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ABSTRACT: Isolation of specific rare cell subtypes from whole blood is critical in cellular analysis and important in basic and
clinical research. Traditional immuno-magnetic cell capture suffers from suboptimal sensitivity, specificity, and time- and cost-ef-
fectiveness. Mimicking the features of octopuses, NanoOctopus devices were developed for cancer cell isolation in whole blood. The
device consists of long multimerized aptamer DNA strands, or tentacle DNA, immobilized on magnetic microparticle surfaces. Their
ultrahigh sensitivity and specificity are attributed to multivalent binding of the tentacle DNA to cell receptors without steric hindrance.
The simple, quick, and non-invasive capture and release of the target cells allows for extensive downstream cellular and molecular
analysis and the time- and cost-effectiveness of fabrication and regeneration of the devices makes them attractive for industrial man-

ufacture.

Isolation of specific cell subtypes from biological fluids is the
first step in cellular analysis, which is important in basic and
clinical research of complex diseases, such as cancer. High cel-
lular heterogeneity leads to challenges in accurate analysis, af-
fecting diagnostics and personalized treatment.! For cancer di-
agnosis and prognosis, circulating tumor cells (CTCs) are “lig-
uid biopsies” as CTCs contain all the real-time molecular in-
formation for tumor development and metastasis during sam-
pling. >

Currently, target cell separations are based on their size,” sur-
face adhesivity,® or unique marker proteins on cell surfaces’ that
can be specifically recognized by affinity ligands, such as anti-
bodies,® peptides,® or aptamers.>1° Although microfluidics!'**

and nanomaterials'®2° are widely used for methodology devel-
opment, resulting in significant advancements, most of these
methods remain suboptimal considering their efficiency, inva-
siveness, and time- and cost- effectiveness.?' %3

By mimicking the structure of octopuses that use long tenta-
cles, each containing many suckers for efficient capture of prey
in a “multivalent” manner,'*?4?> we developed NanoOctopus
devices for cell capture in blood (Scheme 1). The NanoOcto-
puses are comprised of a magnetic microparticle (MP) mimick-
ing the octopus head and long single stranded DNA sequences
anchored on the MP surface as tentacles. Each DNA sequence
contains >500 repeating “suckers” of DNA aptamer sequences
that specifically bind target biomarker proteins on cell mem-
branes. Cell separation using long multimerized aptamer
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(Multi-A) DNAs was originally demonstrated in a microfluidic
chip by Zhao et al.,!* where the Multi-A-DNAs were immobi-
lized on microfluidic channels forming 3D networks with im-
proved efficiency in cell isolation at high flow rates, in contrast
to those microfluidic devices using single-unit aptamer or anti-
body functionalized surfaces.!* Although this chip design is cre-
ative and inspiring, its sensitivity is still not optimal because
cell capture requires diffusion of cells towards the channel walls
to be captured by the DNA network, whereas at high flow rates
the DNA networks are pushed against the microchannel walls
while majority of cells tend to quickly travel through the middle
of the channel thus reducing the probability of capture. Addi-
tionally, its practical application is limited because of its com-
plex fabrication process. The need for syringe pumps and elec-
tricity restricts its point-of-care (POC) application, especially in
remote and resource-limited areas. These issues have been ad-
dressed by NanoOctopus devices, which can diffuse throughout
the sample medium, and thus can actively capture the target
cells, resulting in superior performance for cell isolation in
whole blood.

NanoOctopus fabrication is straightforward (Scheme 1A).
First, biotinylated 20A sequences (see SI) were immobilized on
streptavidin-functionalized MPs (diameter 4 pm) via specific
biotin-streptavidin binding to anchor the tentacle DNA se-
quences. The tentacles are long DNA strands (>40 000 nucleo-
tides) prepared via rolling circle amplification (RCA) per-
formed at 25 °C for 10 min (Fig. S1).2°2® Each tentacle DNA
contains 100s to 1000s of repeating aptamer units spaced by
20T sequences. The spacers minimize aptamer misfolding,
maximizing the capture capacity and provide many anchoring
sites to be assembled with the MPs via a 5-min hybridization
with the 20A anchor DNA.™ The assembly effectiveness is
demonstrated in Fig. S2, where most MPs were covered by
FAM-stained tentacle DNA. The tentacle DNA interacted with
the MP surface indirectly, minimizing steric hindrance. In con-
trast, directly growing tentacle DNA on MP surfaces was un-
successful, resulting in ineffective NanoOctopuses (data not
shown), likely because of steric hindrance affecting RCA and
misfolding of the aptamer units within the tentacle DNA.

NanoOctopuses were tested for cell isolation and CCRF-
CEM cells from a human acute lymphoblastic leukemia (AML)
cell line (CCL-119 T-cell), were used as the test model.?>3° The
concentration and molecular subtypes of CCRF-CEM cells in
peripheral blood are useful for AML diagnosis and progno-
sis.3232 CCRF-CEM cells express protein tyrosine kinase 7
(PTK7),*® a membrane marker protein that is specifically rec-
ognized by the DNA aptamer selected by Tan et al.3* In contrast,
PTK?7 expression in Ramos (RA 1) cells, which were used as
the control, is low (Fig. S3). Tentacle DNA and the NanoOcto-
pus binding (Fig. S4) towards the CCRF-CEM cells was con-
firmed by fluorescence microscopy. Instances of multiple cells
captured by one NanoOctopus and vice versa were observed,
indicating the multivalent binding capability of the NanoOcto-
puses (Fig. S5).

The efficiency and selectivity was demonstrated by retrieving
CCRF-CEM cells (2000/mL, stained with the green fluores-
cence dye, DIO) from a cell mixture in phosphate buffered sa-
line (PBS, pH 7.4) containing RA 1 cells (at a ratio of either 1:1
or 2:1 to CCRF-CEM cells) or regular white blood cells (WBC:s,
107/mL, separated from 1 mL of whole blood and stained with
the red fluorescence dye, DID). As shown in Fig. 1A, although

the number of non-specifically captured RA 1 cells slightly in-
creased when twice the number of RA 1 cells were in the sys-
tem, the CCRF cell capture efficiency remained ~95%. Simi-
larly, the capture efficiency (88+6%) and purity (96.7%) of the
target cells were superior in the presence of WBCs (at 5000
times the CCRF-CEM cell concentration) in PBS buffer and
whole blood (Figs. 1C and D). Compared with an established
aptamer-based magnetic cell separation method where MPs
were functionalized with single-unit aptamer molecules (MP-
UA), the NanoOctopuses dramatically improved the capture ef-
ficiency and purity in both PBS and whole blood (Figs. 1C and
D). The data show that the MP-UA devices were incapable of
isolating target cells at low concentrations, e.g., 25 cells/mL,
from either PBS or whole blood. However, the NanoOctopuses
captured target CCRF cells even when their concentration was
only 1-10 cells/mL in whole blood, with capture efficiencies of
~35% and ~20% when the spiked target cell concentrations
were 10 and 1 cell(s)/mL, respectively (Figs. S6 and S7). If can-
cer cells are in patient blood at a concentration of 1 cell/mL, the
NanoOctopuses should capture them from 5-10 mL blood sam-
ples; therefore, the results demonstrated sufficient sensitivity of
the NanoOctopuses for CTC isolation and sample-preparation
for single-cell analysis.

The cell capture purity (the percentage of target cells in the
total number of captured cells) by NanoOctopuses was affected
by the capture efficiency, especially when the target cell con-
centrations were low (Fig. 1D). As shown in Fig. S5B, some
WBCs (red fluorescence) were also captured with CCRF-CME
cells (green fluorescence). These WBCs were considered as an
“impurity”; however, considering WBC heterogeneity, a small
number of WBCs, similar to RA 1 cells (Fig S3), may express
PTK?7, which was confirmed experimentally (Fig. S8). There-
fore, if all PTK7 expressing cells are considered target cells, the
cell capture purity is high, further demonstrating the effective-
ness of the method.

Three mechanisms lead to the high NanoOctopus capture ef-
ficiency. First, multivalent binding improves the binding avid-
ity of the multimeric aptamer towards the target cells.!!-*#2335-37
After 4 rinsing steps only ~3% of captured CCRF cells were
rinsed off the NanoOctopuses while 95% were retained. In con-
trast, 33—50% of the CCRF cells captured by MP-UA devices
were lost after 2—4 rinses (Fig. S9a); thus, lower binding avidity
resulted in lower capture efficiency after multiple rinses, which
are required to improve the target cell purity by removing non-
specifically bound cells (Fig. S9B). Second, the long tentacle
DNA strands increase the effective size of NanoOctopuses, im-
proving the aptamer accessibility to cell receptors and their col-
lision probability, resulting in more efficient binding, especially
when the target cell concentration is very low (i.e., <10 cells/mL
in whole blood; the hydrodynamic diameter of the NanoOcto-
puses made with 1 um MPs is 6.361+0.262 pm in PBS, while
that for the MP-UA devices is 1.054+0.042 um). Additionally,
the tentacle DNA length (~2.7 um) decreased steric hindrance
from the particle surfaces and ensured high capture efficiency,
which was substantiated by quantitative analysis of the number
of DNA strands on each MP. For MP-UA devices, there were
~5.7x10% unit aptamers immobilized on each MP, while ~2350
tentacle DNA strands, i.e., RCA products (equivalent to 7.0x10°
unit aptamers, based on DNA length shown in Fig S1) were at-
tached on each MP to form a NanoOctopus device. Notably, the
higher surface density of the unit aptamers on the MP surface
(~24 times of the tentacle DNA) did not lead to higher binding



avidity to cells, indicating the critical effect of the steric hin-
drance on the cell capture, which confirmed that engineering the
NanoOctopus device free of steric hindrance is an innovative
and promising approach to achieve highly effective cell capture.
Finally, the long NanoOctopus tentacles allow for using larger
MPs (4 um) with strong magnetic responsiveness to external
fields, allowing for higher recovery of large MPs via magnetic
separation in a short time (10 min), improving sample through-
put.

We used irreversible bimolecular reaction kinetics to model
NanoOctopus cell-capture (see SI) to determine the effect of the
physicochemical properties of NanoOctopuses on cell capture
kinetics. Multiple interactions between the NanoOctopuses and
target cells were ignored because a single NanoOctopus-cell in-
teraction is the first step in cell capture even in multiple binding
situations. The mathematical model (Eq. 1) describes how ex-
perimental factors, including sample volume (Vample), capture
time (7), effective size, mass transfer coefficients (D and
Dwp), and concentrations of the NanoOctopuses ([MP]) and tar-
get cells ([cell]), collectively determine the number of target
cells (n) being captured.

n= 4”(Dcell + DMP)(Tcell + rMP) [Ce”] [MP]Vsamplet (1)

Herein, we use the mass transfer coefficients, Dce and Dyp,
similar to diffusivity, to describe the cell and MP mobility in
samples mildly agitated by a horizontal shaker. The mass trans-
fer coefficients are governed by shaker speed, but are inversely
proportional to particle size and medium viscosity.**“° The hy-
drodynamic radii of the target cell (#c.i1) and NanoOctopus (7wp)
measured by dynamic light scattering were used to represent
their encounter radii. Based on the excellent experimental data
fit (Fig. 1C), the model can interpret the data and guide experi-
mental design, e.g., when the target cell concentration is low,
extending the capture time and increasing the NanoOctopus
concentration may improve cell capture (Fig. S10 and S11).

Similarly, cell capture by MP-UAs was modelled using re-
versible bimolecular reaction kinetics (Eq. 13 in SI). The lack
of multivalent cell-binding capability of the MP-UA results in
low binding avidity and reversible cell binding, as supported by
rinsing experiments (Fig. S9A). Additionally, their small size,
the steric hindrance of the MP against the unit aptamers, and the
small distance between cells and MPs collectively contributed
to their lower capture efficiency and sensitivity.

Non-invasiveness of the cell capture and release procedure is
critical to ensure the viability of captured CTCs for further anal-
ysis. First, the cell release procedure is mild and simple. A
20 min DNase treatment at 37 °C degrades the tentacle DNA
and the MPs are removed magnetically, releasing most captured
cells (87.7+3.5%, Scheme 1B). Second, no NanoOctopus endo-
cytosis was observed, in contrast with significant uptake of the
MP-UAs during 1 h incubation (Fig S12). The endocytosis of
particles functionalized with short DNA strands, i.e., aptamer
and siRNA functionalized nanoparticles, is a delivery tool for
drugs and genes or for diagnostics.*! However, the large size
(2.7 um) of tentacle DNAs protected NanoOctopuses from cel-
lular uptake.*? Although internalized particles may not immedi-
ately kill cells, potential damage is possible, e.g., metal oxide
nanoparticles released from degraded MPs can induce oxidative
stress via reactive oxygen species generation.*® Third, the pro-
liferation capability of the recovered cells was confirmed by a

3 d cell culture experiment (Fig. S13) with no significant differ-
ence (p<0.05) compared to control cells (CCRF cells without
cell-isolation treatment). After further culture for 7 d, 94% of
the recovered cells remained viable, with no significant differ-
ence (p>0.05) from the control (99%).

The NanoOctopus device is regenerative, which improves its
cost-effectiveness. Using locked nucleic acid (LNA)-based an-
chor sequences to immobilize the tentacle DNA on MP surfaces
allows the NanoOctopus devices to be regenerated. The LNA
sequence improved the duplex stability and hybridization spec-
ificity with the 20T-spacers in the tentacle DNA to form stable
NanoOctopuses and increased the anchor DNA resistance to
DNase degradation.*** Fig. S14 shows a <18% decrease in cell
capture efficiency of the same batch of MP-anchor DNA com-
posite after 8 uses. Nevertheless, the <3% loss of capture effi-
ciency for each additional use of the NanoOctopuses can be eas-
ily addressed by supplementing an additional 3% freshly pre-
pared material. In addition, there was no loss of capture effi-
ciency using freeze-dried MP-anchor DNA composites to re-
generate the NanoOctopuses (Fig S15), offering great conven-
ience for transportation and storage, and enhancing the potential
for POC applications.

To demonstrate the clinical potential of the technique, the Na-
noOctopuses were applied to whole blood from 33 AML pa-
tients and 5 healthy donors as control. PTK7-expressing cancer
cells were successfully (100% detection) isolated from a small
volume of whole blood (0.5 —1 mL for each sample, Fig. 2) in
all patient’s blood while no such cells were detected in blood
samples from healthy donors. Validation was performed by flu-
orescent antibody staining, showing negative for leukocyte
marker CD 45 but positive for PTK7. Therefore, the NanoOc-
topus devices offer a promising tool for rare cell isolation from
whole blood.

A striking advantage of the NanoOctopus device is its trans-
lational potential for commercialization. The device is novel in
its concept and design, organically combining the powerful
binding avidity of the Multi-A DNAs with the mobility and sim-
ple separation of MPs in an external magnetic field, thus
demonstrating excellent performance. However, its fabrication
is based on well-established components and techniques. For
example, the avidin-functionalized MNPs and biotinylated an-
chor DNASs are commercially available; the RCA technique and
DNA attachment onto nanosurfaces via hybridization are well
established, which thus guarantee the robustness and cost-effec-
tiveness of device manufacture. In addition, magnetic separa-
tion suits automated and high-throughput operation using 96-
well plates and commercial systems, such as the KingFisher pu-
rification system from Thermo Scientific and MagNA Pure 96
system from Roche Diagnostics USA, which would facilitate
large-scale sample treatment in parallel.

CONCLUSIONS

NanoOctopus devices efficiently and selectively isolate tar-
get cells from complex mixtures, including whole blood. Single
cell isolation is possible, allowing for the sensitive detection of
circulating tumor cells from small blood samples. Many of the
benefits of NanoOctopuses derive from their irreversible and
unhindered multivalent binding of target cells, but they are also
non-invasive, resisting endocytosis and being readily removed
through degradation of binding DNA aptamer strands. This al-
lows for target cells to be cultured and the NanoOctopuses to be
reused.



EXPERIMENTAL

Details of the material and methods used, and the mathemat-
ical modelling of the data are given in the Supporting Infor-
mation. Herein are the experimental procedures required to fa-
cilitate understanding and reproduction of the results and dis-
cussion.

Fabrication of NanoOctopus devices

The NanoOctopus devices consist of long tentacle DNAs im-
mobilized on anchor DNA (20A) functionalized MPs via DNA
hybridization. Long tentacle DNAs that bind the PTK7 receptor
were prepared using a rolling circle amplification (RCA) reac-
tion, following the reported procedure with slight modifica-
tion.*® The method consists of two steps: first, circular DNA
was prepared by annealing the circular RCA template and ligat-
ing with the ligation primer. Second, the prepared circularized
DNA was used to perform the final RCA reaction. The final
RCA product was characterized with 1% agarose gel electro-
phoresis and imaged on a blue-light transilluminator. DNA pu-
rification was performed using the phenol/chloroform method
and the concentration of circularized DNA and the RCA prod-
uct were determined by UV-Vis spectroscopy. To prepare the
anchor DNA (biotin-labeled 20A) functionalized MPs, the avi-
din-coated MNPs were suspended in PBS buffer (pH 7.4) were
mixed with an excess amount of anchor DNA (the molar ratio
of anchor DNA and particles was 4.8 X 10°:1) for overnight in-
cubation at ambient temperature. Afterwards, the anchor DNA-
MP complexes were collected by magnetic separation and the
free anchor DNAs were washed away with PBS. To assemble
the NanoOctopus devices, first, the PTK7 RCA products were
denatured for 5 min at 95 °C and then quickly cooled on ice for
10 min to minimize unwanted secondary structures. Second,
streptavidin-coated MPs were incubated together with the
PTK7 RCA products on a horizontal shaker (200 rpm) over-
night at ambient temperature. The NanoOctopuses were sepa-
rated magnetically with a magnetic stand and then rinsed twice
with PBS to remove the free RCA product. For comparison, unit
aptamer functionalized MPs were prepared in the same way.
Afterwards, the NanoOctopuses and MP-unit aptamer com-
plexes were characterized using a
Zetasizer Nano ZS90 (Malvern Instruments, Southborough,
UK) for their hydrodynamic sizes and surface charges (Fig.
S16).

Application of NanoOctopus device for cancer cell sepa-
ration

CCRF-CEM and Ramos cells were cultured in RPMI 1640
medium supplemented with 10% FBS in a humidified incubator
at 37 °C containing 5% CO,. Before cell capture experiments,
CCRF-CEM cells were stained with DIO, and Ramos cells
(background cells) were stained with DID at 37 °C for 10 min.
The cells were rinsed with PBS buffer, resuspended, and stored
on ice until further dilution to the desired concentration for use.
To evaluate the cell capture efficiency and purity, DIO-stained
CCRF-CEM cells were diluted to different concentrations and
spiked in either simulated blood or PBS. The synthetic whole
blood was prepared in four steps. First, WBCs were fractionated
from healthy blood samples (EDTA-anticoagulated) using a
density gradient centrifugation in Histopaque Ficoll medium
following the reported method.*” Second, the separated WBCs
(background cells) were incubated with DID dye at 37 °C for 10
min for staining. Third, to prepare whole blood matrix without
WBCs, after a centrifugation treatment (1000 rpm, 5 min) of the
whole blood to precipitate the WBCs, the supernatant, i.e., the

whole blood matrix, was transferred to a fresh EDTA-
anticoagulated microtube for storage. Finally, the DID-stained
WBCs were added into the whole blood matrix with the final
concentration of 1x107 cells mL™! to obtain the synthetic whole
blood, which was used to simulate whole blood. For target cell
separation, 100 pL of the NanoOctopus solution was incubated
with the cells (including defined concentrations of stained target
cells and background cells) either in PBS or EDTA-
anticoagulated synthetic blood for 30 min at ambient tempera-
ture. The resulting solutions were separated using a magnetic
stand and washed twice with PBS. To release the captured cells
from the NanoOctopuses, DNase I was introduced into the cap-
tured cell solution to degrade the tentacle DNAs. After separa-
tion using a magnetic stand, the released cells were collected to
further test their proliferation and viability, while the anchor-
DNA-MP complexes were collected to test their reusability and
regenerative capacity.

Cell enumeration method

To enumerate a very small number of cells, e.g., <10 cells in
buffer, neither conventional hematimetry nor flow cytometry
were accurate enough or convenient to use. Therefore, a simple
rare cell enumeration microchip was fabricated (detailed in the
Supporting Information), which possesses open microwells
within a PDMS membrane covered glass slide. When the cell
concentrations were >1000 cells mL™!, they were counted using
a FACS Calibur flow cytometer (Becton Dickinson, CA, USA).

Application for clinical blood samples from AML patients

Thirty-three fresh whole-blood samples from leukemia pa-
tients and 5 blood samples from healthy donors (contained in
EDTA-anticoagulated micro-tubes) were provided by Shen-
zhen Second People's Hospital (Protocol # 2018-03-16 with In-
stitutional approval by the Hospital Review Board). After the
NanoOctopus solution was mixed with undiluted blood samples
(1 mL) and incubated for 1 h at ambient temperature, the cap-
tured cells were separated magnetically and rinsed with PBS.
Afterwards, cell counting, immunostaining, and confocal imag-
ing were performed to enumerate and validate the separated
PTK7-expressing leukemia cells.
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Figure 1. The capture efficiencies of NanoOctopuses for CCRF-
CEM cells from PBS buffer samples containing (a) Ramos cells at
various ratios and (b) 1.0 X 107 white blood cells. Inset: the purity
of the captured cells determined by flow cytometry. (c) Capture ef-
ficiencies as a function of the target cell concentrations in PBS and
whole blood (dashed lines showing the fit of the data with the math-
ematical models in SI). (d) Purity of the cells isolated from whole



blood samples as a function of the target cell concentrations for
NanoOctopuses and single aptamer functionalized magnetic parti-
cles. Error bars represent the standard deviation for n=3.
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Figure 2. (a) Isolation of CCRF cells from the whole blood (0.5 —
1.0 mL /sample) collected from 33 acute lymphoblastic leukemia
(AML) patients using NanoOctopuses. (b) Validation by confocal
microscopic imaging with both fluorescence-labelled antibodies
targeting CD 45 and PTK7 receptors (Scale bar: 10 um).
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Scheme 1. Fabrication and Application of NanoOctopus
Devices.

(A) Design and fabrication of the NanoOctopus device and (B)
target cell capture from whole blood sample and release for down-
stream analysis.
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