
Advances in Cell Separation: Harnessing DNA Nanomaterials for
High-Specificity Recognition and Isolation
Published as part of Chem & Bio Engineering special issue “Advanced Functional Hydrogels”.

Huimin Bao, Yao Yao, Wenqi Tang, and Dayong Yang*

Cite This: Chem Bio Eng. 2025, 2, 171−181 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Advancements in cell separation are essential for understanding cellular phenotypes and functions, with implications
for both research and therapeutic applications. This review examines the evolution of cell separation techniques, categorizing them
into physical and affinity-based methods, with a primary focus on the latter due to its high specificity. Among affinity techniques,
DNA nanomaterials have emerged as powerful tools for biomolecular recognition owing to their unique properties and diverse range
of nanostructures. We discuss various DNA nanomaterials, including linear aptamers, multivalent DNA constructs, DNA origami,
and DNA hydrogels and their roles in cell recognition and separation. Each section highlights the distinctive characteristics of these
DNA nanostructures, providing examples from recent studies that demonstrate their applications in cell isolation and release. We
also compare the four DNA nanomaterials, outlining their individual contributions and identifying the remaining challenges and
opportunities for further development. We conclude that DNA nanotechnology holds great promise as a transformative solution for
cell separation, particularly in the context of personalized therapeutics.
KEYWORDS: DNA nanotechnology, cell recognition, cell separation, aptamer, DNA hydrogel

1. INTRODUCTION
Cell separation aims to sort cells into distinct, monodisperse
populations with high purity and viability to explore their
potential functions in living entities.1,2 Progress in cell
separation technology is crucial for advancing our understanding
of cellular heterogeneity and the development of precision
medicine. For instance, isolating circulating tumor cells (CTCs)
from blood samples can provide insights into the progression of
metastatic disease and treatment decisions.3 Moreover,
therapeutic applications require large-scale supplies of high-
purity stem cells, and advances in stem cell isolation technology
will expedite their use in regenerative medicine.4 Overall, this
technology underpins many discoveries in cell biology and
further enables research in clinical applications.
Cell separation techniques depend on the specific character-

istics of the target cells, physical properties, or features of the cell
surface markers. They can be categorized into two main types:

physical property- and immunoaffinity-based separation strat-
egies (Figure 1). Physical property-based separation capitalizes
on differences in cell density, size, surface charge, hydro-
phobicity, adherence tendencies, and light scatter. These
techniques are label-free methods that are frequently used in
laboratories and routinely employed in clinical settings. Density-
based techniques, such as centrifugation or ultracentrifugation,
are conventional separation methods.2,5 Inertial microfluidics
exploits the inertial forces acting on cells with microchannels to
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separate cells based on size.6,7 Dielectrophoresis utilizes the
differences in the dielectric properties of cells to achieve
separation in a nonuniform electric field.8,9 Immunoaffinity-
based separation relies on distinct cell surface markers, such as
antigens, antibodies, receptors, ligands, or special glycosylation
patterns, offering highly selective isolation.10,11 In most
instances, immunoaffinity is predicated on the specific
recognition that occurs between antigens and antibodies.
Magnetic-activated cell sorting (MACS)12 and fluorescence-
activated cell sorting (FACS)13 are exemplary techniques widely
used in clinical diagnosis and cell sorting. For example, MACS
utilizesmagnetic nanoparticles coated with specific antibodies to
target and separate cells of interest, affording simplicity and high
yield in the isolation of various immune cell populations.
Owing to its high target specificity, affinity-based separation

has been increasingly integrated with many other separation
techniques. The typical affinity method used in cell separation is
summarized in Table 1. Based on specific surface antigens of
CTCs, researchers have successfully implemented antibodies in
microfluidic devices for the isolation of CTCs.2,14 The
combination of MACS and microfluidic devices further
augments the efficiency and throughput of cell separation
processes.15 The integration of affinity-based techniques with
dielectrophoresis permits the sorting of multiple types of

bacterial cells in a single pass.16 However, the application of
antibody-based approaches is hampered by the antibody
accessibility. First, the range of highly specific antibodies used
at our disposal is quite limited. Second, the intrinsic
immunogenicity of in vitro-synthesized antibodies could
potentially hinder their therapeutic applications. Third, the
prohibitive costs and intricate processes involved in the
production and purification of antibodies can significantly
impede their widespread adoption, particularly in settings in
which resources are constrained. In field biorecognition, affinity-
based separations have shifted from protein and antibody to
synthetic ligands. Aptamers offer comparable binding affinity
and specificity without the complexities associated with
biosynthesis.17 Furthermore, they can be synthesized at a cost-
effective rate, ensuring consistency without batch-to-batch
variability. As such, aptamers have emerged as promising
alternatives to antibodies, catering to the growing demand for
universal high-throughput cell separation techniques.

2. DNA NANOTECHNOLOGY
DNA, as a genetic material with sequence programmability, is
built up with four different deoxynucleotide monomers. In the
1980s, the foundational principles for the synthesis of DNA
nanostructures were first introduced, sparking a rapid advance-

Figure 1.Overview of cell separation technologies. Physical property-based techniques aremarked by blue circles, immunoaffinity-based techniques by
orange circles, and integrated techniques by yellow circles.

Table 1. Summary of the Affinity Method Used in Cell Separation

Affinity
method Affinity interaction Characteristics

Antibody-
based

The interaction between the antibody and target protein High selectivity by antibodies’ binding

Ligand-based A broad class of ligand ranging from proteins to small molecules and
target receptor

Synthetic antigens used for cell purification

Protein A/G-
based

Protein A and Protein G, two antibody-binding proteins Protein A/G binding is less impacted by steric hindrance than binding to
immobilized antibodies directly

Lectin-based Lectins recognize specific carbohydrate sequences of glycoprotein
on cell surface markers

Lectins enable highly specific cell fractionation as they target post-translational
modifications

Aptamer-based The interaction between the aptamer and target protein DNA aptamers have comparable specificity and little batch-to-batch variation
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ment in DNA nanotechnology.18 The diversity of DNA and
programmability of DNA structures can be achieved through
precisely designed and freely defined compositions.19−23 Over
the following decades, DNA nanostructures have been applied
in biomedical fields such as diagnosis, therapeutics, and tissue
regeneration. Owing to the highly specific recognition of surface
markers on individual cells, it has become a powerful tool for live
cell separation.
DNA nanomaterials can be categorized into four groups,

according to their size and function (Figure 2). In the linear
form, single-stranded DNAs (ssDNAs) or RNAs, which form
secondary structures through self-pairing, are recognized as
functionalized aptamers. Aptamers possess a remarkable ability
to target molecules, which is essential for marker recognition in
target recognition and clinical diagnosis (Table 2).

Second, multivalent DNA has been developed with diverse
structures, such as tetra-DNA and polyhedrons. Each vertex of a
tetrahedron can be designed to carry a type of oligonucleotide.
Multivalent structures have been explored for their potential to
interact with various agents, each of which has unique functions.
Third, DNA structures can be further assembled into 2D and 3D

structures with complex topologies. The domain of DNA
nanostructures has been significantly expanded to include
various DNA origami and nanoparticles. These structures can
integrate many functional molecules and dramatically expand
their applications in immune recognition and drug delivery.
Fourth, the domain of DNA structures has been significantly
expanded to the microscale to form liquid or crystal hydrogels.
DNA hydrogels, a type of biopolymer, are constructed via
Watson−Crick base-pairing of ultralong ssDNA or liquid-phase
crystallization and dense packing of double-stranded DNAs
(dsDNAs). These hydrogels exhibit excellent monodispersity
and provide a favorable microenvironment, making them
particularly advantageous for isolating living cells.
3.1. Linear DNA. DNA aptamers are single-stranded

oligonucleotides with a peculiar sequence that can specifically
and efficiently bind to various target molecules, such as proteins,
small molecules, and cells.28 Compared to antibodies with the
same specific recognition capabilities, DNA aptamers exhibit a
number of distinct advantages, including small molecular
weight, comparable specificity, high stability, facile chemical
modification, and little batch-to-batch variation.29 Given these
characteristics, DNA aptamers present a more promising
alternative for affinity-based techniques than traditional
methods. In recent years, DNA aptamers have been widely
used for cell separation. A reversible aptamer selection
technology was reported for the isolation of label-free CD8+ T
cell.27 The A3t aptamer generated through a modified cell-
SELEX procedure was immobilized on immunomagnetic Anti-
Biotin Microbeads. CD8+ T cells were isolated using
immobilized aptamers and released by adding a reversal agent
that disrupted the secondary structure of the aptamer (Figure

Figure 2. Structures of the DNA nanomaterials used for cell separation. (A) Linear DNA can be used as a single molecule or a polyaptamer.
Reproduced with permission from ref 27. Copyright 2019 Springer Nature. Reproduced with permission from ref 31. Copyright 2020 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (B) Multivalent DNA assembled from linear DNA such as tetra-DNA and polyhedrons. Reproduced with
permission from ref 37. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission from ref 40. Copyright
2020Wiley-VCHVerlag GmbH&Co. KGaA,Weinheim. Reproduced with permission from ref 38. Copyright 2020Wiley-VCHGmbH. Reproduced
with permission from ref 25. Copyright 2019 American Chemical Society. (C) Nanoarchitectures with complex topologies hybrid with functional
moieties, such as DNA origami and nanoparticles. Reproduced with permission from ref 26. Copyright 2023 American Chemical Society. Reproduced
with permission from ref 21. Copyright 2022 American Chemical Society. Reproduced with permission from ref 23. Copyright 2023 American
Chemical Society. (D) Microarchitectures using DNA networks such as liquid hydrogels and crystals. Reproduced with permission from ref 59.
Copyright 2021 American Chemical Society. Reproduced with permission from ref 22. Copyright 2023 Springer Nature. Reproduced with permission
from ref 19. Copyright 2020 American Chemical Society.

Table 2. Common Aptamers and Their Binding Coefficient

Aptamer Name Target proteins Kd Value ref.

Mucin 1-Apt Mucin 1 10−100 nM 24
EpCAM-Apt EpCAM 30 nM 25
HER2-Apt HER2 20 nM 26
EGFR-Apt EGFR 1−200 nM 26
A3t CD8 Not provided 27
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3A). To assess their ability to isolate CD8+ T cells, PBMCs were
incubated with magnetic beads and subsequently applied to a
column under a magnetic field. Near-complete depletion of
CD8+ cells from the flow-through fraction was achieved using
aptamer-loaded microbeads, with results comparable to those
obtained using a widely used antibody-based approach (Figure
3B). This aptamer-based selection approach enabled highly
efficient, label-free, and cost-effective isolation of T cells while
maintaining reasonable yields and purity. Furthermore, a
magnetically separable nanodevice was developed by integrating
mucin 1 aptamer with miRNA-responsive probes. The nano-
device realized the efficient capture and subtype identification of
heterogeneous CTCs.24

DNA assembly strategies, such as hybridization chain reaction
(HCR)30,31 and rolling circle amplification (RCA),32,33 have
been exploited to construct multi-DNA aptamers, enhancing
their functional performance compared to their monomeric
counterparts. DNA-templated magnetic nanoparticle quantum
dot (QD)-aptamer copolymers (MQAPs) were developed,
which assembled magnetic nanoparticles (MNPs), QDs, and
aptamers via HCR (Figure 3C).30 In contrast to MQAMs
containing monovalent aptamers, MQAPs captured CTCs with
efficiency and purity close to 80% even in complex backgrounds

(Figure 3D). MQAPs improve the magnetic response and
binding selectivity of target cells via the amplification of the
aptamers. In additionally, a general and simple strategy for
CTCs capture was proposed by constructing a multivalent dual-
aptamer-tethered RCA network.33 The long DNA strands
modified with dual-aptamers exhibited remarkable flexibility,
which enabled reversible CTCs capture and release via DNA-
triggered strand displacement and ensured efficient cell capture
with less cell destruction. Microfluidic devices have been
engineered for cancer detection, with aptamers attached to the
substrate surface.34,35 A fluidic aptamer-functionalized nano-
interface microfluidic chip, named FLASH-Chip, was developed
for tumor cell separation.36 The workflow of fabricating FLASH-
Chip mainly included the biotinylation of the interface and the
modification with aptamer (Figure 3E). This dynamic
biomimetic nanointerface captured colorectal cancer cells
SW480 with an efficiency as high as 91.2%, while monovalent
aptamer-modified chips (Apt-chip) only achieved an efficiency
of 50.5%. Moreover, FLASH-Chip has extensive applicability to
distinguish tumor cells from the breast, colon, and prostate by
capturing MCF-7, HCT 116, and LNCaP cells. The capture
efficiencies were between 84.3% and 91.3% (Figure 3F). This
example demonstrates that aptamers can be widely integrated

Figure 3. Aptamer-based techniques for cell separation. (A) Workflow of the traceless selection of CD8+ T cells through the A3t aptamer. (B)
Comparison of CD8 expression in the different fractions of standard antibody-based isolation (left) and traceless aptamer-based isolation (right) by
flow cytometry. Reproduced with permission from ref 27. Copyright 2019 Springer Nature. (C) Construction of MQAPs by hybridization chain
reaction (HCR), quantum dot-aptamer (DNA-QD), and coassembly with magnetic nanoparticles (MNPs) for magnetic isolation of CTCs. (D) The
capture efficiency and capture purity of CEM cells by MQAPs and MQAMs are measured for different concentrations of background cells spiked in.
Reproducedwith permission from ref 30. Copyright 2018WILEY-VCHVerlagGmbH&Co. KGaA,Weinheim. (E) Theworking principle of FLASH-
Chip by fabricating biomimetic nanointerfacemodified with biotin, protein, and aptamer. (F) The capture efficiency of the FLASH-Chip and Apt-Chip
in buffer and blood samples. Reproduced with permission from ref 36. Copyright 2020 American Chemical Society.
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with versatile techniques to expand the scope of applications for
cell separation.
3.2. Multivalent DNA.Due to the limitation of monovalent

aptamers in improving capture efficiency and detection
sensitivity, multibranched structures, such as branched DNA37

and polyhedrons, have been utilized25,38−41 for ultrasensitive
isolation and detection of tumor cells. For example, tetra-DNA is
designed to form four arms with different types of DNA
sequences, in which multiple binding sites can enhance affinity
and improve capture variability of CTCs isolation and detection.

Figure 4. DNA framework-based techniques used for cell separation. (A) Scheme of CTCs capture with tetrahedral DNA framework and isolation
with magnetic beads. (B) Experimental analysis of recruitment binding between n-simplexes and EpCAM using a competition assay. (C) CTCs
capture yield using the 2-simplex from buffer spikedwith variousMCF-7 cells with andwithout topology-engineered receptor−ligand interactions. (D)
Quantification of CTCs numbers captured from breast cancer patients, healthy controls, and patients with benign tumors. Reproduced with
permission from ref 25. Copyright 2019 American Chemical Society. (E) A proximal protein biotinylation strategy employing DNA-framework-based
DNAzymes binding to the surface of CTCs and biotinylating membrane proteins in situ for CTCs separation. (F) The comparison of the number of
residual WBCs before and after cell enrichment by DPPB from the initial composition of 2000WBCs per cancer cell. (G) The comparison of enriched
CTCs cell numbers was via two different enrichment strategies from healthy donors and patients with cancer. Reproduced with permission from ref 41.
Copyright 2022 American Chemical Society.
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The capture efficiency and purity for CTCs is improved as high
as 97.63% and 96.96%, respectively.37 DNA tetrahedra exhibit
multivalent and topologically programmed properties. The four
vertices can be conjugated with versatile ligands, and the
presence of multiple ligands enhances the binding. The
triangular plane of the tetrahedron contributed to the improved
contact area and enhanced stability. The highly ordered

nanointerfaces formed by DNA nanostructures provide a
powerful means in physiological settings and serve as a platform
for high-affinity cell capture.25,39 Tetrahedral DNA framework
(TDF) programming platforms were employed to mimic the
topology of receptor−ligand interactions (RLIs) on the cell
membrane,25 providing a powerful means for the efficient
isolation of CTCs in real clinical breast cancer patient samples

Figure 5. DNA-origami-based nanoarrays enhance cell binding affinity used for tumor cell separation. (A) A pattern of immunological synapse
showing the composition and key ligands between T-cell and APC for accurate cell recognition. (B) Construction of modular nanoarrays with
multiantigen recognition based on DNA triangle origami. (C) Schematic of the precise recognition and high-affinity binding of target cells captured
using DNA nanoarrays. (D) Affinity assessment of the valency and interspacing of aptamers and auxiliary molecules whenDNA nanoarrays bind to the
target cells. (E) Biotinylated Apt-EpCAM, O(I)3O(III)3, and O(I)3O(II)3O(III)3, using streptavidin magnetic beads for target cell capture.
Reproduced with permission from ref 26. Copyright 2023 American Chemical Society.
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(Figure 4A). TDF-based n-simplexes were engineered using 1−
3 aptamers conjugated to their vertices. With an increasing
number of aptamers within TDF (n-simplexes), binding affinity
and cell membrane adhesion were remarkably enhanced (Figure
4B). A binding kinetics study demonstrated that rapid binding
was achieved within 20 min using 2-simplex. Moreover, the
capture yield of 2-simplex was 90.5%, which is significantly
higher than that of the method based on a single aptamer
(70.3%; Figure 4C). Additionally, clinical cases were examined,
including nine cases of whole blood samples from breast cancer
patients (three of them had metastasis), one healthy individual,
and one benign individual serving as controls (Figure 4D). The
results indicated a higher capture capability than that of
aptamers without topological structures. All these studies
demonstrate that tetrahedral DNA holds great potential for
clinical sample analysis.
The innovative applications of TDFs involving the con-

jugation of multiple DNAzymes to vertices enable DNAzyme-
Catalyzed Proximal Protein Biotinylation (DPPB) (<20 nm)
and subsequent streptavidin separation (Figure 4E).41 This
DNA framework ensures the proper functioning of the aptamers
and DNAzymes. Furthermore, the DNA framework allowed the
quantitative display of DNAzymes (1, 2, or 3) to enhance the
biotinylation efficiency. Taking advantage of the compact size of
the DNA framework (∼6 nm side length), the engineered
DNAzyme was anticipated to maintain a small catalytic range for
the specific labeling of CTCs, distinct from that of blood cells. In
this strategy, the binding of CTCs to magnetic beads was
synergistically strengthened by increasing the quantities of
biotin and the ratio of covalent-to-noncovalent interactions on
the cell surface. In comparison to magnetic capture via
biotinylated-EpCAM aptamers, this strategy enabled more
unbiased enrichment of CTCs with variable EpCAM expression.
Using DPPB-based enrichment for CTCs, cancer cells were
mixed with 2000-fold higher amounts of Jurkat cells. After
magnetic separation, the ratio of Jurkat cells to SKBR-3 or A549
cells decreased to 2.6:1 and 7.4:1, respectively, implying an
improvement in CTCs purity to 769 for high-EpCAM cells (270
for low-EpCAM cells) following DPPB-based enrichment
(Figure 4F). CTCs in the peripheral blood of cancer patient
samples were detected (ranging from 9 to 163 cells/mL), while
no CTCs were detected in healthy donors (Figure 4G).
Additionally, the integration of DNA frameworks with micro-
fluidic and immunochip technology, owing to highly ordered
nanointerfaces, was utilized for ultrasensitive profiling of
CTCs.42 Together, multiframework structures were successfully
synthesized to recognize the signals of tumor-relevant
circulating free DNA.43 The aptamer on TDNs offering
homogeneous orientation can effectively avoid interstrand
entanglement and nonspecific interactions with the substrate
interface, thereby enhancing the capture and release of CTCs
from whole blood.44 Tetrahedra play a pivotal role in
augmenting the specificity and efficiency of CTCs capture,
leveraging their unique structural attributes to achieve superior
biomolecular interactions and cell isolation.
3.3. Nanoarchitectures.Upon assembling the aptamer into

periodic DNA nanostructures, the origami tiles have signifi-
cantly contributed to applications in cell recognition or
molecular interaction studies.26,45,46 DNA origami provides
designed geometries and is fully addressable with nanometer
precision, which makes it a robust platform for the precise
organization of functional materials.47−49 In particular, a
triangular DNA origami framework with site-specifically

anchored and spatially organized artificial epitopes enables us
to reveal antibody−antigen interactions at the single-molecule
level that will deepen our understanding of immunology
recognition.50 Inspired by natural intercellular interactions in
T-cell immune synapses, the TCR-MHC peptide ternary
structures are designed and surrounded by adhesion mole-
cules.51,52 TheDNA nanojunctions with distinct sizes for precise
control over the intermembrane spacing at the APC-T-cell
interface were engineered.53 Typical dissociation constants for a
single aptamer−protein interactions in the range of Kd 1−100
nM are often not strong enough for specific applications.
Triangle origami with interspaces of multivalent aptamers26 was
designed to achieve high-intensity RLIs to improve the binding
affinity (Figure 5A). Considering the size and surface
distribution of the membrane protein clusters, the pattern was
designed with three concentric rings, and the interspaces were
30, 70, and 100 nm, respectively. The inner and outer rings were
modified with EpCAM aptamers to target EpCAM clusters at
different distances, and the middle ring was used to synergisti-
cally recognize the corresponding neighboring proteins HER2
and EGFR (Figure 5B). Due to the origami platform providing
interspacing adjustment, spatial steric hindrance from the
increased number of multiaptamers is avoided. As a result, the
tumor cells can be effectively captured by DNA origami synapse
and isolated by streptavidin magnetic beads (Figure 5C). This
design covers most of the possibilities for the spatial distribution
of target proteins on the membrane surface. The DNA
nanoarrays binding with multiantigens were explored to
recognize MCF-7 cells. The dissociation constant (Kd) was
measured with flow cytometry, which indicated about 3000-fold
higher binding affinity than that of the monovalent aptamer
(Figure 5D). With the addition of auxiliary aptamers, the
binding affinity was improved three times (O(I)3O(II)3O(III)3
over O(I)3O(III)3) indicating that the synergistic recognition
of neighboring proteins HER2 and EGFR facilitated cell binding
(Figure 5E). Additionally, the binding affinity may be related to
the spatial distribution of most antigen clusters, and the
relatively short spacing of EpCAM aptamers is favorable for
binding EpCAM clusters. These results point out that the
nanoarray will have stronger cell affinity when it properly
matches the spatial pattern. Such nanoarrays are hopeful to
provide new ideas for the accurate identification and efficient
separation of cells. However, the rigid structure and large size of
DNA origami usually stimulate cells and cause a significant
immune response.44 For example, researchers found that CpG-
carrying DNA origami in spleen cells stimulated a stronger
immune response than when equal amounts of CpG were
delivered with Lipofectamine or without delivery agents. This
result indicated that immunogenicity and biocompatibility must
be considered when exploring the application prospects of DNA
origami technology. Additionally, DNA origami can be used to
create nanoscale devices that manipulate cell behavior, such as
inducing cell adhesion or guiding cell migration.51 These
applications expand the range of DNA origami technology in
cellular engineering, offering new tools for cell-based research
and therapeutic development.
3.4. Microarchitectures. In comparison with nanoscale

DNA origami, the DNA network can provide a favorable
microscale structure and exhibit superior biocompatibility for
cell separation and purification without inflicting harm on
cells.54,55 DNA hydrogels are three-dimensional network
structures formed by DNA molecules via physical or chemical
cross-linking.56,57 For example, a DNA cryogel-based platform
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was constructed with an abundance of oriented and long
macroporous channels in the gel matrix facilitating themigration
of cells. The cryogel-based platform demonstrated a high cell
capture rate of 83.3% under optimal conditions.57 We developed
a cell capture strategy based on a DNA hydrogel network, which

accomplished the efficient capture, encapsulation, and enzyme-
triggered release of bone marrow mesenchymal stem cells
(BMSCs).58 DNA-chain-1 contains the aptamer Apt19S
sequence, which can selectively capture BMSCs via affinity
interactions. DNA-chain-2 was used to construct a three-

Figure 6.DNAhydrogels used for stem cell and tumor cell separation. (A)Workflow of theDNA network used for capturing, enveloping, and releasing
BMSCs. (B) Cell viability determination by quantitative statistics of living and dead cells after hydrogel enrichment. (C) Degradation rate of the DNA
network under different concentrations of DNase I. (D) Cell release rate monitored during degradation of the DNA network. Reproduced with
permission from ref 58. Copyright 2020 American Chemical Society. (E) Construction of DNA network used for isolation of tumor-infiltrating T-cell.
(F) Capture rate and isolation yield with an increase in the amount of long-strand DNA. (G) Proliferation statistics of tumor-infiltrating T cells
captured by MTS at different cell densities and culture spans. Reproduced with permission from ref 59. Copyright 2021 American Chemical Society.
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dimensional DNA network with DNA-chains-1 via partial
complementarity to encapsulate cells. Subsequently, the
captured BMSCs were released by DNAzymes (Figure 6A).
The cell state of the released BMSCs was evaluated by
microscopy, and the percentage of living cells was 89.6%
(Figure 6B). This result suggested that the BMSCs released
from the DNA network retained an excellent viability.
Degradation of the DNA network can be controlled by DNase
I concentration (Figure 6C) and 85% of the cells were released
within 60 min (Figure 6D). The released cells with positive
surface markers, CD29 and CD44, demonstrated that the DNA
hydrogel retained the multipotential characteristics of the
BMSCs.
Immunotherapy based on tumor-infiltrating T cells has made

breakthrough progress in clinical trials. The isolation of high-
purity and high-activity T-cells remains a major challenge in
clinical therapy. We used a DNA hydrogel to successfully
capture and separate tumor-infiltrating T cells.59 First, we
constructed a DNA network containing aptamers, complemen-
tary sequences, and restriction enzyme sequences. These
functional modules were used to recognize and capture T
cells, construct the network, and respond to cutting the DNA
network to release T cells (Figure 6E). The capture rate of T-
cells reached 91.8%, and the cell isolation yield was 86.2% as the
volume of the long-chain DNA solution increased to 200 μL
(Figure 6F). The proliferation ability of the captured T-cells was
tested by comparison with that of the control group, and the cell
proliferation percentage reached 280% at 48 h (Figure 6G).
These results demonstrate the superior proliferation ability of
the captured T-cells, thereby confirming that the DNA network-
based approach ensures high viability in T-cell isolation. To
enhance their stability in complex biological environments and
to prevent degradation, we developed a DNA/poly-L-lysine
(PLL) hydrogel for 3D cell culture, which extended the shelf life
of the hydrogel.60 In addition to integrating the aptamer
sequence into the DNA network, more powerful functions for
the synergistic treatment of tumors can be endowed with the
hydrogel by designing DNA sequences and integrating multi-
valent medical functional units.61,62 DNA networks charac-
terized by their microscale environment, expansive contact
volume, and enhanced stability possess unique advantages that
render them particularly effective for translating DNA hydrogels
into therapeutic settings.

4. SUMMARY AND FUTURE PERSPECTIVES
Cell separation technologies have advanced significantly to meet
the growing demands in cell biology and biomedical
applications. Aptamer-based affinity separation, in particular,
offers highly pure cell populations and effectively targets diverse
surface markers on cells. This review highlights the unique
characteristics of DNA nanomaterials and examines their
interactions with target cells during the separation process.
Beyond their superior biocompatibility and programmable
sequences, DNA nanomaterials provide versatile nanostructures
for precise cell recognition and isolation, positioning them as
powerful tools in biomedicine and biotechnology.
The merits of various DNA nanostructures are summarized in

Table 3. Aptamers, as synthetic alternatives to antibodies, enable
highly specific cell capture, which can be easily reversed by
competitive DNA sequence binding. DNA tetrahedra, with their
rigid structures and defined dimensions, offer mechanical
strength and stability, making them reliable scaffolds for
membrane-anchored capture and release. These structures

have been widely used in delivering functional nucleic acids,
such as aptamers and siRNAs, due to their precise orientation.
DNA origami, with its customizable geometries and spatial
precision, has advanced biological recognition applications.
However, the potential of exogenous DNA to trigger immune
responses remains a challenge for its in vivo use. DNA hydrogels,
with their large dispersion and macroporous structures, show
great promise for large-scale cell processing, particularly by
maintaining the high bioactivity of isolated cells through
hydrogel encapsulation.
However, DNA may have a lower affinity and specificity

compared to some antibodies, and their in vivo stability can be a
concern due to susceptibility to nucleases. Additional challenges
include higher specificity and sensitivity when DNA nanoma-
terials are applied to separate diverse cell populations or
heterogeneous clinical samples. First, the specificity of cell
separation mainly relies on the recognition of aptamers to cell
surface markers. DNA origami serves as a designable platform
for various receptor and ligand interactions, which can
significantly enhance the recognition specificity for cell
separation. Second, the sensitivity of cell separation is decided
by binding capacity (Kd) between aptamer and cell markers and
release efficiency. The designable sequence of aptamers and
competitive DNA offers broad prospects.
Advances in computational modeling will further enhance

DNA nanotechnology’s application in cell recognition, improv-
ing target binding and affinity with cell surface markers.
Optimizing the balance between cell capture and elution will
ensure high recovery rates and maintain the bioactivity of
isolated cells. As a promising technology, DNA nanomaterials
will continue to drive the separation of specific cell populations,

Table 3. Characteristics and Functions of Typical DNA
Nanostructures Used in Cell Separation and Biomedical
Application

Typical DNA
nanostructure Characteristics Enabled cell separation

Aptamer ssDNA or RNA, 20−100
nucleotides

i) Universally available through
Systematic Evolution of Ligands by
Exponential Enrichment (SELEX);

ii) Affordable by in vitro synthesis;
iii) High specificity for cell capture;
iv) Released by competition with
DNA sequence;

v) Superior biocompatibility.
Tetrahedron each edge, ∼20 base pairs;

tetrahedron frame 5−8
nm

i) Controllable multivalent for
variable ligands;

ii) Rigid frame providing geometric
stability;

iii) Fixed orientation for highly
efficient capture and release;

iv) Good penetration for targeting
subcellular organelle.

DNA origami edge length of triangle,
∼120 nm

i) Possesses designable geometries;
ii) Offers spatial addressability;
iii) Serves as a platform for receptor
and ligand interactions;

iv) Potential immune responses.
DNA hydrogel ultralong DNA chains,

>20,000 nucleotides; 3D
network with
micropores

i) Ensures high cell viability;
ii) Enables direct isolation by
hydrogel network;

iii) Allows high-throughput for cell
capture;

iv) Release through disruption of
DNA network by nuclease;

v) Superior biocompatibility.
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thereby expanding the exploration and therapeutic applications
of functional cells in medicine.
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