
on two different control human cells, a breast cancer cell line
(MCF-7), a human embryonic kidney (HEK293), and test cells,
including lymphoma cells (Raji cells). The selectivity of the
aptasensor for the detection of lymphoma cells was demonstrated

Table 2
A comparison of the analytical performance of different biosensors for the determination of lymphoma cells.
Method Bioreceptor Concentration range (cells/mL) Detection limit (cells/mL) Ref.
EIS Antibody 100-1,000,000 38 [20]
ECL Aptamer 70-2090 31 Present work
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by ECL and EIS measurements. After incubating the aptasensor
with 1000 cells/mL concentration of control cells, only small
changes in Rcr were observed. Incubation of the aptasensor at
the same concentration of Raji cells led to an increase in the Rcr,
demonstrating the outstanding selectivity of the sensor for lym-
phoma cells (Fig. 7a). By EIS observations, the ECL signal of L-Cs-
Pt NPs did not change in the presence of control cells, while with
Raji cells, the signal dramatically decreased (Fig. 7b).

3.8. Evaluation of L-Cs-Pt NP cytotoxicity

The viable cells were evaluated by the colorimetric MTT assay,
which determines cell number based on cell proliferation [50].
Under optimal conditions, L-Cs-Pt NPs were tested by the MTT
assay and did not show significant cytotoxicity. As nanoparticle
concentration increased by 1-8 mg/mL, Raji cell viability exhibited
no significant decrease in absorbance than the control cells. After
24 h, the MTT assay results indicated that the viability of the Raji
cells was about 98% at a working concentration of 1 mg/mL of L-
Cs-Pt NPs (Fig. 8). These results indicated the excellent biocompat-
ibility of L-Cs-Pt NPs for the construction of the proposed
aptasensor.

3.9. Real sample analysis

To illustrate the applicability of the proposed ECL aptasensor for
the determination of Raji cells, as one example of a circulating
tumor cell (CTC) in blood, [51], human blood samples were tested
by the present ECL method. Raji cells were also measured in the
same human blood samples using conventional flow cytometry
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Fig. 8. Raji cell viability exposed to different concentrations of L-Cs-Pt NPs for 24 h.

Table 3
Detection of lymphoma cells in blood samples by the proposed and standard methods
(N =3).

Sample” Found by proposed RSD Flow cytometry
method (cells/mL) method* (cells/mL)

Blood sample 1 400 4.2 380"

Blood sample 2 500 3.9 510"

" The samples and results are the same as the ones reported in Ref. [20].
“Reprinted (adapted) with permission from [20]. Copyright (2020) American
Chemical Society.”

[20]. Table 3 shows the excellent correlation between the results
from the two methods, confirming that the proposed strategy
can be used for the satisfactory determination of circulating lym-
phoma cells.

4. Conclusions

A novel and sensitive method was developed for lymphoma cell
direct detection at an early stage based on an ECL aptasensor, and
tested on patient blood samples. Additionally, the required
reagents and equipment for this purpose were simple and inexpen-
sive. In summary, we have used the oxidation signal of accumu-
lated L-Cs-Pt NPs on the aptasensor surface as an appropriate
probe to introduce the ECL signal. With a large surface area, Cs pro-
vides a suitable matrix for Pt NP loading, and Pt NPs due to their
catalytic ability dramatically enhanced the luminol ECL reaction.
Therefore, ECL intensities were enhanced. The method achieved a
measurment range of 70-2090 cells/mL with a low detection limit
of 31 cells/mL. The satisfactory results obtained from the proposed
method open a new way to applications in clinical diagnosis and
real sample analysis. These results are proof-of-concept and we
continue work on sandwich-type systems using both antibody
and aptamer to develop high-performance devices.
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