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Abstract

Efficient capture and release of circulating tumor cells play an important role in cancer diagnosis, but the limited affinity of monovalent
adhesion molecules in existing capture technologies leads to low capture efficiency, and the captured cells are difficult to be separated.
Inspired by the phenomenon that the long tentacles of jellyfish contain multiple adhesion domains and can effectively capture moving
food, we have constructed a biomimetic recognition strategy to capture and release tumor cells. In details, gold-coated magnetic
nanomaterials (Au@Fe;0,4 NPs) were first prepared and characterized by scanning electron microscopy, UV-vis absorption spectra,
and Zeta potential. Then, the DNA primers modified on Au@Fe;0,4 nanoparticles can be extended to form many radialized DNA
products by rolling circle amplification. These long DNA products resemble jellyfish tentacles and contain multivalent aptamers that
can be extended into three dimensions to increase the accessibility of target cells, resulting in efficient, simple, rapid, and specific cells
capture. The capture efficiencies are no less than 92% in PBS buffer and 77% in blood. Subsequently, DNase I was selected to degrade
biomimetic tentacles to release the captured tumor cells with high viability. This release strategy can not only improve cell viability, but
also reduce a tedious release process and unnecessary costs. We believe that the proposed method can be expanded for the capture and
release of various tumor cells and will inspire the development of circulating tumor cells analysis.
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Introduction

Circulating tumor cells (CTCs) play a crucial role in tumor
metastasis. They are the cancer cells that shed from the prima-
ry or metastatic site of the tumor and enter the circulatory
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system due to spontaneous or objective surgery [1-3]. Most
CTCs have a limited half-life and undergo apoptosis during
circulation, but a few can survive and metastasize to distant
organs, causing metastasis-related death [4]. Capturing these
CTCs can contribute to downstream molecular research,
which can insight into the mechanisms of tumorigenesis and
development and conduct personalized anti-tumor therapy [5,
6]. However, the inherent rarity, vulnerability and heteroge-
neity of CTCs pose significant technical challenges for their
capture and isolation in biological fluids.

Currently, a variety of techniques have been developed for
CTCs isolation, such as physical sorting-based cell-free mark-
er assays [7, 8] and affinity-based CellSearch capture tech-
niques [9, 10]. However, limited affinity often leads to ineffi-
cient cells capture and difficult isolation of the captured cells.
Besides, long separation time and complex operation often
lead to cells viability loss and cells damage or fragmentation,
which are not conducive to the downstream analysis.
Therefore, there is an ever-increasing need of non-
destructive and scalable methods for the sort and isolation of
CTCs. In recent years, some methods based on nucleic acid
amplification [11, 12], multiple recognition elements [13] and
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DNA assembly [14] have been developed to improve target
capture efficiency, recognition specificity, and non-
destructive separation. Among them, DNA has been widely
used due to its high programmability and unique interaction
on the bio-nano interface [15-17].

To satisfy the mentioned demands for disease analysis,
nanocomposites have been widely studied because of their
functional diversity [18, 19]. Among them, Au@Fe;0, NPs
are favored because they not only retain the
superparamagnetic property of iron oxides for magnetic sep-
aration, but also have the chemical stability and biocompati-
bility of gold [20-22]. In this work, inspired by the long ten-
tacles of jellyfish that can effectively capture moving food
particles in fluids, we have constructed a biomimetic strategy
to capture and release tumor cells in body fluid (Scheme 1).
Specifically, P1 DNA primers modified on Au@Fe;04 NPs
can be extended to form many radialized DNA products by
rolling circle amplification (RCA). These long DNA products
resemble jellyfish tentacles and contain multiple aptamers,
which can be extended to three-dimensional space to capture
target cells through multivalent aptamers, thus achieving effi-
cient, rapid, and specific cells capture. Subsequently, the cap-
tured CTCs can be effectively released by simple DNase I
treatment with little influence on cells activity.

Experimental section
Materials and reagents

Gold (III) chloride trihydrate (HAuCl,-3H,0), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), sodium boro-
hydride (NaBH,), iron(III) chloride hexahydrate (FeCls-
6H,0), ethylene glycol, and sodium acetate (NaAc) were

Scheme 1 Schematic illustration
of capture and release of tumor
cells based on biomimetic
recognition strategy
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purchased from Sigma-Aldrich (http://www.sigmaaldrich.
com/). Deoxynucleotide set (ANTPs) and cell culture medium
(Dulbecco’s modified eagle’s medium, DMEM) were pur-
chased from ThermoFisher Scientific (Shanghai, China,
http://www.thermofisher.com/). Rapid DNA ligation kit and
calcein AM were obtained from Beyotime Biotechnology.
Deoxyribonuclease I (DNase I) was obtained from New
England BioLabs (https://international.neb.com/).
Dulbecco’s PBS (DPBS, pH 7.2 ~7.4), phosphate buffered
saline (PBS, pH 7.4), phi29 DNA polymerase and the
corresponding buffer were purchased from Shanghai Sangon
Biotechnology Co., Ltd. (Shanghai, China, http://www.
sangon.com/). Whole-blood samples were obtained in healthy
donors from Gaochun People’s Hospital. Other chemical re-
gents were analytical grade and used without further purifica-
tion. All solutions were prepared with deionized water puri-
fied with a Millipore filtration system (18.2 M2 cm). All
oligonucleotides used in this work were synthesized and pu-
rified by Shanghai Generay Biotech Co., Ltd. (Shanghai,
China, http:// http://www.generay.com.cn/). The sequences
of the DNA oligonucleotides are listed in Table S1.

Preparation of Fe30, NPs and Au@Fe;0, NPs

Fe;04 nanoparticles (Fe;O4 NPs) and Au@Fe;04 nanoparti-
cles (Au@Fe;04 NPs) were synthesized according to the pre-
viously reported procedure with a slight modification [23].
More details are available in the supporting information.

Rolling circle amplification reaction on Au@Fe;0, NPs

The RCA reaction was carried out by the method reported in
literatures [24-26] with slight modification. It includes two
steps: preparation of circular DNA template and final RCA

Captured cells

Released cells

Au@Fe;0, NPs
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reaction with circular DNA. More details are available in the
supporting information.

Cells capture and imaging

HeLa cells (cervical cancer cell line) were cultured in
DMEM supplemented with 10% FBS (Gibco,
Invitrogen) in a humidified incubator (Thermo 3111) at
37 °C containing 5% CO,. Cells were collected and
counted with an automated cell counter (Invitrogen
Countess) for the following experiments.

To evaluate the performance of the method, different num-
bers of HeLa cells as artificial CTCs were added to PBS buffer
(pH 7.4) and diluted samples to explore the capture efficiency.
Au@Fe;0,4 NPs-RCA (4.0 x 10° particles mL™") were incu-
bated with HeLa cells, HepG2 cells and normal blood cells at
37 °C for 30 min to explore the selectivity.

MTT assay

HeLa cells were first seeded into a 96-well plate at 100 pL/
well (1 x 10* cells) according to the instructions. After incu-
bation overnight, the original medium was removed, and dif-
ferent reagents at appropriate concentrations were added to the
wells and incubated at 37 °C for 30 min. Subsequently, 50 puL
1 x MTT reagent was added to the wells and incubated at
37 °C for 4 h to reduce MTT to formazan. After the superna-
tant was removed, 150 pL DMSO was added to each well to
dissolve formazan, and the solution was shaken with a plate
shaker. The optical signal of each well was detected with a
microplate reader at the wavelength of 490 nm.

Cell release and culture

The captured tumor cells were separated with a magnet, added
with DNase I (0.5 U uLfl), reacted at 37 °C for 20 min,
washed with PBS (pH 7.4) for 3 times, and then stained with
calcein AM solution (2 uM) for 40 min. The cells were
washed with PBS and cultured in DMEM medium containing
20% fetal bovine serum and 1% penicillin-streptomycin. After
culturing for a certain time, the cells were observed under a
microscope.

Results and discussion
Characterization of Au@Fe;0, NPs

The morphology of Fe;04 NPs and Au@Fe;04 NPs were
characterized by scanning electron microscopy (SEM).
Figure 1a shows that the prepared Fe;O4, NPs are spherical
with an average particle size of about 140 nm. Figure 1b
shows that after in situ reduction of the gold (III) chloride

trihydrate, there are many small particles attached to the
Fe;04 NPs to form Au@Fe;0,4 NPs. Next, we have explored
the as-prepared nanocomposites through UV-vis absorption
spectra. Figure 1c, d shows that the color of the Fe;O4 NPs
solution is brown, and its corresponding UV-vis absorption
peak is weak. While the Au@Fe;0, NPs solution is purple
black and has a significant UV-vis absorption peak at 560 nm,
which attributed to the attachment of AuNPs on surface, and
an obvious Au absorption peak can be seen in the energy
dispersive spectrometer (EDS) of Fig. le, which further
proves the successful preparation of Au@Fe;04 NPs.

Preparation of DNA functionalized Au@Fe;0, NPs

The coupling of thiolated P1 DNA to Au@Fe;0,4 NPs is a key
step in designing this biomimetic strategy, and the results were
explored by Zeta potential. The Zeta potential of Fig. 2a
shows that the electronegativity of the Au@Fe;04-P1 DNA
(=56.8 £ 1.8 mV) is stronger than that of the Au@Fe;O4 NPs
(=24 mV), indicating that the P1 DNA is successfully modi-
fied on the Au@Fe;0,4 NPs surface.

The UV-vis absorption spectrum in Fig. 2b shows that
Au@Fe;0,4-P1 DNA has an obvious ultraviolet absorption
peak at 320 nm compared with Au@Fe;04 NPs, and the ab-
sorption peak is blue-shifted to some extent. Furthermore, the
UV-vis peak of Au@Fe;04-RCA shows a further blue-shifted
owing to the loading of a large number of RCA reaction prod-
ucts. It is clear that the thioated P1 DNA is successfully mod-
ified on the Au@Fe;0,4 NPs by covalent binding and further
triggers the subsequent RCA reaction on Au@Fe;0,4 NPs.
Besides, the necessity of each element in the solution for the
RCA reaction was verified by gel electrophoresis. Figure S1
shows that the RCA reaction could only be initiated when the
P1 DNA, circular DNA and phi29 DNA polymerase exist
simultaneously (lane 5-8). Meanwhile, we have noticed that
the RCA products increased with the extension of amplifica-
tion time and reached a plateau in 30 min (lane 7). So, 30 min
is taken as the optimized reaction time.

Cell capture

To evaluate the feasibility and capture performance of the
biomimetic recognition strategy, we have observed the state
of cells before and after capture. The results of Fig. S2 show
that the method has good feasibility, and Fig. 3 confirms its
good performance. In details, Fig. 3a—c show that cells are
well dispersed before the addition of Au@Fe;04-RCA prod-
ucts. While Fig. 3d—f show that after the addition of the
Au@Fe;04-RCA products, cells are in a highly aggregated
state, and the bright field of Fig. 3d shows that there are dis-
tinct black spots around the aggregated cells. On the one hand,
the aggregation of cells may be attributed to the cross-winding
of DNA long-chain products produced in the RCA process.
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Fig. 1 a SEM images of Fe304 NPs. b SEM images of Au@Fe;04 NPs. ¢ Color diagrams of Au@Fe;0,4 NPs solution and Fe;04 NPs solution. d
Ultraviolet-visible absorption spectra of Au@Fe;04 NPs and Fe;04 NPs. e EDS spectral analysis of Au@Fe;04 NPs

The long-chain products contain multiple repetitive nucleic
acid aptamers (AS1411), which can bind to nucleolin proteins
on the cell membrane through multivalent synergy to trap and
cluster the cells around the nanoparticles. On the other hand,
as a result of the magnetic field applied during the magnetic
separation process, the Au@Fe;04 NPs loaded with RCA
products can rapidly gather together, making the captured
cells highly aggregated. The larger or smaller black spots
around the cells are different aggregation states of
Au@Fe;04 NPs which resulted from the magnetic separation
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-]

0

=204

-40-

-604

Zeta potential (mV)

-80-

as well. In spite of the subsequent washing and resuspension
processes, Au@Fe;04 NPs loaded with cells and RCA prod-
ucts are difficult to disperse uniformly in a short time, causing
the uneven size of the Au@Fe;04 NPs. To further explore the
capture performance of this method, we incubated
Au@Fe;0,4-RCA with different amounts of HeLa cells in
PBS buffer and blood samples, respectively. Figure 3g shows
excellent performance for cancer cells capture in complex
samples and Fig. S3 further demonstrate the good selectivity
of this method. In conclusion, the biomimetic tentacles on
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Fig. 2 a Zeta potential diagram of Au@Fe;0, NPs and Au@Fe;0,4-P1 DNA. b UV-Vis spectra of Au@Fe;0, NPs, Au@Fe;04-P1 DNA, and
Au@Fe;04-RCA. Error bars are the standard deviation of three independent replicates
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Fig. 3 Bright-field and fluorescence images of cells before and after
capture by Au@Fe;0,4 NPs-RCA products. a Bright field of cells before
capturing. b Hoechst 33342 for nucleus (blue). ¢ Cell membrane stain
with Dil dye (Dil, orange). d Bright field of cells after capturing, the black

Au@Fe;04 NPs can capture target cells through multivalent
aptamers.

Cell release and post-release activity study

Multidimensional analysis of CTCs can provide more specific
and comprehensive disease information, which requires ma-
nipulation on live tumor cells [27, 28]. Considering that the
construction of the biomimetic strategy is based on the multi-
valent recognition function of DNA aptamers, the rapid and
non-destructive release of captured cells can be achieved
through simple DNase I treatment. Figure S4a simulates the
cell state before and after release, and Fig. S4b shows the gel
electrophoresis pattern of RCA products before and after the
addition of DNase I, which indicates that the biomimetic ten-
tacle around the cells can be effectively degraded by DNase I

100 pm

Fig. 4 Morphological images of HeLa cells before capture and
fluorescence images after release. a Bright field images of 5 x 107 cells
mL". b Fluorescent images of some cells released from a. ¢ Bright field
images of 5 x 10* cells mL™". d Fluorescent images of some cells released
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spots around the cells are Au@Fe;04 NPs. e Hoechst 33342 for nucleus
(blue). f Cell membrane stain with Dil dye (Dil, orange), scale 100 um. g
Confirming the capture ability of Au@Fe;04-RCA products to HeLa
cells. Error bars represent the standard deviation of three experiments

(0.5 U uL™") within 20 min at 37 °C, thus achieving the
release of the target cells. To demonstrate the effectiveness
of'the capture strategy and the mildness of the release method,
we observed the morphological images of captured cells and
the fluorescence images of some released cells. Figure 4a, ¢
shows that the cells are highly aggregated near the black
Au@Fe;04 NPs, indicating that the prepared Au@Fe;0,
NPs with bionic tentacles can capture a large number of cells,
and the capture efficiency is positively correlated with the
number of cells added. However, some DNase I-treated cells
were observed by fluorescence microscope. Figure 4b, d
shows that the cells are in a good monodisperse state with
good viability. Figure S5 further shows the method has a high
release efficiency. Moreover, the cytotoxicity of the materials
to cells was evaluated by MTT assay and Fig. 4e shows that
cells incubated with materials still retain high viability. These
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from ¢. Cells were stained with 2 uM calcein AM for fluorescence
imaging, scale 100 um. e Cell viability analysis of HeLa cells with
Au@Fe;04-P1 DNA, RCA products and Au@Fe;04-RCA products.
Error bars represent the standard deviation of three experiments

@ Springer



220 Page6of7

Microchim Acta (2021) 188: 220

Oh 12 h

Control

After release

24h

48 h 72 h

20 pm

Fig. 5 Morphological observation of proliferation of normal cultured cells and released cells, scale 20 pm

results confirm the feasibility of the capture strategy and the
mildness of the release method, both of which are very impor-
tant for the subsequent multidimensional analysis of CTCs.
Finally, we compared performance of our method with
existing platforms. Table S2 shows that our method is more
efficient for capture and release cells with simple operation [9,
29-32].

Exploration of cell proliferation ability after release

We should not only focus on the effectiveness of the
capture strategy, but also on the cells proliferation abil-
ity after release. By performing parallel experiments
with untreated cells as a control, we assessed the pro-
liferative capacity of the released cells. As can be seen
from Fig. 5 and Fig. S6, the division and proliferation
of the released cells continued over time, and there was
no significant difference on the proliferation ability be-
tween the released and normal cultured cells.

Conclusions

In this work, we have developed a biomimetic recogni-
tion strategy to capture and release tumor cells. In this
method, the multivalent recognition of bionic tentacles
can cooperate with the swing of long-chain tentacles to
improve the capture performance. The capture efficiency
was not less than 92% and 77% in PBS buffer and
blood, respectively. The release efficiency is higher than
93%, and the released cells still maintained high viabil-
ity for further study. Besides, the modular design en-
dows the biomimetic method with universal function.
However, the aptamer used in the work are specific to
nucleolin and the aptamer for other specific biomarkers
may not available. Nevertheless, with the constant
screening of aptamers, the analysis of more kinds of
tumor cells can be expanded. Therefore, we believe that

@ Springer

this biomimetic recognition method has a broad applica-
tion prospect in biosensing and cancer diagnosis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04856-4.
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