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Abstract

Clinical studies of circulating tumor cells (CTC) have stringent demands for high capture purity
and high capture efficiency. Nanostructured surfaces have been shown to significantly increase
the capture efficiency yet suffer from low capture purity. Here we introduce a dual-functional
lipid coating on nanostructured surfaces. The lipid coating serves both as an effective passivation
layer that helps prevent nonspecific cell adhesion and as a functionalized layer for antibody-based
specific cell capture. In addition, the fluidity of lipid bilayers enables antibody clustering that
enhances the cell-surface interaction for efficient cell capture. As a result, the lipid-coating
method helps promote both the capture efficiency and capture purity of nanostructure-based CTC
capture.
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INTRODUCTION

Circulating tumor cells (CTCs) hold great potential for a better understanding of cancer
metastasis and easier monitoring of cancer progression and treatment response.13 However,
a big challenge for CTC-based clinical studies is to capture CTCs in both high purity

and high efficiency due to the extremely low concentration of CTCs in the bloodstream
(~1-100 CTCs per billions of blood cells).*> To meet this challenge, two broadly defined
strategies have emerged in recent years to improve CTC capture: one is enriching CTCs
according to their physical properties that can distinguish them from blood cells (e.g.,

size, deformability, and electric charges);®-9 the other is affinity-based CTC selection

using protein markers expressed by CTCs but not by blood cells (e.g., epithelial cell
adhesion molecule, EpCAM).410.11 Methods based on the physical properties can offer fast
processing speed/high throughput but suffer from low purity and concerns of missing CTC
populations as CTCs are highly heterogeneous in size, shape, and possibly other physical
properties.> In comparison, an affinity-based strategy is more specific for capturing CTCs.
However, its capture efficiency and capture purity strongly depend on surface properties for
effective antibody immaobilization and cell interaction.

Surfaces with nanostructures have recently shown great promise in improving affinity-based
CTC capture in two aspects: providing a larger surface area for antibody immobilization
and presenting nanotopography that promotes cell-surface interaction.12-14 For example,
for CTC numeration, a silicon nanowire-based NanoVelcro platform has been shown to
outperform the sensitivity of the FDA approved CellSearch assay.1® It has also been
combined with aptamer- or polymer-based surface functionalization to recover CTCs for
downstream analysis.16-21 Similarly, surfaces with vertical quartz nanowire arrays had
been shown to achieve superior capture efficiency compared to flat surfaces for CTCs as
well as on T lymphocytes.22-24 Besides nanowires, graphene oxide nanosheets,2> polymer
nanofibers, and nanodots were also reported to enhance CTC capture by providing high
surface area and nanotopography.26-28 However, despite their improved capture efficiency,
surfaces with nanostructures encounter a critical challenge of low capture purity. Recent
studies show that nanoroughened surfaces without antibody modification promoted the
nonspecific adhesion of cells.2%30 The capture efficiency by nanoroughened surfaces
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was similar around ~93% either with or without the presence of background peripheral
blood mononuclear cells (PBMC), but the capture purity dropped from 84 to 14% when
background PBMC was present.2? Therefore, a surface-modification method to improve the
capture purity is vital for nanostructure-based CTC capture.

Surface modification methods critically control both antibody functionalization and surface
passivation for cell interaction. For antibody immobilization on surfaces with nanostructures,
most approaches were based on covalent chemistry (e.g., NHS/maleimide reaction or
aldehyde cross-linking).26:27:31 However, they were known to have limited yield, modest
uniformity, and poor repeatability.32 For surface passivation, nonspecific bound cells were
usually removed by mechanical washing with limited removal efficiency.31 A few works
used PEG for surface passivation, which required extra chemical modification and still
inherited the limitation of covalent chemistry as discussed above.2®

In this work, we introduce supported lipid bilayers (SLBs) as a surface coating in quartz
nanopillar-based CTC capture, which serves dual functions: (1) enabling easy and uniform
surface functionalization with antibodies and (2) providing effective surface passivation

to prevent the nonspecific binding of background cells.33:34 The lipid bilayer can be

easily functionalized by doping lipids with functional groups, such as biotinylated lipid
molecules for streptavidin-biotin-based antibody functionalization. Besides, the fluidic
nature of the lipid bilayer enables the antibodies to redistribute upon antigen binding to
enhance the capture strength spontenously.35-37 Furthermore, lipid bilayers are a natural
passivation layer. Supported lipid bilayers have been shown to effectively prevent cells from
binding to underlying surfaces.38 They can be easily formed in vitro by applying small
unilamellar vesicles (SUVs) to the hydrophilic surface under physiological conditions,36:39
For nanostructure-based CTC capture, we demonstrate that lipid bilayers can simultaneously
increase the capture purity and the capture efficiency by providing sufficient surface
passivation and enhanced antibody—cell interaction through antibody clustering.

EXPERIMENTAL SECTION

Fabrication of Quartz Nanopillar Arrays.

Quartz nanopillar arrays were fabricated on square quartz coverslips (Technical Glass
Products, Inc.). The coverslips were first spin-coated with 300 nm of ZEP-520 (ZEON
Chemicals), followed by E-Spacer 300Z (Showa Denko). The desired patterns were exposed
by electron-beam lithography (Raith150) and developed in xylene. The mask was then
formed by the sputter deposition of 100 nm Cr, followed by lift-off in acetone. The
nanostructures was generated by reactive ion etching with CHF3 and O, chemistry (AMT
8100 etcher, Applied Materials). The diameters and pitches of nanopillar arrays are shown in
Table S1.

Preparation of Lipid Vesicles.

The composition of lipid vesicles is egg-PC (Avanti) mixed with 0.5 mol %
of Texas Red-1,2-dihexadecanoyl-sr-glycero-3-phosphoethanolamine (Texas Red-DHPE)
(Invitrogen) and 1 mol % of 1,2-dioleoyl-sr-glycero-3-phosphoethanolamine-A-(biotinyl)
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(Biotin-DOPE) (Avanti). Lipids were dissolved in chloroform and mixed in a fixed molar
ratio as described above. The lipid solution was then blown dried in clean glass tubes with
pure nitrogen followed by vacuum drying overnight to remove the remaining chloroform.
The dried lipid was stored in =20 C° to prevent oxidization. When preparing lipid vesicles, 1
mg of the lipid mixture was suspended in 400 yL of PBS buffer and extruded through a 100
nm Nucelpore membrane filter with the use of an Avanti polar lipid extruder and Hamilton
syringes as the extruder device. The lipid vesicle solution is stored in 4 °C for up to 1 month.

Forming Antibody -Functionalized Supported Lipid Bilayers on Glass and Quartz
Nanopillar Substrates.

The glass and quartz nanopillar chips were cleaned with oxygen plasma in a plasma cleaner
(Harrick Plasma) for 1 h to remove any remaining impurities on the surfaces. The cleaned
chips were assembled with PDMS substrates. The lipid vesicle solution was diluted 5-fold
in PBS buffer, loaded into channels, incubated for 15 min to form supported lipid bilayer,
and washed with 0.5 mL of PBS buffer three times to remove free vesicles. Streptavidin
(100 nM, Invitrogen) solution was then added and incubated for 30 min, followed by another
half hour of incubation of 20 nM biotinylated antibodies to make an antibody-functionalized
supported lipid bilayer. PBS buffer was used to remove unbound molecules after every step.
Two biotinylated antibodies were used in this research article: anti-EpCAM (R&D Systems)
for capturing EpCAM-expressed cells and anti-EGFR (Gift from S. S. Jeffery laboratory,
Stanford) for capturing EGFR-expressed cells.

Fluorescence Recovery after Photobleaching (FRAP) Experiment.

The FRAP experiments were performed using a Leica DMI6000 B microscope.
Photobleaching of a 21-zm-diameter spot was performed using an LED light source
(Lumencor SOLAR-SE-I, 42 mW/cm?2). Raw images were taken every 12 s (5 images
per minute) and exported as tagged image file format (TIFF) files using MAG Biosystem
Capture-Scope software. For intensity analysis, images were analyzed using ImageJ
software. The intensity of the bleached area was calibrated using double normalization
involving an acquisition-bleaching correction:40

Tynbleached(©) — I background
Tynbleached® — 1 background

Icalibrated® = (1 n- Ibackground) X

For every image, the intensity of the bleached area was subtracted from the background
intensity. To remove the effect of acquisition bleaching, the intensity of the bleached
area was corrected by the intensity of the unbleached area. The diffusion coefficient was
calculated according to the established equation:#!

2
D =0.224]2
712

wis the radius of the bleached area, and y; is the half-life time of fluorescence recovery.
172 Was calculated by fitting the calibrated intensity to a single-exponential recovery:36
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leq and /g are the fluorescence intensity at equilibrium time and initial time, respectively. To
take the sidewall area of nanopillars into consideration, the calculated diffusion coefficients
are normalized to a flat surface and divided by the surface area ratio (Table S2).

HelLa, MCF7, and MDA-MB-231 cell lines were used to evaluate the capture and separation
efficiencies of the supported lipid bilayers. Cells were cultured under ordinary cell culture
conditions (37 C°, 5% CO,) in a polystyrene tissue culture plate (Falcon). Dulbecco’s
Modified Eagle’s Medium (DMEM) (Hyclone, Thermo Scientific) supplemented with 10%
fetal bovine serum (FBS) (Gibco, Life Technologies), 100 units/mL penicillin, and 100
g/mL streptomycin (Gibco, Life Technologies) was used as the culture medium. Before the
experiment, cells were prestained with 1 ¢V Calcein-AM (Life Technologies) or 1 tg/mL
Hoechst 33342 (Life Technologies) for 10 min at 37 C° and washed with PBS buffer twice.
Then cells were treated with 0.25% trypsin (Gibco, Life Technologies) for 3 min at 37 C° to
detach from the tissue culture plate. The detached cells were resuspended in PBS buffer, and
the densities of the cells were measured with a hemocytometer.

Isolated PBMCs Sample Preparation and Experiment.

The human whole blood was provided by the Stanford Blood Center. Blood was drawn from
healthy donors and collected in 6 mL blood collection tubes containing K2-EDTA as an
anticoagulant (BD Biosciences). Peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient separation with Ficoll-Paque (GE Healthcare Bio-Sciences). The isolated
PBMCs were stained with 1 pg/mL Hoechst 33342 for 15 min at RT and then washed

twice with PBS buffer. Every 1 mL of human whole blood results in 100 L of isolated
PBMC:s after the isolation process. Prepared MCF7 cells were then used to spike the PBMCs
with an MCF7/PBMC ratio of between 1:10 and 1:100. MCF7-spiked PBMC samples were
then infused into the prepared quartz nanopillar chips with anti-EpCAM-functionalized lipid
bilayers and incubated for 15 min in RT. The unbound cells were removed with a PBS
buffer. Images of nanopillar arrays were taken before and after the washing process to
calculate the capture efficiency of MCF7 cells and the capture purity.

RESULTS AND DISCUSSION

The lipid-based functionalization of nanopillars consists of three steps (illustrated in Figure
1a): (1) the formation of a supported lipid bilayer on freshly cleaned quartz by the
spontaneous rupture of small unilamellar vesicles that are composed of phosphatidylcholine
doped with 1 mol % biotinylated phosphoethanolamine (biotin-DOPE, Avanti); (2) the
binding of streptavidin (SA) on biotinylated lipids; and (3) the binding of biotinylated
antibody on an SA-bound supported lipid bilayer. We performed this procedure on a

quartz nanopillar with a 500 nm diameter (SEM, see Figure 1b). The whole incubation
process takes <75 min, which is much faster than covalent methods (~4 h).2” Visualizing
the supported lipid bilayer by adding 0.5 mol % of fluorescence-labeled lipids (Texas
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Red-DHPE, Invitrogen) to the lipid mixture (Figure 1c), we clearly see that the supported
lipid bilayer was uniformly formed on the flat areas between nanopillars with no visible
bright puncta or dark defects. In comparison, the fluorescence at nanopillar locations is
much brighter and outlines a ring shape due to the projected fluorescence signal from the
nanopillar sidewall as expected.*? Quantification of the fluorescence of several nanopillars
shows consistent intensities among all of them (Figure 1d), indicating a conformal lipid
bilayer coating on all of the nanopillar surfaces. Furthermore, we used Alexa488-labeled
streptavidin (SA-488) to visualize the uniformity of the proteins attached to the supported
lipid bilayer. As expected, SA-488 gives similar uniformity as the lipid marker (Texas
Red-DHPE) (Figure 1e), suggesting uniform protein binding to the lipid bilayer. Compared
to traditional approaches that rely on hours of covalent chemical reaction, the lipid bilayer
provides facile surface functionalization in about an hour.

To examine the effect of supported lipid bilayers on surface passivation and
functionalization, we performed cell capture using cancer cell lines (MCF7, Hela, and
MDA-MB-231). As shown in Figure 2a, surface passivation with a lipid bilayer completely
prevented the nonspecific binding of MCF7, an EpCAM-positive breast cancer cell line,

to the surface (0.7 £ 0.6% binding on a lipid-bilayer-coated quartz glass vs 91.1 + 3.5%
binding on bare quartz glass). Next, we functionalized the lipid bilayer with anti-EpCAM
antibody and measured the capture efficiencies for MCF7 cells vs HelLa cells. MCF7 cells
express high levels of EpCAM on their surface, and HeLa cells have very low EpCAM
expression and are often used as an EpCAM-negative cell model.12:26.27 After being
washed, the anti-EpCAM-functionalized lipid bilayer captures MCF7 cells with 86.8 £ 8.9%
efficiency but captured almost no (1.1 £+ 0.5%) HeLa cells (Figure 2b). This proves that

the anti-EpCAM-functionalized lipid bilayer successfully prevents nonspecific cell adhesion
(HeLa) while retaining the specific capture of cells (MCF7) with high efficiency.

The ease of lipid bilayers in antibody immobilization can further facilitate the capture

of cells with distinct properties in light of addressing the challenge of heterogeneous

CTC populations.*3 As a demonstration, we tested two breast cancer cell lines with
different surface marker profiles: MCF7, a cell line expressing high levels of EpCAM,

and MDA-MB-231, a cell line expressing lower levels of EpCAM but higher levels of
EGFR (epidermal growth factor receptor) compared to MCF7.#4 The two cell line cells were
premixed, and MDA-MB-231 cells were stained with calcein-AM dye to distinguish them
from MCF7 cells. As shown in Figure 2c, lipid bilayers functionalized with anti-EpCAM
captured MCF7 cells with 86.0 £ 10.1% efficiency but only 12.4 + 3.0% efficiency for
MDA-MB-231 cells. In comparison, lipid bilayers functionalized with anti-EGFR captured
MDA-MB-231 cells with 51.1 + 8.7% efficiency but only 18.9 + 8.2% efficiency for
MCF7 cells. By using lipid bilayers functionalized with two antibodies (i.e., anti-EpCAM
and anti-EGFR), both MCF7 and MDA-MB-231 cells were captured with 92.8 + 2.0

and 57.5 + 5.8% capture efficiency, respectively. The capture efficiency of MCF7 on a
dual-antibody-functionalized lipid bilayer was comparable to those functionalized only by
single anti-EpCAM. A similar situation was also found for MDA-MB-231 captured on
dual-antibody-functionalized lipid bilayers compared to single anti-EGFR-based capture.
Thus, the presence of different antibodies on the same lipid bilayer did not interfere with
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the other’s capture ability (Figure 2c). This observation demonstrates that supported lipid
bilayer-based multiantibody functionalization supports heterogeneous CTC capture.

Besides presenting antibody uniformly for capture, the lipid bilayer also enhances

cell capture by its natural fluidity. Fluorescence recovery after photobleaching (FRAP)
experiments (Figure S1a, Movie S1 and S2) showed that lipid molecules moved freely along
the lipid bilayer, ensuring an even distribution of lipids by diffusion. FRAP experiments
were tested on nanopillar arrays with different diameters and pitches (Table S1). The
measured diffusion coefficients of lipid bilayers are independent of quartz nanopillar
dimensions after being normalized to the surface area (Figure S1c, Table S2), indicating
that the lipid fluidity on quartz nanopillars is similar to that on a flat surface, which is
consistent with previous reports.*2 FRAP experiments on SA-488 also showed that proteins
functionalized on lipid diffuse freely as well, although with a lower diffusion coefficient
than for the small lipid molecules (Figure S1b,c).

The interaction between the fluid antibody layer and cells was then examined by capturing
MCF7 on quartz nanopillar arrays functionalized with SA-488 and anti-EpCAM. As shown
in the first row of Figure 3a, puncta of SA-488 appeared after 20 min of incubation,
suggesting that SA-488 formed clusters beneath the captured MCF7 cell. The clustering

of SA-488 is also seen on a flat lipid-coated anti-EpCAM-functionalized surface (Figure
S2). In comparison, no puncta were observed on control samples where MCF7 cells were
incubated on the lipid-bilayer surface without anti-EpCAM (Figure 3a, bottom row) and
neither were the puncta formed on the glass surface without lipid bilayers (Figure 3a, middle
row), which indicates that the fluidity of lipid bilayers is necessary for puncta formation
(Figure 3a, middle and bottom rows; Figure 3b, green and red lines). The continuous growth
of the antibody cluster was clearly observed during cell capture (Movie S3), with the
fluorescence intensity profile shown in Figure 3b. The formation of SA-488 puncta is due to
the clustering of the anti-EpCAM bound to EpCAM antigens on the cell membrane, which
is similar to the clustering effect of membrane-bound receptors as previously reported.45-48
Compared to covalent-chemistry-based methods, the fluidity of antibodies on supported
lipid bilayers not only ensures the even distribution of antibodies but also enables the
clustering of antibodies under captured cells, which further strengthens the cell-surface
interaction for efficient cell capture.

The capture purity and efficiency based on lipid passivation and antibody clustering were
then further evaluated using a human blood sample spiked with fluorescently labeled MCF7
cells. For the capture of spiked MCF7 cells in whole blood (Figure S3a), the efficiency was
72.8 + 3.8% when diluting the blood sample 100-fold. Without blood dilution, however,
spiked MCF7 cells were barely captured, which is mainly due to the overwhelming numbers
of blood cells blocking the interaction between MCF7 and anti-EpCAM, and thus no
clustering could happen (Figure S3b).

To avoid surface blocking caused by dense blood cells and to improve the capture
throughput, we performed blood fractionation. Among different components in the whole
blood sample, red blood cells (RBC) are the major cause of blocking due to its abundancy of
109 cell/mL, but it is easy to remove thanks to their significant difference in density and size
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compared to CTCs.”49 On the contrary, peripheral blood mononuclear cells (PBMCs) often
challenge the CTC capture purity as impurities since they have similar physical properties

to CTCs and are prone to surface attachment.>31 We performed PBMC isolation not only

to avoid the blocking effect but also to significantly reduce the sample size. The simple size
after PBMC isolation decreased to 1/10 of its original volume (100 i of PBMC solution
per 1 mL of whole blood). The capture efficiency and purity of MCF7 used to spike isolated
PBMC samples were tested using quartz nanopillar arrays (a snapshot of the pillar chip is
shown in Figure 4a) with and without lipid functionalization (Figure 4b). Both surfaces gave
high capture efficiencies (86.6 + 10.6 and 92.5 + 0.8%, respectively) (Figure 4c). Therefore,
PBMCs did not exhibit a noticeable blocking effect on MCF7 capture (Figure S4). However,
the lipid bilayer coating drastically increased the capture purity from 3.2 £0.4t0 71.3

+ 17.2% (Figure 4c). Lipid bilayer-coated nanopillar arrays with different diameters and
pitch size produced similar results with respect to both the capture efficiency and capture
purity of the lipid-coated flat surface (Figure S5). These results prove that supported lipid
bilayer-based antibody functionalization enables the capture of specific cancer cells on
nanopillars while significantly preventing the nonspecific binding of PBMCs from blood
samples.

CONCLUSIONS

We demonstrated in this work that supported lipid bilayers constitute a dual-functional
coating on nanostructures to facilitate CTC capture in two aspects: (1) ensure high

capture purity by preventing nonspecific cell adhesion and 2) boost the capture efficiency
by presenting antibody uniformly and allowing antibody clustering upon cell capture to
strengthen the cell-surface interaction. With this coating, the capture purity on nanopillars
was significantly increased, more than 20-fold, with uncompromised capture efficiency even
when PBMC was present in the background. In conclusion, the combination of supported
lipid bilayer-based surface functionalization and nanostructure-based cell capture provides
an attractive solution for fulfilling the needs of a CTC study on high capture efficiency and
high capture purity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Lipid-based functionalization of antibodies on quartz nanopillar arrays. (a) Schematic
illustration of the lipid-based antibody functionalization procedure on a quartz nanopillar
array. (b) Scanning electron microscopy (SEM) image of a quartz nanopillar array with 500
nm diameter, 3 4m spacing, and 1.3 4m height, tilting 30°. (Scale bar 1 xm.) (c) Bright field
and fluorescence images of the supported lipid bilayer (SLB) and SA-Alexa488 on a quartz
nanopillar array. The bright spots in the fluorescence images indicate that lipid bilayers
also formed on the side wall of quartz nanopillars. (Scale bars 5 ym.) (d, e) Fluorescence
intensity profile of SLB (d) and SA-Alexa488 (e) on quartz nanopillar arrays. The intensity
shows that both SLB and SA-Alexa488 are distributed uniformly on each nanopillar.
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Figure 2.
Nonspecific cell adhesion and antigen-specific cell capture on an antibody-functionzlied

supported lipid bilayer. (a) A supported lipid bilayer significantly reduces the nonspecific
cell adhesion of MC?7 cells stained with Celcein-AM (green). 91.1 + 3.5% of MCF7

cells were captured on a bare glass surface. However, only 0.7 + 0.6% of MCF7 cells

were captured by supported lipid bilayers. (b) Anti-EpCAM-functionalized supported

lipid bilayers specifically captured EpCAM-expressed cells. 86.8 + 8.9% of MCF7

cells (EpCAM-positive) stained with Celcein-AM (green) were captured by anti-EpCAM-
functionalized supported lipid bilayers. However, only 1.1 + 0.5% of HeLa cells (EpCAM-
negative) stained with Hoechst33342 (blue) were captured. (c) Heterogeneous cell capture
was demonstrated using a multiantibody-functionalized supported lipid bilayer. An anti-
EpCAM-functionalized supported lipid bilayer captured 86.0 + 10.1% of MCF7 cells (high-
level EpCAM expression) but only 12.4 = 3.0% of MDA-MB-231 cells (low-level EpCAM
expression) stained with Celcein-AM (green). Meanwhile, an anti-EGFR-functionalized
supported lipid bilayer captured 51.1 + 8.7% of MDA-MB-231 cells (high-level EGFR
expression) but only 18.9 + 8.2% of MCF7 cells (low-level EGFR expression). With a
supported lipid bilayer functionalized with both anti-EpCAM and anti-EGFR, both MCF7
and MDA-MB-231 cells could be captured simultaneously with capture efficiencies of 92.8
+ 2.0 and 57.5 + 5.8%, respectively (All scale bars are 50 gm.) Every experiment was
repeated five times (n7=15), and error bars represent the standard deviation (SD).
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Figure 3.
Clustering of anti-EpCAM around captured MCF7 cells enabled by the antibody—antigen

interaction and the fluidity of supported lipid bilayers. (a) MCF7 cells on different surfaces:
supported lipid bilayer-coated quartz nanopillar arrays functionalized with SA-488 and anti-
EpCAM (upper), bare glass coated with SA-488 and anti-EpCAM (middle), and supported
lipid bilayer-coated quartz nanopillar arrays functionalized with SA-488 only (bottom). Only
MCF7 on lipid bilayers with SA-488 and anti-EpCAM shows the clustering of SA-488 (red
arrows). (Scale bars 20 m.) (b) The average intensity change of SA-488 beneath the MCF7
cells on different surfaces. The average intensity of the cluster area increased about 30%

in 20 min on SLB with SA-488/anti-EpCAM (black). However, no clustering of SA-488
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was observed under MCF7 cells on surface-absorbed SA-488/anti-EpCAM (green) or the
supported lipid bilayer with SA-488 only (red).
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Antibody-functionalized supported lipid bilayer selectively captured spiked MCF7 cells in
PBMCs on quartz nanopillar arrays. (a, Left) Snapshot of the nanopillar chip. The nanopillar
chip is covered with PDMS to create a chamber for both surface functionalization and cell
capture. The pillar arrays are located in the center of the chip (marked by a red square).
(Right) Zone-in picture of nanopillar arrays with captured MCF7 cells. (Scale bar 100
tm.) (b) Anti-EpCAM-lipid-functionalized nanopillar array-captured MCF7 stained with
Celcein-AM (green), preventing the nonspecific adhesion of PBMCs stained with Hoechst
33342 (blue). (Scale bars 50 m.) (c) Capture efficiency (left) and capture purity (right)

of spiked MCF7 cells in isolated PBMCs on supported lipid bilayer-functionalized quartz
nanopillar arrays and bare quartz nanopillar arrays. The capture efficiencies of supported
lipid bilayer-functionalized nanopillar arrays and bare quartz nanopillar arrays are 86.6 +
10.6 and 92.5 + 0.8%, respectively. The purities of both surfaces are 71.3 + 17.2 and 3.2

+ 0.4%, respectively. (Every experiment was repeated three times (/7= 3), and error bars

represent the standard deviation (SD).
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