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A B S T R A C T   

Nondestructive separation/enrichment and reliable detection of extremely rare circulating tumor cells (CTCs) in 
peripheral blood are of considerable importance in tumor precision diagnosis and treatment, yet this remains a 
big challenge. Herein, a novel strategy for nondestructive separation/enrichment and ultra-sensitive surface- 
enhanced Raman scattering (SERS)-based enumeration of CTCs is proposed via aptamer recognition and rolling 
circle amplification (RCA). In this work the magnetic beads modified with "Aptamer (Apt)-Primer" (AP) probes 
were utilized to specifically capture CTCs, and then after magnetic separation/enrichment, the RCA-powered 
SERS counting and benzonase nuclease cleavage-assisted nondestructive release of CTCs were realized, respec
tively. The AP was assembled by hybridizing the EpCAM-specific aptamer with a primer, and the optimal AP 
contains 4 mismatched bases. The RCA enhanced SERS signal nearly 4.5-fold, and the SERS strategy has good 
specificity, uniformity and reproducibility. The proposed SERS detection possesses a good linear relationship 
with the concentration of MCF-7 cells spiked in PBS with the limit of detection (LOD) of 2 cells/mL, which shows 
good potential practicality for detecting CTCs in blood with recoveries ranging from 100.56% to 116.78%. 
Besides, the released CTCs remained good cellular activity with the normal proliferation after re-culture for 48 h 
and normal growth for at least three generations. The proposed strategy of nondestructive separation/enrich
ment and SERS-based sensitive enumeration is promising for reliable analysis of EpCAM-positive CTCs in blood, 
which is expected to provide a powerful tool for analysis of extremely rare circulating tumor cells in complex 
peripheral blood for liquid biopsy.   

1. Introduction 

Circulating tumor cells (CTCs) are the malignant cells that fall off 
solid tumors and come into the blood circulation system, and monitoring 
the extremely rare CTCs in peripheral blood is significant for diagnosing 
early tumors, predicting the invasion potential, and evaluating thera
peutic efficacy and cancer prognostics (Alix-Panabières and Pantel, 
2014; Chaffer and Weinberg, 2011; Plaks et al., 2013; Steeg, 2006; Yoon 
et al., 2014). In addition, the CTCs with good activity after the 

separation from complex whole blood facilitates the deep research at the 
molecular level to reveal the pathogenic mechanisms of cancer and 
explore the personalized treatment of tumors (Li et al., 2019). Therefore, 
the reliable separation and detection of CTCs is of great clinical 
importance. However, nondestructive separation and ultra-sensitive 
enumeration of CTCs from billions of leukocytes in peripheral blood 
has been a great challenge due to their extremely low abundance in 
complex blood (Allard et al. 2004; van de Stolpe et al., 2011; Wang et al., 
2013; Xiang et al., 2023). 
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Over the past decade, many techniques have been implemented to 
separate CTCs from blood, such as size/density-based enrichment (Wu 
et al., 2018; Zhang et al., 2018), adhesion preference-based isolation 
(Chen et al., 2013; Yin et al., 2022; Zhang et al., 2012), and 
affinity-based capture (Cui et al., 2022; Li et al., 2022). Among them, the 
immunomagnetic beads-based separation/enrichment methods repre
sented by the CellSearch system were widely used (Nagrath et al., 2007; 
Poudineh et al., 2017; Strati et al., 2021; Xiong et al., 2016). However, 
the cells captured via the immunological recognitions are difficult to be 
released, especially nondestructively released (Chen et al., 2019; Xiong 
et al., 2016). Besides, the accurate enumeration of extremely rare CTCs 
requires ultra-sensitive biosensor (Leung et al., 2019; Li et al., 2019). 
Although many detection technologies of CTCs (e.g., fluorescence (Chen 
et al., 2021), colorimetric assay (Xia et al., 2021), electrochemistry 
(Wang et al., 2019), mass spectrometry (Zhang et al., 2021) and dif
ferential pulse voltammetry (Khoshroo et al., 2022) have been devel
oped rapidly in recent years, the reliable detection of CTC with 
extremely low abundance puts forward higher requirements for the 
more sensitive biosensors (Qin et al., 2020). 

Nucleic acid aptamers are oligonucleotides, which are unique due to 
their secondary and tertiary structure with excellent affinity and speci
ficity to particular proteins (Feng et al., 2011; Tan et al., 2013; Wu et al., 
2014), and can act as identification elements for specific recognitions of 
CTCs (Ren et al., 2022; Shen et al., 2013; Song et al., 2019; Zhang et al., 
2019b). In contrast to immune recognition, aptamers have unique ad
vantages over traditional recognition element antibodies, such as syn
thetic and editable properties, high stability, small size, cost-effective, 
low immunogenicity (Miao and Tang, 2019; Yin et al., 2020). Moreover, 
the bio-recognition of CTCs based on the aptamers can make it possible 
to implement nondestructive release of cells through DNA strand 
displacement reaction or enzymatic digestion (Sun et al., 2016), and it 
can also combine the nucleic acid-based signal amplification strategy to 
significantly improve the sensitivity of the detection (Lu et al., 2022). 
Besides, the surface-enhanced Raman scattering (SERS) is well-known as 
a fingerprint spectrum with ultra-sensitivity for non-invasive detection 
(Zhang et al., 2019a), and the rolling circle amplification (RCA) is a 
powerful isothermal strategy for signal amplification (Sun et al., 2020). 

In consideration of the advantages of aptamer recognition, SERS 
detection and RCA-based signal amplification, which is expected to 
simultaneously achieve CTC separation, enrichment, ultra-sensitive 
detection and non-destructive release, herein, we developed a novel 
strategy for nondestructive separation/enrichment and ultra-sensitive 
SERS enumeration of CTCs. Briefly, we designed special aptamer 
probes (APs) and modified them on magnetic beads (MBs) to efficiently 
capture and magnetically separate/enrich CTCs. Besides, a RCA- 
powered SERS counting and a benzonase nuclease cleavage-assisted 
release of CTCs were proposed for sensitive detection and nondestruc
tive release of CTCs, respectively. The structure of double-strand 
"Aptamer (Apt) -Primer" (AP) probe was optimize, and then SA-the 
MBs@AP probes and the feasibility of RCA reaction and SERS assay 
were characterized. After the construction of the optimal detection 
condition and signal amplification of RCA, the performance on CTCs 
detection and nondestructive separation/enrichment of CTCs were 
studied. Furthermore, the potential practicality of the proposed strategy 
was investigated, which is expected to achieve reliable analysis of 
EpCAM-positive CTCs in peripheral blood and provide a powerful tool 
for analysis of extremely rare CTCs for liquid biopsy. 

2. Experimental section 

2.1. Preparation of AP-functionalized magnetic beads (MBs) 

First, 15 μL of 10 mg/mL treptavidin-modified magnetic beads (SA- 
MBs) was magnetically washed by washing buffer (5 mM Tris-HCl, 0.5 
mM EDTA, and 1 M NaCl, pH 7.4) for three times. Then, the double- 
stranded DNAs (dsDNAs) APs were prepared by incubating 1 μM Apt 

with 1 μM Primer, followed by an annealing treatment, i.e., heating the 
mixture at 95 ◦C for 5 min and then naturally cooled to room temper
ature. Then, 40 μL of 1 μM AP was added to 3 μL SA-MBs and incubated 
for 60 min at 37 ◦C under slight shaking. After magnetic separation and 
washing, the AP-functionalized MBs (SA-MBs@AP) were obtained and 
stored at 4 ◦C for further use. 

2.2. Magnetic separation and enrichment of CTCs 

The MCF-7 cells suspended in 180 μL PBS at different concentrations 
(5, 10, 50, 100, 200, 500 and 1000 cells/mL) were incubated with 20 μL 
SA-MBs@AP for 60 min at 37 ◦C under slight shaking respectively, so 
that to allow the SA-MBs@AP specifically absorb on the cells via the 
specific binding between the single-stranded DNAs (ssDNAs) Apt and the 
EpCAM proteins on cell membrane. The MCF-7 cells were then separated 
and enriched by an outside magnetic field, accompanied by three times 
PBS washing. The MCF-7 cells were then incubated with 10 μL of 1 μM 
ssDNAs CT for 3 h to form double-stranded DNAs (dsDNAs) PC in so
lution by the hybridization of Primer and CT. Then, the supernatant 
including PCs was extracted by magnetic separation for further RCA 
reaction, and the separated MBs-captured cells were dispersed in 20 μL 
PBS. 

2.3. RCA reaction 

First, 2 μL T4 ligase and 1.3 μL of 10 × T4 ligase buffer were added to 
the extracted supernatant and reacted at 16 ◦C for 16 h to make the 5′- 
end phosphorylated CT form a closed loop. After that, 2 μL phi29 po
lymerase, 2 μL of 10 × phi29 polymerase buffer, 2 μL dNTPs and 0.7 μL 
PBS were added into the above mixture and reacted at 30 ◦C for 2 h to 
conduct the RCA reactions, followed by heating at 65 ◦C for 20 min to 
inactivate the enzyme. The final RCA product was used for SERS 
detection. 

2.4. SERS-based cell enumeration 

The RCA products were incubated with silver nanorods (Ag NRs) 
array substrates for 3 h. After three times water washing, the Ag NRs 
substrates were incubated with 20 μL of 1 μM MCH for 10 min to block 
the nonspecific adsorption of RCA products on the substrates. After that, 
20 μL of 1 μM Probes was incubated with the Ag NRs substrate for 3 h, 
and after three times water washing SERS tests on substrate were per
formed. For each sample, three parallel tests were conducted. 

As a reference, the SERS-based cell enumeration without RCA reac
tion was also conducted. Briefly, 180 μL of 1000 cells/mL MCF-7 cells in 
PBS were incubated with 20 μL SA-MBs@AP for 60 min at 37 ◦C under 
slight shaking. After magnetic separation and PBS washing, the MCF-7 
cells were then incubated with 10 μL of 1 μM CT for 3 h to form PCs. 
After magnetic separation, the liquid supernatant containing PCs was 
incubated with Ag NRs array substrate for 3 h. Then, the substrate was 
blocked by 20 μL of 1 μM MCH for 10 min. After that, 20 μL of 1 μM 
Probes was incubated with Ag NRs array for 3 h, and after three times 
water washing SERS tests on substrate were performed. For each sample, 
three parallel tests were conducted. 

2.5. Cell release 

The MBs-captured cells were released from the SA-MBs@AP by 
enzymatic digestions, i.e., 2.5 μL benzonase nuclease was added and 
incubated with the MBs-captured cells at 37 ◦C for 20 min to cleave the 
DNA strands and allow the release of cells. The SA-MBs were then 
collected by magnetic separation, and the released cells in the solution 
were centrifugally (750 rpm for 3 min) purified and re-dispersed in fresh 
DMEM for further culture. 
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2.6. Human blood pretreatment 

The peripheral blood samples were collected in vacutainer tubes 
containing the anticoagulant EDTA, which were stored at 4 ◦C and 
processed within 72 h. The human blood was pretreated to remove 
plasma and the red blood cells. Briefly, 1 mL Histopaque-1119 reagent 
and 1 mL Histopaque-1077 reagent were added in 2 mL whole blood. 
After a centrifugation at 700 g for 30 min, the up-layer of transparent 
plasma, the mononuclear cell layer and the red blood cell layer were 
observed in sequence. The plasma was removed and the mononuclear 
cell layer was transferred to a new 15 mL centrifuge tube and centri
fuged twice at 200 g for 10 min. Finally, the separated cells were sus
pended in 1 mL PBS for further use. The study was approved by the 
Medical Ethical Committee of the Jiangsu Provincial People’s Hospital 
(Nanjing, China) (No. 2021-SR-110). 

3. Results and discussion 

3.1. Working mechanism of the CTC separation, SERS enumeration and 
nondestructive release 

Fig. 1 shows a schematic illustration of the nondestructive separa
tion/enrichment and RCA-powered SERS-based sensitive enumeration 
of CTCs via aptamer recognition. Firstly, the biotin-labeled aptamer 
(Apt) hybridizes with SH-labeled Primer by annealing treatment to form 
the dsDNAs Apt-Primer (AP) with a lock-like structure (i.e., including 
several mismatched bases), then the APs are modified on the surface of 
streptavidin-modified magnetic beads (SA-MBs) via the specific combi
nation of biotin and streptavidin. The AP-modified magnetic beads (SA- 
MBs@AP) are incubated with CTCs (e.g., human breast cancer cell MCF- 
7 as an analysis model) to allow the SA-MBs@AP link to cells via the 
specific recognition and combination of the specific Apts and the cor
responding EpCAM proteins on cells. The combination of Apts and 
EpCAM proteins makes part of the base-pairs of AP unwound. Then, the 
SA-MBs@AP-captured cells in the solution are separated by exerting 
external magnetic field, i.e., the separation and enrichment of CTCs from 
the complex solution are achieved. After that, the SA-MBs@AP-captured 

cells are incubated with CT which can hybridize with the Primer on the 
SA-MBs and make the hybrid (i.e., PC) fall off the SA-MBs. Therefore, 
after magnetic separation, the SA-MBs@AP-captured cells can be sepa
rated from the PCs in the supernatant. Furthermore, on the one hand, the 
SA-MBs@AP-captured cells are incubated with benzonase nuclease 
which can digest the nucleic acids on the cells to nondestructively 
release the cells from the SA-MBs. The SA-MBs can be collected by 
magnetic separation for reuse, and the cells can be cleaned and collected 
by centrifugal separation for further analysis. On the other hand, the PCs 
in the supernatant are mixed with T4 to make the 5′-end phosphorylated 
CT form a closed loop, and then the RCA reactions were conducted by 
adding Phi29 polymerase and dNTPs. Therefore, the ssDNAs generated 
by RCA (RCA products) include tandem repeats. The RCA products are 
modified onto the Ag NRs SERS-active substrate via S–Ag covalent 
bonds, and after blocking of the Ag NRs substrate with MCH, the sub
strate is incubated with ROX-labeled Probes to allow the hybridization 
between ROX-labeled Probes and the tandem repeats. So that, strong 
SERS signals can be detected since a considerable number of ROX- 
labeled Probes are captured on the Ag NRs substrate, and the cells in 
the sample can be quantified according to the detected SERS signals. In 
conclusion, the proposed strategy can not only realize the efficient, 
specific and nondestructive separation/enrichment of CTCs from the 
complex solution, but also can achieve high-sensitive SERS detection via 
the enrichment of CTCs and the RCA-powered signal amplification. 

3.2. Optimization of the AP 

The AP with a lock-like structure can specifically and efficiently bind 
to the cells via the combination between Apts and EpCAM proteins on 
cells, which makes partial bases of the Primer unwound from the base- 
pairs of AP while the remained complementary base-pairs facilitated 
the enrichment of Primers and CTCs from the complex sample solution 
by magnetic separation. Then, the exposed/unwound bases of Primer 
can be served as the toehold for hybridization with CT to form PC 
(Primer + CT) as the initial element of the RCA reaction. Fig. 2a shows a 
schematic illustration of the AP structure in which some bases (i.e., 
mismatched bases) of Primer is not complementary to Apt. For 

Fig. 1. Schematic illustration of the construction of SA-MBs@AP and the working principle of nondestructive separation/enrichment and rolling circle amplification- 
powered SERS-based sensitive enumeration of circulating tumor cells via aptamer recognition. 
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investigation of the optimal AP, the AP structure containing different 
number (N) of mismatched bases, i.e., N = 0, 4, 6 and 8, were designed, 
and the corresponding Apts were named Apt-N, i.e., Apt-0, Apt-4, Apt-6, 
and Apt-8 (Table S2, Section S1, Supporting Information (SI)). 

As shown in Fig. S1a (Section S2, SI), the scenario of AP without 
mismatched bases (i.e., N = 0) is not considered to form PC duplex as 
expected. Furthermore, the electrophoresis characterizations of 
different mismatched bases in AP (i.e., N = 4, 6 and 8, respectively) are 
shown in Fig. 2b (N = 4), Fig. S1b (N = 6, Section S2, SI) and Fig. S1c (N 
= 8, Section S2, SI). Similar to the analysis of N = 0, according to the 
results of lane 6 in these electrophoresis patterns, all the three Apts can 
hybridize with Primer to form double-stranded APs. The lanes 7 in
dicates that the corresponding Apt-N-opens can hybridize with the 
Primer stably. In addition, when Apt-4 (6 or 8) hybridized with Primer, 
the strips in lane 9 could not be observed in the same position as the 
strips in lane 8, which indicates that the CT could not competitively 
hybridize with the Primer in the AP. However, when Apt-4 (6 or 8)-open 
replaced Apt-4 (6 or 8), the strips in lane 10 are similar to the strips in 
lane 8, and the slight strip with the fastest migration corresponding to 
Apt-4 (6 or 8)-open occurred, indicating that the PC (Primer + CT) as the 
initial reactant of RCA reaction can be generated when CT was incu
bated with the duplex of Apt-4 (6 or 8)-open and Primer. Besides, only 
the strips belonging to CT (lane 5) and AP (lane 6) appeared in lane 9 of 
N = 4, while the hybrid of Primer and CT (lane 8) also appeared in lane 9 
of N = 6 and N = 8. These results indicate that N = 6 and 8 have certain 
false positives, which would make the final detection results biased with 
poor detection sensitivity. Therefore, the number of 4 of mismatched 
bases is the optimal selection. 

3.3. Feasibility of RCA reaction and SERS assay 

Fig. 2c shows the agarose gel electrophoresis for characterizing the 
RCA reaction. The lanes 1 to 3 show the strips of Marker (5000 bp), 
Primer, and CT, respectively. The slowly moved strip in lane 4 relative to 
the one in lane 3 indicates the hybridization of Primer and CT, which 
was also confirmed by the strips shown in the lanes 5, 6 and 8 in Fig. 2b. 
The bright strip at the top of lane 6 which contained the mixture of 
Primer, CT, T4, phi29 DNA polymerase and dNTPs confirms that the 
RCA reactions occurred successfully and the RCA products with big 
structure were formed. 

The TEM image, zeta potential and cytotoxicity of the SA-MBs@AP 
probes were characterized and shown in Fig. S2 and Table S3 (Section 
S3, SI), and the results indicate that the SA-MBs@AP probes with good 
biocompatibility were successfully prepared. According to the TEM 
image shown in Figs. S2a and b, there is no significant differences in size 
or morphology between the SA-MBs and SA-MBs@AP, and the APs 
modified on SA-MBs were difficult to be observed from the TEM image. 
Considering the effective cell separation and the possible concentration- 
related self-aggregation of MBs (Freitas et al., 2020; Shen et al., 2021; 
Wen et al., 2014), the 150 μg/mL SA-MBs@AP probes was selected for 
cell separation and enrichment in the standard sensing strategy. Fig. 2d 
shows the SERS spectra collected from the Ag NRs substrates before (1#) 
and after the incubation with Probes and different mixtures: 2# Primer; 
3# CT, 4# Primer and CT; 5# Primer, CT and T4; 6# RCA product. After 
washing, only the RCA products generated the characteristic SERS peaks 
of ROX molecules at 1503 and 1645 cm− 1, which confirms that the RCA 
products can capture the Probes onto the Ag NRs successfully. Therefore, 
the successful implementation of the RCA reactions and the effective 
RCA-based SERS sensing are verified. 

Fig. 2e shows the feasibility of RCA-based SERS detection of MCF-7 

Fig. 2. Characterizations of the feasibility of CTCs separation/enrichment and SERS detection. (a) Schematic illustrations of a AP with mismatched bases. (b) 
Electrophoretic pattern for characterizing the sensing mechanism by using the AP with the mismatched bases of 4. Lane 1: Marker, lane 2: Apt-4, lane 3: Apt-4-open, 
lane 4: Primer, lane 5: CT, lane 6: Apt-4 + Primer, lane 7: Apt-4-open + Primer, lane 8: Primer + CT, lane 9: Apt-4 + Primer + CT, lane 10: Apt-4-open + Primer +
CT. (c) Agarose gel electrophoresis for characterizing the RCA reaction. Lane 1: 5000 bp Marker, lane 2: Primer, lane 3: CT, lane 4: Primer + CT, lane 5: Primer + CT 
+ T4, lane 6: Primer + CT + T4 + phi29 DNA polymerase + dNTPs. (d) SERS spectra for characterizing the RCA-powdered sensing strategy. 1#: Ag NRs, 2#: Primer- 
Ag NRs + Probe, 3#: CT-Ag NRs + Probe, 4#: (Primer + CT)-Ag NRs + Probe, 5#: (Primer + CT) + T4-Ag NRs + Probe, 6#: RCA-Ag NRs + Probe. (e) Charac
terizations of the feasibility of SERS detection of MCF-7 cells. 1#: Ag NRs, 2#: Ag NRs + RCA + MCH + Probe +0 cell/mL, 3#: Ag NRs + RCA + MCH + Probe 
+1000 cells/mL. 
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cells. The bare Ag NRs (1#, black) shows very low background, and the 
sample in the absence of MCF-7 cells (0 cells/mL) was selected as the 
control (2#, blue line). The typical SERS signals of ROX at 1503 and 
1645 cm− 1 were identified when tested the sample containing 1000 
cells/mL (3#, green), which can be significantly distinguished from the 

control. Therefore, the proposed sensing strategy for separation/ 
enrichment and RCA-powered SERS-based sensitive enumeration of 
circulating tumor cells is feasible. 

Fig. 3. Optimization of MCH blocking, incubation time and exploration of RCA amplification. (a) SERS spectra collected from the detections of 0, 100 and 1000 
cells/mL in the absence or presence of MCH blocking. 1#: Ag NRs + (RCA-0 cell/mL) + MCH + Probe, 2#: Ag NRs + (RCA-0 cell/mL) + Probe, 3#: Ag NRs + (RCA- 
100 cells/mL) + MCH + Probe, 4#: Ag NRs + (RCA-100 cells/mL) + Probe, 5#: Ag NRs + (RCA-1000 cells/mL) + MCH + Probe, 6#: Ag NRs + (RCA-1000 cells/mL) 
+ Probe. (b) Plot of the signal intensities of ROX at 1503 cm− 1 corresponding to the spectra shown in (a), and the signal-to-noise ratios (S/N). (c) SERS spectra 
collected from the detections of 500 cells/mL conducted by incubating SA-MBs@AP probes with cells with different incubation times, i.e., 0, 10, 20, 30, 40, 60, 80 
and 100 min, respectively. (d) Plot of the signal intensities of ROX at 1503 cm− 1 corresponding to the spectra shown in (c). (e) SERS spectra collected from the 
detections of 0, 100 and 1000 cells/mL with or without RCA amplification. 1#: Ag NRs + (m-Primer-0 cell/mL) + MCH + Probe, 2#: Ag NRs + (RCA-0 cell/mL) +
MCH + Probe, 3#: Ag NRs + (m-Primer-100 cells/mL) + MCH + Probe, 4#: Ag NRs + (RCA-100 cells/mL) + MCH + Probe, 5#: Ag NRs + (m-Primer-1000 cells/mL) 
+ MCH + Probe, 6#: Ag NRs + (RCA-1000 cells/mL) + MCH + Probe. (f) Plot of the signal intensities of ROX at 1503 cm− 1 corresponding to the spectra shown in (e). 
All error bars represent standard deviations from three measurements (n = 3). 
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3.4. Characterization of the binding of APs to MCF-7 cells 

Fig. S3 (Section S4, SI) shows the fluorescence images of FAM-APs 
treated cells. Almost no fluorescence of FAM was collected from the 
blank MCF-7 cells. The green fluorescence from FAM-APs-treated 
EpCAM-positive cells (i.e., MCF-7 and DU145 cells) is much higher 
than the signal from the HeLa cells (i.e., EpCAM-negative cells), which 
indicates that the APs can specifically target the EpCAM proteins on cell 
membranes, and the Kd of APs on MCF-7 cells is 27 ± 4 nM (Fig. S4, 
Section S4, SI). The results demonstrate that the APs exhibit good 

binding affinity toward the EpCAM-positive MCF-7 cells, and endows 
the high capability of SA-MBs@AP for specifically capturing CTCs. 

3.5. Optimization of detection conditions 

Optimization of MCH blocking of Ag NRs. The optimal MCH 
blocking may effectively improve the specificity of the sensing. Fig. 3a 
shows the SERS spectra of the tests of 0 (blank), 100, and 1000 cells/mL 
with or without MCH blocking, respectively. Due to the non-specific 
adsorption of RCA produces and Probe, the SERS signal intensity of 

Fig. 4. Enrichment and detection of CTCs in PBS. (a) Capture efficiency of SA-MBs@AP probes for capturing different numbers (5, 10, 50, 100, 200, 500 and 1000 
cells) of MCF-7 cells spiked in PBS. Error bars represent standard deviations from three measurements (n = 3). (b) SERS spectra of the detections of MCF-7 cells in PBS 
with different concentrations, i.e., blank (without cells), 5, 10, 50, 100, 200, 500 and 1000 cells/mL. (c) Plot of the concentration-dependent SERS intensity I1503 in 
(b). Error bars represent the standard deviations from ten measurements (n = 10). (d) Plot of the signal intensities of ROX at 1503 cm− 1 corresponding to the spectra 
shown in Fig. S7. (e) Plot of SERS signal intensitied at 1503 cm− 1 corresponding to the SERS spectra shown in Fig. S8(a). (f) Plot of SERS signal intensities at 1503 
cm− 1 corresponding to the SERS spectra shown in Fig. S8(b)–(d). 
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ROX molecules recorded from the Ag NRs without MCH blocking was 
higher than that of the MCH blocking group no matter the tested cells 
concentrations. The characteristic SERS signals of ROX at 1503 cm− 1 

plotted in Fig. 3b indicate that the improved signal-to-noise ratios (S/N) 
of 3.00 for 100 cells/mL and 17.74 for 1000 cells/mL were obtained. 
These results conclude that the MCH blocking is essential to obtain 
specific detection and is favorable to achieve low detection limit. 

Optimization of incubation time. Fig. 3c shows the SERS spectra 
detected under different incubation times (0–100 min) for incubation of 
SA-MBs@AP probes with MCF-7 cells. Along with the increasing incu
bation time, stronger SERS signal was outputted, and after incubation 
for 60 min, the SERS signal reached a saturation (Fig. 3d), which means 
the optimal incubation time can be selected as 60 min. 

Optimization of RCA time. Fig. S5a (Section S5, SI) shows the SERS 
assay spectra of 100 cells/mL MCF-7 cells with different RCA reaction 
times (0–180 min). The SERS signal at 1503 cm− 1 increases gradually 
with the increasing RCA time. After incubation for 120 min, the SERS 
signal reached a saturation (Fig. S5b, Section S5, SI), and the optimal 
RCA reaction time was selected as 120 min. 

3.6. Signal amplification of RCA 

Fig. S3 shows the schematic diagram of the assay without RCA 
(Section S4, SI). The MCF-7 cells in PBS with concentrations of 0 and 
1000 cells/mL were SERS tested with or without RCA, respectively. The 
SERS spectra of assays were shown in Fig. 3e, and as the SERS intensities 
plotted in Fig. 3f, with the RCA amplification, the background signal (0 
cells/mL) enhanced 1.72 times, and nearly 4.5 times signal amplifica
tion was obtained when tested 1000 cells/mL MCF-7 cells. Specifically, 
the SERS assay of 100 cells/mL MCF-7 cells without RCA amplification 
was not clearly different from the blank control, that is, the detection 
without RCA is not conducive to obtaining sensitive assay with lower 
detection limit, which indicates that the RCA signal amplification-based 
SERS detection of cells is a superior choice for sensitive CTCs 
enumeration. 

3.7. Performance on CTCs detection 

Capture Efficiency. Under the optimal conditions, the performance 
of SA-MBs@AP on the capture of CTC was investigated by incubating the 
SA-MBs@AP with different numbers of MCF-7 spiked in PBS, i.e., 5, 10, 
50, 100, 200, 500 and 1000 cells, respectively. Fig. 4a shows that the 
capture efficiencies are about 93%, calculated according to the 
following equation: capture efficiency = (1-n/N) × 100%, where n is the 
number of uncaptured cells and N is the total number of cells spiked in 
the sample observed and counted by optical microscope after capture by 
SA-MBs@AP. All the results were obtained from three independent ex
periments. It should be noted that despite the differences in the con
centrations of CTCs, the capture efficiency is relatively stable, which 
facilitates the capture of cells at low concentrations. 

Calibration curve and limit of detection (LOD). Under the above- 
mentioned optimal conditions, the concentration-related SERS assays 
of MCF-7 cells (blank, 5, 10, 50, 100, 200, 500 and 1000 cells/mL) in 
PBS were conducted and the SERS spectra are shown in Fig. 4b. The 
SERS signal intensity of ROX gradually increases with the increasing 
MCF-7 cells concentration, and the SERS signal can still be distinguished 
from the blank even the cell concentration is low to 5 cells/mL. The 
SERS signal intensity at 1503 cm− 1 (I1503) plotted in Fig. 4c follows a 
good linear relationship with the concentration (C) of MCF-7 cells, i.e., 
I1503 = 534.03 + 8.56 × C (R2 = 0.998), and the LOD was calculated to 
be 2 cells/mL (S/N = 3), which is superior to most previously reported 
aptamer-based CTC detections (Table S4, Section S7, SI). 

Specificity. Fig. S7 (Section S8, SI) presents the SERS spectra ob
tained by testing specific MCF-7 cells (EpCAM-positive cells), and un
specific cells (EpCAM-negative cells, including human umbilical vein 
endothelial cells (HUVEC), human gastric cancer cells (SGC-7901), 

normal human hepatocytes (LO2) and human cervical cancer cells 
(HeLa)), as well as PBS without any cells (blank). The SERS signal of 
MCF-7 cells detection is significantly higher than those of the unspecific 
or blank detections, which indicates a good specificity of the proposed 
sensing strategy for MCF-7 cells detection (Fig. 4d). 

Uniformity and reproducibility. Fig. S8a (Section S9, SI) shows the 
SERS spectra of the assay of 500 cells/mL MCF-7 cells recorded from 50 
random points (Section S6, SI), and the relative standard deviation 
(RSD) of the SERS intensities at 1503 cm− 1 plotted in Fig. 4e is within 
3.07%, which indicates that the proposed sensing strategy has good 
uniformity. For characterizing the reproducibility, the MCF-7 cells with 
the concentrations of 50, 200 and 500 cells/mL were tested respectively. 
For each cell concentration, 5 parallel tests were conducted and the 
averaged SERS spectra randomly recorded at 8 points were shown in 
Figs. S8b–d (Section S9, SI), corresponding to 50, 200 and 500 cells/mL, 
respectively (Section S6, SI). The SERS intensities at 1503 cm− 1 were 
plotted in Fig. 4f, which shows very small variations of the three de
tections with the RSDs less than 2%, indicating that the proposed CTCs 
sensing strategy has good reproducibility. 

Potential practicality. For investigating the potential practicality of 
the SERS strategy for detecting CTCs in blood, the erythrocytes (white 
blood cells, WBCs) in blood were extracted by centrifugation and used as 
the background cells of CTCs assay. Briefly, the WBCs in the whole blood 
of healthy human were extracted and then MCF-7 cells were spiked in 
the WBCs (5 × 106 cells/mL) to prepare test samples with different 
concentrations of MCF-7 cells (i.e., blank, 5, 10, 50, 100, 200, 500 and 
1000 cells/mL). The samples were tested by the SERS sensing strategy 
and the spectra are shown in Fig. 5a. The SERS intensity at 1503 cm− 1 

(I1503) plotted in Fig. 5b follows a good linear relationship with the 
concentration of MCF-7 cells (C) spiked in WBCs, i.e., I1503 = 487.22 +
9.25 × C (R2 = 0.989). The LOD of MCF-7 cells in WBCs was calculated 
to be 3 cells/mL (S/N = 3). The recoveries of 50, 250 and 500 cells/mL 
MCF-7 cells in WBCs were studied and 5 parallel tests were conducted 
for each concentration. Fig. 5c shows the averaged SERS spectra of the 
assays. According to the SERS intensities at 1503 cm− 1 and the cali
bration curve, the found cell concentrations are listed in Fig. 5d, which 
shows good recoveries ranging from 100.56% to 116.78% with the RSD 
less than 13.95%. The high recovery rate indicates that the high capture 
efficiency can guarantee the accuracy of the detection (Fig. S9, Section 
S10, SI). Despite the small differences between the capture efficiency 
and recovery rate, but considering the experimental systematic error 
and the recovery rate calculated from the calibration curve rather than 
the real number of cells in the sample, the result still indicates a rela
tively good consistency between the isolated and measured CTCs. 
Therefore, the proposed SERS-based RCA-powered detection of CTCs is 
promising for reliably counting CTCs in blood. 

3.8. Nondestructive separation and enrichment of CTCs 

Nondestructive separation and enrichment of CTCs are particularly 
favorable for the downstream cell analysis. Benzonase nuclease, which is 
a highly useful endonuclease for the removal of nucleic acids from re
combinant proteins and protein fragments by completely digesting 
nucleic acids to 5′-monophosphate terminated oligonucleotides 2–5 
bases in length (Yin et al., 2020), was used to effectively cut the DNAs 
connection between the MBs and cell membrane proteins for nonde
structive release of cells. The captured CTCs were released by the 
cleavage of benzonase nuclease, and the activity of released cells were 
than cultured. Fig. 6a–f shows the normal proliferation of the cells after 
re-culture for 0–48 h, and the cells can grow normally after three gen
erations (Fig. 6g and h), which indicates that the cells still had good 
cellular activity. The MCF-7 cells released from different concentrations 
of SA-MBs@AP probes (i.e., 100, 125, 150, 175 and 200 μg/mL) after 
benzonase nuclease treatment were used as experimental groups, while 
the same number of MCF-7 cells which digested from culture flask by 
trypsin were served as control. The cells were cultured in 96-well plates, 
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and the MTT assays were conducted by using the MTT assay kit. Fig. 6i 
shows the viabilities of cells released from different concentrations of 
SA-MBs@AP probes (i.e., 100, 125, 150, 175 and 200 μg/mL) after 
benzonase nuclease treatment, and the MTT results indicate that the 
released cells have good biological activity. 

To characterize the nondestructive release of CTCs by benzonase 
nuclease, the fluorescence images of MCF-7 cells before and after the 
treatment of benzonase nuclease were scanned. As shown in Fig. S10 
(Section S11, SI), the MCF-7 cells treated by FAM-labeled APs show 
distinct green fluorescence. After the treatment of benzonase nuclease, 
the green fluorescence on the cell membrane disappeared since the 
FAM-labeled aptamers in APs were degraded. Furthermore, the treated 
MCF-7 cells after benzonase nuclease treatment can capture FAM- 
labeled APs again and show bright fluorescence of FAM, which in
dicates that the benzonase nuclease can effectively remove the aptamers 
on the cells without causing obvious side effects to the EpCAM mem
brane proteins and their functions. 

3.9. Reuse of SA-MBs 

The MBs-captured cells were incubated with benzonase nuclease to 
nondestructively release the cells from the SA-MBs. Herein, the MCF-7 
cells with the concentrations of 100 and 500 cells/mL were SERS 
detected, respectively. The magnetically separated cells were released 
by benzonase nuclease treatment. Then the cells were collected by 
centrifugation and the SA-MBs were collected by magnetic separation. 
The SA-MBs were used for the next detection of cells. Fig. S11a (Section 
S12, SI) shows the SERS spectra of the assays of 100 and 500 cells/mL by 
using the fresh SA-MBs (1#) or the SA-MBs after one (2#) and two (3#) 
reuse batches. The signal intensities of ROX at 1503 cm− 1 corresponding 
to the spectra shown in Fig. S11a (Section S12, SI) after each detection 
were summarized in Fig. S11b (Section S12, SI). It can be seen that there 
was no significant decrease in SERS signal intensities, which indicates 
that three repeats did not affect the performance of SA-MBs on cell 
detection. 

Fig. 5. SERS detections of CTCs in WBCs with 
different MCF-7 cell concentrations, i.e., blank 
(without cells), 5, 10, 50, 100, 200, 500 and 1000 
cells/mL. (a) SERS spectra of the detections of MCF-7 
in WBCs. (b) Plot of the concentration-dependent 
SERS intensity I1503 in (a). Error bars represent the 
standard deviations (n = 10). (c) Characterization of 
recovery for detecting MCF-7 cells in WBCs with the 
concentration of 50 cells/mL, 250 cells/mL and 500 
cells/mL. (d) Recovery of MCF-7 cells spiked in WBCs.   

Fig. 6. Activity of the post-released CTCs. (a)–(h) Microscopic images of the post-released cells after re-culture for 0–48 h, and the cell proliferation and growth after 
1 passage (P1) (g) and 3 passages (P3) (h). Scale bar 100 μm. (i) Cell viability of MCF-7 cells released from SA-MBs@AP probes with different concentrations, i.e., 
100, 125, 150, 175 and 200 μg/mL. Error bars represent standard deviations from three measurements (n = 3). 
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4. Conclusions 

In summary, we propose a novel strategy for nondestructive sepa
ration/enrichment and SERS-based ultra-sensitive enumeration of 
circulating tumor cells, in which the magnetic beads modified with 
special APs (SA-MBs@AP) were utilized to capture the CTCs via the 
combination of the specific Apts and the EpCAM proteins on cells, and 
then the magnetically separated/enriched CTCs were SERS counted via 
RCA and nondestructive released by the cleavage of benzonase nuclease. 
The optimal AP contains 4 mismatched bases, which can minimize the 
false-positives and -negative detections. Taking the MCF-7 cells as the 
analysis model of CTCs, the preferred incubation time between SA- 
MBs@AP and cells is 60 min, and the MCH blocking is essential to 
obtain specific detection and is favorable to achieve low detection limit. 
The RCA is a preferred signal amplification for sensitive SERS-based 
CTCs enumeration, and nearly 4.5 times SERS signal enhancement 
was obtained. The SERS strategy possesses a good linear relationship 
with the concentration of MCF-7 cells spiked in PBS with the LOD of 2 
cells/mL. Besides, the proposed strategy has the advantages of good 
specificity, uniformity, and reproducibility. The investigation of poten
tial practicality for detecting CTCs in blood shows good recoveries 
ranging from 100.56% to 116.78%, which indicates that the proposed 
SERS-based RCA-powered detection of CTCs is promising for reliably 
counting CTCs in blood. Furthermore, the nondestructive separation/ 
enrichment of CTCs was effectively achieved by digesting the nucleic 
acids with benzonase nuclease. Therefore, the proposed strategy is ex
pected to provide a powerful tool for high-sensitively counting and 
nondestructively separating/enriching EpCAM-positive CTCs. 
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