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Abstract

The modification of EGFR aptamer (Apt 1) and HER2 aptamer (Apt 2) with gold nanoparticles (AuNPs) is reported to obtain
probe I (Apt 1-AuNPs) and probe II (Apt 2-AuNPs). Taking Ecal09, KYSES10, and KYSE150 cells as models, the sandwich
scattering system of probe I-cell-probe II was formed by the recognition of tumor markers by the aptamer modified probe,
and the resonance Rayleigh scattering (RRS) spectra were investigated. The results showed that the scattering system can be
used to quantitatively detect the Ecal09 cell lines in the range 5.0x10 to 5.0x10° cells-mL~" with a detection limit of 15 cells-
mL~!.The system can also detect the KYSE510 cell lines in a linear range of 5.0x10 to 5.0x10° cells-mL~"! with a detection
limit of 18 cells-mL~" and the KYSE150 cell lines in a linear range of 3.0x10 to 5.0x10 cells-mL~! with a detection limit of
12 cells:-mL~!. To demonstrate the potential application of the RRS method for real sample analysis, cells were spiked into
blank serum samples at concentrations from 1.0x10? to 1.0x103 cells-mL~". The recovery was between 97.0% and 102.3%,
and the RSD was between 1.1% and 4.9%, confirming the feasibility of the proposed method for ESCC cell determination.

Keywords Esophageal squamous cell carcinoma - Cancer cell - Dual-probe - Resonance Rayleigh scattering - Au

nanoparticles

Introduction

Esophageal squamous cell carcinoma (ESCC) is an aggres-
sive malignancy, with a high incidence and poor prognosis.
In China, ESCC remains the fourth leading cause of cancer-
related death, and the 5-year survival rate of ESCC patients
who undergo surgery is only 30-40% [1]. Therefore, early
and accurate diagnosis is essential to improve the prognosis
and survival rate of ESCC patients.

In the early stages of cancer, a small number of cancer
cells detach from the primary tumor site and enter the blood,
pleural fluid, and other body fluids [2]. These exfoliated can-
cer cells are exceedingly rare, but their number is highly
correlated with the severity of symptoms [3]. If the detection
of cancer cells with high accuracy becomes possible, cancer
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diagnosis will become feasible through a simple blood test,
and early diagnosis and treatment effectiveness can also be
measured by comparing cancer cell numbers [4].

At present, histochemistry [5], immunohistochemis-
try [6], flow cytometry [7], and other techniques such as
immune-magnetic beads [8], electrochemical [9], surface
enhanced Raman scattering (SERS) [10] have been applied
to the detection of cancer cells. Histochemical staining suf-
fers from the preparation of additional sections beyond the
original hematoxylin- and eosin-stained slides, as well as
additional staining steps, which together add cost, time, and
workflow complications [11]. The preparation, fixation, and
antigen extraction of immunohistochemical cytopathologi-
cal sections take a long time, so the analysis of body fluid
samples based on this method is more complicated [12].
Compared with immunohistochemistry, flow cytometry
overcomes the difficulty of evaluation and enables sensitive
analysis of a variety of cell surface and intracellular mark-
ers, but requires expensive reagents and instruments [13].
Electrochemical methods need to prepare complex modi-
fied electrodes, which are difficult to regenerate and have
poor reproducibility [14]. Due to the difficulty in collecting
surface analysis of irregular samples on rigid substrates,
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SERS detection often required complex sample pretreat-
ment steps [15]. Therefore, it is still very urgent to explore
a simple, low-cost, practical method that can detect low-
abundance tumor cells in specimens with high sensitivity
and specificity.

In recent years, aptamers have received extensive atten-
tion. Aptamers are small RNA or single-stranded DNA with
a specific three-dimensional conformation, with a length
of 20-80 bases. Similar to the antigen-antibody reaction,
aptamers specifically recognize targets in a shape comple-
mentarity mode, and are widely used in new drug discov-
ery [16], drug delivery [17], cancer cell detection [18], and
bioimaging [19]. The aptamer-based tumor cell detection
has the advantages of flexible design and low cost. In recent
years, our research team has used aptamer-modified gold
nanoparticles as probes to realize the detection of esophageal
cancer tumor markers and tumor cells by resonance Rayleigh
scattering (RRS) spectroscopy [20, 21]. However, we found
that the single aptamer-modified probe has the disadvantages
of poor selectivity and low targeting efficiency, which limits
its development in detection and treatment applications.

In nature, biological systems often use a multivalent
cooperative interaction approach, in which multiple ligands
on one biological entity simultaneously bind to receptors
for high affinity and superselectivity [22]. Similarly, probes
modified with multiple aptamers can effectively increase the
effective concentration of ligands at the target site, result-
ing in stronger affinity than that of single-ligand-modified
probes [23], resulting in faster and more efficient detection
of target cells.

Human epidermal growth factor receptor proteins HER1
(EGFR) and HER?2 belong to the same receptor tyrosine
kinase family, which activates intracellular signaling path-
ways in response to extracellular signals [24]. EGFR and
HER?2 hyperexpression in the tumors of patients with ESCC
was ascertained to be an important marker for the analysis
of the clinical features of ESCC. There was an association
between elevated levels of EGFR and HER2 in the tumors
of ESCC patients with the presence of vascular tumor inva-
sion and with the poor outcome of the disease [25]. For
example, Wang et al. [26] investigated EGFR expression
and gene amplification status in 193 patients with ESCC
by immunohistochemistry and fluorescence in situ hybridi-
zation (FISH), and found that of the 193 patients, 95
(49.2%) patients showed EGFR overexpression (3+), and
47 (24.4%) patients harbored EGFR FISH positivity. Zhang
et al.’s study found that HER2 protein was overexpressed
in most esophageal squamous carcinoma tissues (60/145,
41.4%) [27]. There are also studies indicating that EGFR
was overexpressed in 80.9% (76/94) of the ESCC samples,
while 24.5% (23/94) of the samples overexpressed HER2.
EGFR and HER?2 co-overexpression was detected in 22.3%
of samples (21/94) [28].
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In this paper, we synthesized two types of aptamer-modi-
fied gold nanoparticles (probe I and probe II) that separately
target two types of esophageal cancer markers: EGFR and
HER2. Three different types of ESCC cells, i.e., Ecal09
(EGFR+), KYSE510 (HER2+), and KYSE150 (EGFR+
and HER2+), were used to interact with the probe, and the
RRS assay was performed. Based on this, a new quantitative
analysis strategy for the RRS of esophageal cancer cells was
proposed.

Experimental section
Materials and reagents

Chloroauric acid (HAuCl,, analytical grade, 99.9%) and
sodium citrate (analytical grade, 99.5%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghali,
China), and streptavidin (>13 units/mg protein ) was pur-
chased from Sigma.

The aptamers and oligonucleotide probes used in this
study were obtained from Shanghai Sangon Biological Engi-
neering Technology & Services Co., Ltd. (Shanghai, China)
and have the following sequence:

EGFR aptamer: 5'-Biotin-CCGCTTTATTGTTAATTA
AGTTTTATATTTCGCA CAACACACAACAATCAAT
ATC-3' (Aptl, 55 bases, 5' biotin modified)

HER?2 aptamer: 5'-Biotin-GCAGCGGTGTGGGGGCAG
CGGTGTGGGGGCAGC GGTGTGGGGTTTTT-3' (Apt2,
47 bases, 5’ biotin modified)

Control DNA sequence for Aptl: 5'-Biotin-AAAAAA
CCTGCAAATCCGTAAA

GGGTTTCGTATTTGGAACCAACCTTAAGCTAGT-3'
(DNA1, 55 bases, 5’ biotin modified)

Control DNA sequence for Apt2: 5'-Biotin-TTAACCAAT
TTTTCGGGGAAACT

ACTGACTCAGTAAGGTTTACTGGG-3' (DNA2, 47
bases, 5’ biotin modified)

Roswell Park Memorial Institute (RPMI) 1640 growth
medium, Dulbecco’s modified Eagle medium (DMEM), fetal
bovine serum, trypsin-EDTA (25%), and penicillin—strepto-
mycin were purchased from Gibco BRL Life Technologies
(USA). All other chemicals and the reagents used were of
analytical AR grade.

Determination principle

The preparation principle of the cell probe is shown in
Scheme la. Gold nanoparticles (AuNPs) were prepared
by reducing chloroauric acid with sodium citrate, and then
streptavidin (SA) was modified on the AuNPs to obtain
SA-AuNPs. By the highly specific binding of avidin and
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Scheme 1 Schematic illustra-
tion of the aptasensor sandwich
assay of cancer cells by RRS

AuNPs

Streptavidin (SA)
Biotin

EGFR aptamer (Apt 1)
HER?2 aptamer (Apt 2)

) Cancer cell

biotin, a biotinylated aptamer (Biotin-Apt) was connected
to SA-AuNPs to obtain the cell probe.

The principle of RRS measurement is shown in
Scheme 1b. When the probe is mixed with the cell, the
probe can target cancer cells because the modified Apt
binds specifically to the marker protein on the cell. At the
same time, cancer cells aggregate through probe bridg-
ing to generate scattering particles, which leads to the
enhancement of the RRS signal.

Preparation and characterization of the probes
Preparation of AUNPs

AuNPs were prepared by reducing HAuCl, solution with
sodium citrate [29]. Specifically, 50.0 mL of 1.0 mM
HAuCl, solution was heated to boiling for 15 min, and
then 5.0 mL of 38.8 mM sodium citrate solution was
quickly added under vigorous stirring. The solution turns
dark blue in 20 s and wine red after 60 s. After the color
of the solution remains unchanged, the solution was heated
and refluxed for 20 min. After cooling to room tempera-
ture, the prepared AuNP solution was stored in a 4 °C
refrigerator for further use.

Preparation of SA-AuNPs

The pH of the AuNP solution was adjusted to 7.1 with
0.2% K,CO3, and then 20.0 pL of 1.0 mg-mL~!' SA solu-
tion was added to every 1.0 mL of AuNPs, vortexed for
1 min, and reacted at room temperature for 30 min. An
appropriate amount of 5% bovine serum albumin (BSA)
was added and shaken for 10 min to block the unbound
site. Unreacted SA and BSA were removed by centrifuga-
tion at 12000 rpm for 30 min. The precipitate was redis-
persed with pH 7.4 phosphate buffer and stored in a refrig-
erator at 4 °C.

Preparation of the probe

Taking an appropriate amount of SA-AuNP solution, 10.0
pL of 100.0 pM biotinylated EGFR aptamer (Biotin-Apt
1) or biotinylated HER2 aptamer (Biotin-Apt 2) was added
to each 1.0 mL of SA-AuNP solution, and reacted at room
temperature for 30 min to obtain probe I and probe II respec-
tively. The unbound Biotin-Apt was removed by centrifuga-
tion at 12000 rpm for 30 min. The precipitate was redis-
persed with pH 7.4 phosphate buffered solution and stored
in a refrigerator at 4 °C.
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Characterization of the probes

One milliliter of AuNPs, SA-AuNPs, probe, and deter-
mination system solution was taken and diluted to 5.0 ml
with pH 7.4 phosphate-buffered solution; phosphate-buff-
ered solution was taken as the reference, and the absorp-
tion spectrum of the sample was recorded on the UV-Vis
spectrophotometer.

A certain volume of sample was analyzed for 12% PAGE
gel, electrophoresis, and the gel was removed and stained
with GelRed or Coomassie blue. Gels were scanned with
the Amersham Imager 600 Gel Imaging System, and quan-
titative analysis was performed using Image Quant TL 8.1
software.

A transmission electron microscopy (TEM) sample was
prepared with a copper mesh (200 mesh) coated with a car-
bon support film. A drop of the nanoparticle solution was
dropped on the copper mesh placed on the filter paper, and
the solvent was evaporated to dryness.

Cell sources and culture

The human esophageal cancer cell lines KYSE150 (simul-
taneously overexpressing EGFR and HER2) and KYSES510
(HER2 overexpression) were purchased from the Cell
Resource Center of Shanghai Academy of Life Sciences,
Chinese Academy of Sciences; the human esophageal cancer
cell line Ecal09 (EGFR overexpression) was purchased from
the Cell Resource Center, Peking Union Medical College
(which is the headquarters of National Infrastructure of Cell
Line Resource, NSTI) (Beijing, China).

Mouse embryonic fibroblast NIH3T3 (EGFR and HER2
low expression) was donated by the Central Laboratory of
Changzhi Medical College.

KYSE150, KYSES510, and Ecal09 cell culture: RPMI
1640 completed whole medium, medium containing 10%
fetal bovine serum, 100 pg-mL~! streptomycin, and 100
U-mL™! penicillin, was grown in a 37 °C, 5% CO, cell incu-
bator. NIH3T3 cell culture: DMEM medium containing
10% fetal bovine serum, 100 pg-mL~! streptomycin, and
100 U-mL"~" penicillin was cultured in a 37 °C, 5% CO, cell
incubator.

Probe and cell binding and RRS detection

The cells in the logarithmic growth phase were removed,
the medium was discarded, and the cells were rinsed with a
small amount of phosphate-buffered solution. After trypsini-
zation, the supernatant was removed by centrifugation, and
the cells were redispersed with 1.0 mL phosphate-buffered
solution to obtain a cell suspension, which was counted
with a cell counter. One milliliter of probe I was placed
into a 10.0-mL colorimetric tube, different volumes of cell
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suspension were added, then 1.0 mL of probe II was added,
and the tube was shaken to mix. After incubation in a 37 °C
water bath for 20 min, the mixture was diluted to 5.0 mL
with phosphate-buffered solution and mixed carefully. The
samples were simultaneously scanned at A=A, (AA=0nm)
on a fluorescence spectrophotometer, and the RRS spectrum
of the system was recorded. The RRS intensity of the meas-
urement system (Izgs) and the reagent blank (I’ggs) at its
maximum wavelength (A,,,) was recorded, Alggs=Irrs

_IORRS"

Dark-field microscopy detection

Take the cells in the logarithmic growth phase, the medium
was discarded, and the cells were rinsed with a small amount
of phosphate-buffered solution. After trypsinization, the
supernatant was removed by centrifugation, and the cells
were redispersed with an appropriate amount of complete
medium, seeded at an appropriate density in a 6-well plate
pre-placed with cell slides (925 mm, TC treated), and cul-
tured in a cell incubator at 37 °C and 5% CO, for 24 h.
The 6-well plate was removed to observe the adherence and
growth of the cells. If the cells were in good condition and
the density was moderate, the medium was removed, and the
cells were carefully rinsed with phosphate-buffered solution
three times. Cells were incubated with probe I, probe II, and
probe I+probe II for 30 min in a 37 °C, 5% CO, cell incuba-
tor. After incubation, the probe solution was aspirated and
the cells were rinsed with a small amount of phosphate-buff-
ered solution to remove the unreacted probe. Cell slides were
removed, and carefully placed on glass slides, and dark-field
microscopy (DFM) images were observed with an Olympus
BX53 microscope equipped with a dark-field condenser.

Results and discussion
Characterization of the probes

The absorption spectrum of AuNPs (Fig. 1a) showed an
absorption peak at 520 nm, indicating that well-dispersed
spherical AuNPs were prepared. TEM (Figure S1a) showed
that the prepared AuNPs had an average particle size of
13.04+2.25 nm and were uniformly dispersed.

The concentration of AuNPs can be calculated accord-
ing to the method provided by the literature [30] according
to the following formula combined with particle size and
absorbance:

¢ = Ayus0/ €450

where ¢ is the concentration of AuNPs, A5, is the
absorbance of AuNPs at 4 = 450 nm, and &,5, is the molar
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Fig.1 (a) Absorption spectra of the measurement system. (b) Photograph showing the colorimetric change of AuNPs, SA-AuNPs, probe I,
probe II, and probe I-KYSE150-probe II (from left to right). Concentration of cell: 5x10*cell/mL, pH 7.4

absorption coefficient. TEM showed that the diameter of the
as-synthesized AuNPs was approximately 13 nm. According
to the literature, e,5, (d = 13 nm) was 1.39x10® M~'cm™".
From the absorption spectrum of AuNPs (Fig. 1a), it can be
seen that the A5, is 0.504. Therefore, the concentration of
AuNPs is approximate:

¢ = Ayso/€450 = 0.504/(1.39 x 10*) = 3.6 1M

Similarly, it can be seen from the absorption curves of
probe I and probe II in Fig. 1 a that the A5, of the two
probes is approximately 0.365, and it can be calculated that
the concentrations of the two probes are both 2.6 nM.

Figure 1 a shows that when the AuNPs are modified with
SA, the position of the absorption peak is red-shifted by
4 to 524 nm. After SA-AuNPs combined with Biotin-Apt
to obtain the probe, its absorption peaks were located at
536 nm (probe I) and 532 nm (probe II), respectively. The
red shift may be due to the change of the surface dielectric
constant of AuNPs and the change of the thickness of the
adsorption layer on the surface of AuNPs during the modi-
fication process [31], and the decrease of the peak intensity
is due to the loss of gold nanoparticles during centrifuga-
tion. No significant broadening of the absorption peak was
observed after surface modification, indicating that no sig-
nificant aggregation of the particles occurred. The TEM
results (Figure S1b, c, d) also confirmed that no aggregation
of nanoparticles occurred during probe preparation.

The hydrodynamic diameters and zeta potentials of
AuNPs, SA-AuNPs, probe I, and probe II were measured at
pH 7 to further verify the presence of aptamer on the nano-
particles. Table S1 shows that the hydrodynamic diameter of
AuNPs is smaller than SA-AuNPs and probes. This phenom-
enon might be explained by two reasons: firstly, modification
of SA and Biotin-Apt onto the surface of AuNPs increases
the particle size; secondly, because the contribution of the

Biotin-Apt to the hydrodynamic size of the functionalized
nanoparticles [32].

The zeta potentials of AuNPs dispersed in water are nega-
tively charged because the nanoparticles are coated by citrate
ion which possess three carboxyl groups [33]. The more neg-
ative C-potential of both SA-AuNP and probes compared to
citrate-stabilized AuNPs {-potential (Table S1) contributes
to improving the stability of functionalized nanoparticles
dispersions. Nanoparticles modified with biotinylated oligo-
nucleotides are spontaneously redispersed because of steric
and electrostatic repulsion provided by the introduction of
negatively charged oligonucleotide moieties.

When the probe was mixed with cells, the absorption
spectrum of the probe underwent a large-scale red shift,
accompanied by the disappearance of characteristic peaks
(Fig. 1a), indicating that the nanoparticles were aggre-
gated [34]. Fig. 1 b shows that the colors of the AuNPs,
SA-AuNPs, probe I, and probe II solutions are basically the
same, showing a wine red, indicating that the gold nano-
particles are in a uniform dispersion state, while the color
of the probe I-KYSE150-probe II solution changes to blue-
purple, showing that the probe binds to cells and the gold
nanoparticles aggregate.

The probes were characterized by SDS-PAGE. Figure S2a
is stained with Coomassie brilliant blue; lane 1 is the protein
molecular weight standard; lane 4 is AuNPs with no pro-
tein band; lane 2 is SA, with a protein band at 66kDa (the
molecular weight of SA is approximately 66 kDa); lane 3 is
SA-AuNPs, and a protein band appeared at the same posi-
tion as SA, indicating that SA was attached to the surface
of AuNPs.

Figure S2b and c stained with GelRed. Figure S2b is the
electrophoresis picture of probe I, in which lane 1 is the
DNA ladder, which is used to mark the number of bases
of Apt, lane 2 is SA-AuNPs, lane 5 is AuNPs, and neither
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shows bands; lane 3 is Apt 1, which has a band at 55 bases
(Apt 1 contains 55 bases); lane 4 is probe I, and a band
appears at the same position as Apt 1, indicating that Apt 1
is modified on SA-AuNPs. Figure S2c is the electrophoresis
picture of probe II, in which lane 1 is DNA ladder, lane
2 is SA-AuNPs, lane 5 is AuNPs, no bands are displayed,
lane 3 is Apt 2 in which a band appeared at 47 bases (Apt 2
contains 47 bases), lane 4 is probe II, and a band appears at
the same position as Apt 2, indicating that Apt 2 is modified
on SA-AuNPs.

The hydrodynamic diameter of SA is approximately 5 nm
[35, 36]. According to the method provided in the literature
[37], the SA was modeled as cylinders (5 nm in diameter)
and assumed to be radially assembled on the AuNPs to form
a monolayer with the maximum packing density to estimate
the number of SA that can theoretically be attached to the
surface of AuNPs. According to the above assumptions, the
projected area of SA can be calculated:

2
Agp = 11? = 3.14 X (%) = 19.6nm’

The surface area of gold nanoparticles is:

2
Apunps = Arr® =4 x3.14 % (g) = 530.7nm>

The number of SA that can be connected to the surface
of AuNPs is:

A punps _ 530.7 — 97
Aqn 196

Therefore, if each AuNP is completely covered by SA,
there should be 27 SA molecules on the surface. SA is a
tetrameric protein with four identical subunits arranged sym-
metrically in D2, and each subunit has a binding site for

a
1000 AuNPs
——SA-AuNPs
Probe I
800 - Probe 11
Eca 109
——KYSE 150
= 600- ——KYSES510
< Probe I-Eca 109
Probe I-KYSE 510
2 400 Probe I-KYSE 150
= Probe II-Eca 109
Probe II-K'YSE 510
200+ Probe II-KYSE 150
04

200 300 400 500 600 700 800

Alnm

biotin, while SA binds to the surface of AuNPs, causing two
of these sites to be hidden, so it is expected that each SA
molecule can bind up to two Biotin-Apt molecules [32], so
it can be estimated that each AuNP particle can theoretically
bind to approximately 54 Apt molecules at most.

Using Image Quant TL software, the number of Apt mol-
ecules attached to the surface of AuNPs was calculated by
gel image analysis. The results show that there are about 48
Apt 1 molecules on each AuNP in probe I; there are about
51 Apt2 molecules on each AuNP in probe II, which are
consistent with the theoretical simulation results. The higher
number of connected Apts in probe II may be since the num-
ber of bases in Apt 2 is smaller than that of Apt 1, so the size
of a single Apt 2 molecule is smaller.

In order to evaluate the stability of the probe, probe I and
probe II were stored at 4 °C for 15 days, and the response for
cells was investigated using RRS every day (Figure S3). The
nanoparticles remained well dispersed and did not aggre-
gate within 15 days at 4 °C, and the RSD of its intensities
was<1.7 %, which revealed the good stability of the probe.

RRS spectra

The RRS spectrum of the assay system is shown in Fig. 2.
The unmodified AuNPs, SA-AulNPs, probes, and cells all
have weak RRS signals. When the probe interacts with dif-
ferent cells, different results appear:

(1) When the probe interacts with the corresponding cells,
for example, the surface of probe I is modified with
EGFR-specific Apt, which can specifically bind to
Ecal09 (EGFR+), resulting in a significant increase
in the RRS signal. The same situation exists between
HER2 Apt-modified probe II and HER2-overexpressing

1400 Probe T+Probe IT
Probe I-Eca 109
1200+ Probe I-KYSE 510
Probe I-KYSE 150
1000 Probe I1-Eca 109
Probe II-KYSE 510
= 800 - Probe II-KYSE 150
5 Probe I-Eca 109-Probe 11
2 600 Probe I-KYSE 510-Probe 11
§ Probe I-KYSE 150-Probe 1]
400+
200 -
0 : ; ; ; .
200 300 400 500 600 700 800
A/nm

Fig.2 RRS spectra of the signal probe measurement system (a). RRS spectra of sandwich-type measurement system (b). The concentration of

cell: 100 cell-mL !, pH7.4
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KYSES10 cells, indicating that Apt-modified AuNP
probes can specifically bind to target proteins, thereby
realizing quantitative detection of cancer cells.
Because the probes can interact with different protein sites
on the cell surface, probe I and probe II can bind to esoph-
ageal cancer cell KYSE150, which overexpresses both
EGFR and HER? proteins, causing a significant increase
in the RRS signal. It was also found that the RRS inten-
sity was as follows: probe I-KYSE150 < probe I-Ecal09,
probe II-KYSE150 < probe II-KYSES510. This indicates
that the probe has a strong specificity and a stronger effect
on the cell type that overexpresses the corresponding
marker, which may be because a single marker overex-
pressing cells can provide more recognition positions.
(3) When the probe interacts with cells with low expres-
sion of corresponding markers, such as probe I with
KYSE510 cells, and probe II with Ecal(9 cells, the
RRS signal level is very low, indicating that the probe
is highly selective for cells.

2

Figure 2 b shows that the simple mixing of the two probes
(probe I + probe II) does not cause changes in the RRS sig-
nal, and the mixed analysis of the two probes has different
effects on different cells:

(1) The effect of mixed probes on the same type of cells
is stronger than that of single probes. The RRS inten-
sity was as follows: probe I-Ecal(09 < probe I-Ecal09-
probe II, probe II-KYSE510<probe I-KYSE510-probe
II, probe I-KYSE150<probe I-KYSE150-probe II, probe
[-KYSE150<probe I-KYSE150-probe II, indicating that
mixed probe assay has higher sensitivity than the single
probe assay. The reason may be that although cells only
significantly overexpress a certain marker, there may
also be a small amount of expression of other markers,
and the simultaneous action of the two probes can bind
more cancer cells, thereby amplifying the signal.

The sandwich-type structure has a better effect on the
determination of cell types expressing two markers at
the same time. The RRS intensity was as follows: probe

2

I-Ecal09-probe II<probe I-KYSE150-probe II, probe
[-KYSES510-probe II<probe I-KYSE150-probe II. This
should be because KYSE150 cells overexpress EGFR
and HER? at the same time, which can provide suitable
binding sites for different probes to form a sandwich-type
structure, thereby forming large-volume scattering par-
ticles. However, Ecal09 and KYSE510 cells can only
provide limited targets for probe binding, which is not
conducive to the generation of sandwich structures.

(3) Mixed probe analysis can detect more cell types, which
can be either cell overexpressing a certain marker, or
cells expressing two markers at the same time.

The results of the RRS assay showed that the mixed
analysis strategy using the two probes could effectively
improve the sensitivity of the analysis and expand the
range of detection methods.

Dark-field microscopy detection (see
the Supplementary Information)

Optimization of the reaction conditions (see
the Supplementary Information)

Sensitivity of the method Under the optimized reaction condi-
tions, different concentrations of cells were reacted with probe
I+probe I1, and their RRS intensity A/ was measured. Fig. 3 shows
the RRS spectra of Ecal09 (a), KYSES10 (b), and KYSE150 (c)
cell interactions with the probe. It can be seen from the figure that
the maximum scattering wavelength of the assay system occurs at
325 nm, and the logarithm of the cell concentration of the cells is
proportional to the RRS intensity in a certain range.

Take A[ as the ordinate and the logarithm of the cell con-
centration (log[c]) as the abscissa to draw a standard curve.
The relevant parameters are shown in Table 1 and Table S2.

It can be seen from Table 1 that all three kinds of cells
have a good linear relationship, among which the KYSE150
cell has a wider linear range and a lower detection limit.

a 2000 b C 3600
Eca 109 cell number 2000 KYSE 510 cell number KYSE 150 cell number
1600 10 10 3000+ 56 10°
1600 B 5% 10"
1200 5¢ 10° 5% 10 2400 S
i s 10° = 1200 5 10° 2 1500 s 10
£ 8004 5% 10° = 5% 107 \E 5100
3 5% 10 f 800+ 5x 10 3 12001 310
400+ 400+ 6004
0+ . . . . ; 0 - - - , : 0 . . . : ;
200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800
A/nm A/nm Anm

Fig.3 RRS intensities of different concentrations of cells (cells-mL™") reacted with probes (a) Ecal09, (b) KYSE510, and (c) KYSE150
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Tal?le 1 i Related parameters for Cell Linear equation (c/cells-mL_l) Linear range Correlation Detection
calibration curves (cellsmL™") coefficient limit/3c
) (cells-mL™")
Ecal09 Al = 176log[c] + 859 5.0x10-5.0x10° 0.9976 15
KYSES510 Al =268log[c] + 527 5.0x10-5.0x10° 0.9957 18
KYSE150 Al = 466log[c] + 738 3.0x10-5.0x10° 0.9987 12

Selectivity of the method To investigate the specificity of
the probe, two random sequences were used as the control
sequences of the aptamer, DNA1 instead of Aptl, and DNA2
instead of Apt2, and AuNPs were modified with random
sequences to obtain control probes control 1 and control 2.

To investigate the cell selectivity of the probe, the mouse
embryonic fibroblast NIH3T3, which expresses both low
EGFR and HER2, was used as a control cell, and the cells
were incubated with the probe. The result is shown in
Figure S8:

(1) The interaction of control 1 and control 2 with cells

cannot cause an increase in RRS signals, while the
binding of Apt-modified probes to corresponding cells

Probe 11

KYSE150 KYSES10 Ecal09

NIH3T3

will lead to a significant increase in RRS signals, indi-
cating that Apt-modified probes have strong specificity.

(2) The combination of NIH3T3 cells with all the probes
did not lead to the increase of RRS, indicating that the
probes are selective for cells, and only the cells that
overexpress the corresponding marker proteins can
bind to the corresponding probes.

The above results were verified by the DFM assay.
The probes were reacted with different cells under the
same conditions and observed under a microscope.
The DFM results (Fig. 4) showed that when Ecal09,
KYSES510, and KYSE150 cells were combined with the
probe, a large number of probes accumulated on the cell

Control 1+Control 2

Probe I+ Probe I1

Fig.4 Dark-field microscopic images of the selective binding of the probe to cells. Scale bar: 20 um for all images
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surface, accompanied by bright golden scattered light
[38, 39]. However, when the NIH3T3 cells interacted
with the probe, no obvious scattered light appeared on
the cell surface, and only dark yellow scattered light from
the cytoplasm and organelles in the cell membrane was
detected by DFM.

Application of the method Taking the human serum
sample without cancer cells as a blank, using the stand-
ard addition method, different concentrations of can-
cer cells were added to the blank serum. The prepared
serum sample was combined with the probe, and its RRS
intensity was measured. Each sample was measured 3
times, and then the recovery and RSD% were calculated.
Tables 2, 3, and 4 are the results of the spiked recovery
experiment of Ecal09 and KYSE510 KYSE150 cells in
serum samples. The recovery rate was between 97.0%
and 102.3%, and the RSD was between 1.1% and 4.9%,
indicating that the matrix effect of serum has little effect
on the determination of cancer cells by the RRS method,
and the established method can be used for the quantita-
tive detection of cancer cells in serum samples.

Conclusion

In this paper, gold nanoparticles were modified with EGFR
aptamer (Aptl) and HER2 aptamer (Apt2) to obtain probe
I and probe II. ESCC cancer cells aggregated through the
connection of probes to generate large-volume scattering
particles, which resulted in the increase of RRS signals, thus
establishing a RRS detection method for cancer cells based
on the probe I-cell-probe Il sandwich structure.

The cellular entry mechanism of aptamer-modified gold
nanoparticles probe can depend on the type of cells being
studied and the specific aptamer sequence used for modifica-
tion. Because cells will readily recognize certain proteins,
it is hypothesized that the interaction of antisense oligonu-
cleotide-modified gold nanoparticle agents with proteins is
a possible mechanism of recognition and their subsequent
internalization [40]. When aptamers are attached to the sur-
face of gold nanoparticles, they can facilitate the binding and
uptake of the nanoparticles by target cells through receptor-
mediated endocytosis mechanisms.

Because different types of cancer cells may coexist in
patients with esophageal cancer, if a single-target probe is

Table 2 Spike and recovery

. Added Found Mean + SD RSD% Recovery (%)
results (n=3) obtained from (cell-mL™") (cell-mL™" (cell-mL™")
Ecal09 cells
1.0x10? 0.96x107, 1.02x10?, 0.94x10? (0.97+0.04)x10? 43 97.0
1.0x10° 1.05%x103, 1.01x10%, 0.98x103 (1.01+0.03)x10? 3.5 101.4
1.0x10* 1.04x10% 0. 99x10%, 1.0x10* (1.01+0.03)x10* 2.6 101.2
1.0x10° 0.98x10°, 0.99x10°, 1.01x10° (0.99+0.02)x10° 1.5 99.3
Table 3 Spike and recovery Added Found Mean + SD RSD% Recovery (%)
results (n=3) obtained from (cell-mL") (cell-mLY) (cell-mLY)
KYSE510 cells
1.0x10? 0.97x10%, 1.04x102, 0.96x10? (0.99+0.04)x10? 44 99.0
1.0x10° 1.08x10%, 1.01x10%, 0.98x10° (1.02+0.05)x10? 5.0 102.3
1.0x10* 1.04x10% 0. 98x10%, 1.01x10* (1.01+0.03)x10* 3.0 101.1
1.0x10° 0.99x10°, 1.01x10°, 1.0x10° (1.0+0.01)x10° 1.0 100.0
Table 4 Spike and recovery Added Found Mean + SD RSD% Recovery (%)
results (n=3) obtained from (cell-mL~") (cell-mL™") (cell-mL™")
KYSE150 cells
1.0x10? 0.98x10%, 1.02x107%, 0. 98x10? (0.99+0.02)x10? 2.3 99.3
1.0x10° 0.97x10%, 0.96x10°%, 0.99x10° (0.97+0.01)x10% 1.6 97.3
1.0x10* 0.99x10%, 1.0x10% 1.02x10* (1.00+0.01)x10* 1.5 100.3
1.0x10° 1.02x10%, 1.01x10%, 0.99x10° (1.00+0.02)x10° 1.5 100.6
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used for detection, some cancer cells will be missed, and
even false negative results will occur, resulting in missed
diagnosis. Multitarget mixed probe can effectively improve
the detection rate of cancer cells and reduce the risk of
missed diagnosis.

However, considering the complexity of actual clinical
samples, our existing research is far from meeting the needs
of clinical testing. We still need a much greater understand-
ing of how to control surface architecture in order to stabilize
and maximize the assay response. Continued optimization of
different parameters is necessary to monitor cancer cell lines
in point of care complex environments. Therefore, we have
now started the practical application research of this method
in whole blood samples of patients with ESCC. The experi-
ment was meant to mimic a real clinical sample, which nor-
mally would contain thousands of different species. On the
other hand, we also begin to study the potential of the probe as
fluorescent probes for biomedical imaging, and to confirm the
capability of the designed probe accumulation in tumor tissues
through the targeted delivery of aptamer by ex vivo imaging.

Further optimization of this method may prove necessary
for applications in clinical diagnostics; nevertheless, this
proof of concept has demonstrated the potential applicabil-
ity of this method for rapid cellular and molecular detection.
The enhanced selectivity of our assay has shown promise for
extraction and detection of target cells from whole blood,
and additional investigation may prove this method valuable
for the detection of numerous molecular analytes from blood
or other complex biological mixtures. We believe that the
assay has enormous potential for application of cancer cell
detection from clinical samples.
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