
Biomed. Phys. Eng. Express 4 (2018) 025015 https://doi.org/10.1088/2057-1976/aa89a6

PAPER

One-step fabrication of flexible nanotextured PDMS as a substrate
for selective cell capture

MohammadRHasan1,2,3,4, Sai Santosh Sasank Peri1,2,3,4, Viraj P Sabane4, NuzhatMansur1,2,3, JeanXGao5,
Kytai TNguyen6, JonAWeidanz7, SamirM Iqbal1,2,3,6,8,9,10 andVinayVAbhyankar4,9,11

1 Nano-Bio Lab,University of Texas at Arlington, Arlington, TX 76019,United States of America
2 Nanotechnology ResearchCenter, University of Texas at Arlington, Arlington, TX 76019,United States of America
3 Electrical Engineering, University of Texas at Arlington, Arlington, TX 76019,United States of America
4 BiologicalMicrosystemsDivision, University of Texas at ArlingtonResearch Institute, FortWorth, TX 76118,United States of America
5 Computer Science and Engineering, University of Texas at Arlington, Arlington, TX 76019,United States of America
6 Bioengineering, University of Texas at Arlington, Arlington, TX 76019,United States of America
7 Biology, University of Texas at Arlington, Arlington, TX 76019,United States of America
8 Department ofUrology, University of Texas SouthwesternMedical Center atDallas, Dallas, TX 75235,United States of America
9 Authors towhomany correspondence should be addressed.
10 Current address: Department of Electrical Engineering, University of Texas RioGrandeValley, Edinburg, TX 78539,United States of

America.
11 Current address: Department of Biomedical Engineering, Rochester Institute of Technology, RochesterNY 14623,United State of

America

E-mail: smiqbal@ieee.org and vvabme@rit.edu

Keywords:nanotexture,microfluidics, cell adhesion, nucleic acid isolation, cell-substrate interactions, cancer cell capture

Supplementarymaterial for this article is available online

Abstract
Efficient cancer cell capture has been previously demonstrated on functionalized surfaces with defined
nanotopography such as nanoscale texture. However, conventional additive and subtractivemethods
to achieve nanotexture require access to specialized nanofabrication equipment within a dedicated
cleanroom environment. Here, we present a technique to create flexible polydimethylsiloxane
(PDMS) surfaces with high roughness (Rq∼680 nm) using amolding approach that can be
performed in a standard laboratory environment.We also demonstrate a one-step integration of
nanotextured PDMS into a reversibly sealed easy accessmodularmicrofluidic platform to simplify cell
capture workflows (e.g. cell introduction, capture, and isolation). In our proof of concept, we
characterize nanotextured PDMS surfaces and investigate the effect of increased surface area on cancer
cell adhesion strength and capture compared to non-textured (plain)PDMS.We found that cells
attachedmore strongly to antibody-functionalized nanotextured surfaces (26%±5% increase in
threshold fluid shear stress, τ50%) and captured 71%±19%more cancer cells than functionalized
plain surfaces. Our reversibly sealedmicrofluidic platform enabled a user-friendlymethod to access
cells for post-capture analysis, andwe report an efficient nucleic acid isolation process.We anticipate
the easy fabrication, one-stepmicrofluidic integration, and streamlined experimental workflowwill
simplify the incorporation of nanotextured substrates in applications that investigate cell–surface
interactions.

Introduction

Advances in nanofabrication techniques including
chemical and reactive ion etching (RIE), nano-
embossing, chemical vapor deposition, and electro-
spinning have enabled the creation of surfaces with
nanoscale topography (e.g. nanotexture) [1–6]. These

engineered surfaces have provided unique opportu-
nities to imitate the physiological nanotexture found
in vivo and explore biomimetic cell–surface interac-
tions. Over the last decade, the characteristic advan-
tages of nanotextured substrates including increased
surface areas [7–9], enhanced surface activity [10], and
tunable surface energies [11] have been leveraged to
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modulate phenotypic behaviors including cell attach-
ment [12–14], viability [15, 16], migration [17], and
differentiation [18].

Nanotextured surfaces are also gaining popularity
in cancer cell capture applications [19–22]. Taking
advantage of increased surface areas, Yoon et al intro-
duced antibody-functionalized graphene nano-sheets
and demonstrated efficient cancer cell capture from
lung and breast cancer patient samples [23]. Zhang
et al demonstrated the application of nanotextured
TiO2 for cancer cell capture from colorectal and gas-
tric patient samples [6]. Similarly, Wang et al reported
the use of 3D nanostructured silicon nanopillars for
isolation of breast and prostate cancer cells [24, 25].
Our group has demonstrated cancer cell capture
on aptamer-functionalized nanotextured surfaces
[9, 26–28], and shown that captured cells can be sub-
classified as metastatic or non-metastatic by quantify-
ing dynamic membrane ruffling behavior via real time
imaging [27, 29]. These observations underscore the
important role that nanotopographic cues have in
guiding cell behavior. Even though the advantages of
nanotextured surfaces are becoming increasingly evi-
dent for cellular explorations, there are practical con-
siderations that must be addressed before these
materials can be widely fabricated and used by
researchers outside the materials science and engi-
neering communities.

Conventional techniques to create nanotextured
substrates require cleanroom facilities and specialized
fabrication equipment [5, 30, 31]; these requirements
impose a significant entry barrier for researchers that
wish to incorporate nanotextured materials into their
experiments but do not have access to the needed facil-
ities. For cell capture experiments, important con-
siderations include (i) precise sample introduction
and routing, (ii) controlled washing, and (iii) exper-
imental reproducibility. Microfluidic technologies
have been shown to effectively meet these require-
ments [32–34]; however, the leak-proof integration of
nanotextured substrates with microfluidic channels,
coupled with the optimization requirements ofmicro-
fluidic experimental workflows can be challenging to
implement.

To simplify nanotextured substrate fabrication
and provide a user-friendly solution for microfluidic
integration, we first present a one-step molding
approach to achieve nanotexture on a flexible polymer
surface without requiring specialized nanofabrication
equipment. We then integrated the nanotextured
polymer into a magnetically sealed microfluidic archi-
tecture with a tool-free approach that can be easily
implemented in a standard laboratory setting. As a
proof of concept, we functionalized nanotextured
polymer surfaces with antibodies targeting epidermal
growth factor receptors (EGFR) and demonstrated
improved A549 lung cancer cell adhesion and
enhanced capture to a functionalized plain poly-
dimethylsiloxane (PDMS) surface. We also report on

cell capture selectivity from a multi-cellular mixture
and demonstrate an efficient nucleic acid isolation
process to support downstream genomic analysis. The
overarching goal of this work is to provide an exper-
imental platform that can be easily used in studies
exploring cell–surface interactions and selective cell
capture.

Experimental

PDMS channel fabrication
Standard soft lithography and replica molding techni-
ques were used to fabricate PDMS channels (see
supplementary figure S1 is available online at stacks.
iop.org/BPEX/4/025015/mmedia). Channels (L=
10 mm, W=1 mm) were designed in AutoCAD
(v2007) and printed at high resolution into mylar
transparency films (CAD/Art Service Inc.). Silicon
wafers (100 mmdiameter, p-type, single side polished)
were spin-coated with SU-8 100 photoresist (Micro-
Chem) at 3000 rpm to create a 100 μm thick SU-8
layer, which defined the height of the microfluidic
channel. Wafers were then soft baked at 65 °C for
10 min and 95 °C for 30 min, cooled, covered with the
printed transparency mask, and exposed to UV light
centered at 365 nm. After post-exposure bake at 65 °C
for 1 min and 95 °C for 10 min, wafers were immersed
in developer solution for 10 min (MicroChem) to
remove non-crosslinked photoresist. Wafers were
hard baked at 150 °C and allowed to cool. A ring
(1.5 mm thickness, 90 mm OD, 80 mm ID) was laser
cut (Epilog CO2 laser) from a PMMA sheet (McMas-
ter) and affixed to the surface of the wafer via pressure
sensitive adhesive (3M). The attached PMMA ring was
used to control the thickness of the PDMS block
containing the microfluidic channel features. PDMS
pre-polymer (Sylgard 184, Dow Corning) was mixed
thoroughly (10:1 base to catalyst ratio by mass) and
placed under vacuum to remove entrapped bubbles.
The PMMA ring cavity was filled with the bubble-free
PDMS solution, gently covered with a transparency
film, then covered with an additional piece of PMMA
to ensure aflat surface, and cured at 75 °C for 6 h. Fully
cured PDMS was removed from the mold and cut to
size (L=25 mm, W=10 mm, H=1.5 mm) with a
razor blade to fit into the top cavity. Fluidic access
ports were cored into the PDMS using a 2 mm
diameter biopsy punch.

Replicamolding of nanotextured and plain PDMS
surfaces
Flexible PDMS surfaces (nanotextured and plain)were
fabricated by replica molding (see figure 1). Bubble-
free PDMS was prepared as described above and
poured onto the backside (nanotextured) or polished
(plain) side of a silicon wafer. PDMS slab thickness
(1.5 mm) was defined by the same PMMA cavity
technique used in microfluidic channel molding
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process. Once the PDMS was cured, it was carefully
removed fromthewafer surface, cut tofit the dimension
of the bottom cavity (L=25mm, W=10mm) and
stored in a dust free environment until use.

Surface texture quantification and imaging
Aprofilometer (XP200, Ambios Technology)was used
to measure the surface roughness of the nanotextured
and plain PDMS surfaces at room temperature. Scan
resolution was 1 nm, and 200 μm lines were scanned
on the surface with a stylus force of 10 mg at
10 μm sec−1 scan speed. The root mean square (RMS)
roughness (Rq) was calculated from the profile to
quantify surface topographies (figure 1). Scanning
electronmicroscopy (SEM) (FEINova NanoSEM)was
used to image nanotextured and plain PDMS in low
vacuum environmental mode. Atomic force micro-
scope (AFM) images were acquired in non-contact
mode using NCHR 10M tips to measure surface
topography (ParkXE-70).

Contact anglemeasurements
The contact angles on plain and nanotextured PDMS
surfaces were measured using a goniometer (Ramé-
Hart) with a 2 μl droplet of deionized (DI) water.
Images were captured using DROPimage software
with at least five images per surface and at least four
independent replicate samples for each condition.

Nanotextured PDMS silanization
PDMS surfaces were cleaned with isopropyl alcohol,
triple washed with DI water, and dried with filtered
N2. The surfaces were treated with oxygen plasma
(Nordson MARCH, AP600 plasma system) for 20 s to
promote hydrophilicity then immediately immersed
into a 4% (v/v) 3-mercaptopropyl trimethoxysilane

(MPTS, Sigma-Aldrich) in 95% ethanol solution for
30 min at room temperature on a rocker platform.
The surfaces were sequentially rinsed with ethanol and
DI water, then dried with filtered N2. The silanization
process resulted in thiol decorated surfaces.

Neutravidin conjugation and antibody attachment
After thiol functionalization, surfaces were treated
with 50 μg ml−1 maleimide-activated neutravidin
(Thermo) in PBS (phosphate buffered saline) for 1 h at
37 °C. The maleimide-activated neutravidin cova-
lently attached to the functionalized surface through
maleimide–thiol coupling at neutral pH. Unreacted
neutravidin was removed with three PBS washes and
the substrates were stored in PBS at 4 °C for up to one
week before use. Biotinylated anti-EGFR antibody
(Thermo) was added to the neutravidin-conjugated
PDMS surfaces at a concentration of 20 μg ml−1 in
PBS and incubated at 37 °C for 1 h. Control surfaces
were incubated with 20 μg ml−1 biotinylated anti-
body, which was isotype matched to the primary
antibody. Antibody attachment was performed imme-
diately before experimentation followed by PBST (PBS
with 0.05% Tween-20) wash and blocking with 1%
(w/ v) bovine serumalbumin in PBST for 1 h.

Sealed easy accessmodular (SEAM)platform
integration
PMMA housings ((L=45 mm, W=30 mm),
McMaster Carr) were designed in AutoCAD and cut
with a CO2 laser. Individually cut layers (1.5–2 mm)
were laminated together using pressure sensitive
adhesive films to create rigid plastic housings contain-
ing L=25 mm, W=10 mm, H=1.5 mm cavities.
PDMS pieces containing the microfluidic channels
(top) and the flexible nanotextured or plain PDMS

Figure 1. Surface topography of plain and nanotextured PDMS captured at 30° angle in low vacuum. (a) SEMmicrograph of plain
PDMS. Inset shows the surface topographymeasuredwithAFM. (b) SEMmicrographs of nanotextured PDMS. A highmagnification
image of the surface topography is shown in the inset.
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surfaces (bottom) were inserted into the appropriate
cavity. Laser cut holes at the four corners accommo-
dated cylindrical rare earth magnets (K&J Magnetics,
2.54 mm diameter, thickness=1.58 mm), which
were then glued in place (figure 2(a)). The magnets
were oriented such that the top and bottom housings
had opposite magnetic poles facing one another to
achieve a simple and self-aligned latching mechanism.
The PMMA housing compressed the top PDMS
channel against the PDMS capture surface and
achieved a leak-proof seal (figure 2). Magnetic latching
allowed the SEAM platform to be easily sealed and
resealed as needed. Tubing was connected to the
channel using a barbed fitting (McMaster), and a
syringe pump was used to control fluid flow (Harvard
Apparatus). The magnetic latching mechanism was
sufficient to create a seal that could withstand the
maximum possible flow rate for our syringe pump
(5 ml min−1) corresponding to a pressure drop of
∼1.5 psi (100mbar).

Cell culture
Human small cell lung cancer cells (A549) were
obtained fromATCC and cultured in complete RPMI-
1640 according to manufacturer’s directions. Human
umbilical vein endothelial cells (HUVEC) were
obtained from Lonza and maintained in EndoGRO
culture media according to manufacturer’s directions.
Cells were seeded at 5000 cells cm−2 in T-75 culture
flask and were passaged at ∼70% confluence. Media
was replaced every 24–48 h. Prior to experiments, cells
were enzymatically disassociated from the culture
flask, counted with an automated cell counter
(CountessII, Thermo), and diluted to the desired

concentration in serum-free media. All cells were used
between passages 5 and 10.

Cell capture experiments
PDMS surfaces were integrated into the SEAM plat-
form and functionalized with anti-EGFR antibody to
target EGFR on the surface of A549 cells. Control
surfaces included a biotinylated, non-targeting anti-
body which was isotype matched to the anti-EGFR
antibody. A549 cells were labeled with fluorescent dye
(CellTracker green, CMFDA) at 5 μm concentration
for 3 h prior to experiments to aid in visualization.
Cells were counted, resuspended in serum-free media,
and then incubated in the functionalized channels at
200 cells mm−2 seeding density for 20 min at 37 °C.
Channels were washed using a syringe pump for 2 min
to remove unattached cells from the surface. The
channels were then imaged with a fluorescence micro-
scope (Olympus IX81, with ORCA-Flash 4.0 camera)
using Olympus CellSens software and counted using
ImageJ.

For capture specificity experiments, A549 cells and
HUVECs were labeled with green (CellTracker green,
CMFDA) and orange dye (CellTracker orange,
CMTMR), respectively, at 5 μMconcentration for 3 h.
The A549 andHUVECs were combined at a∼1:1 ratio
in serum-free media. The cell mixture was introduced
into the channels at the desired density, incubated for
20 min, and imaged pre and post wash.

Thresholdfluid shear stress
A549 cells were captured on functionalized PDMS
surfaces as described above and exposed to defined
fluid shear stress to assess adhesion strength. Shear
stress within the capture channel (L =10 mm,

Figure 2. (a) Schematic showingmicrofluidic integration of nanotextured PDMSusing the SEAMplatform that consists of PMMA
housings with embeddedmagnets, nanotextured PDMS surface, and PDMS channel.Magnets are installed in top and bottom
housings with opposite polarity facing each other for self-aligned assembly. (b) Image of an assembled device. Channel access ports are
connected to syringe pump throughmicrofluidic tubing and barbed fittings. Red dyewas loaded into the channel for visualization.
(Scale bar=10 mm.)
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W=1 mm,H=0.1 mm)was simulated inCOMSOL
(v5.2a) as a function of flow rate via parametric sweep
(50, 100, 150, and 200 μl min−1) (supplemental table
S1). The surface roughness to channel hydraulic
diameter ratio, ε/Dh, was small (0.003) with Reynolds
number <10 and therefore effects of nanotexture on
shear stress were not considered in our model. Cells
were exposed to shear stress ranging from 0 to 50
dyne cm−2 for 1 min and the number of cells retained
in the channel after shear exposure were quantified.
The data were fit to a 4-parameter sigmoidal curve,
and the threshold shear stress required to dislodge
50% of captured cells, τ50%, was determined for each
substrate (n>3 independent experiments for each).
Data are reported as average and standard deviation of
the extracted τ50% value from at least three indepen-
dent experiments. See supplementary materials for
curvefitting details.

Nucleic acid extraction
After cell capture, nucleic acid isolationwas performed
using a Quick-RNA MicroPrep kit (Zymo-Research)
and quantified using a NanoDrop-1000 Spectrophot-
ometer (Thermo). Two methods were compared. In
thefirstmethod, the PDMS sustrate with attached cells
was removed from the SEAMplatform and transferred
directly into a microtube containing 400 μl of lysis
buffer and then processed according to the manufac-
turer’s directions. In the second method, in-channel
lysis was performed by flowing 400 μl of lysis buffer
through the channel, collected in a tube, and then
processed according to the manufacturer’s directions.
At least three independent experiments were done for
eachmethod.

Statistical analysis
Statistical significance was assessed with two-tailed
unpaired t-test or ANOVA with Bonferroni post-hoc
analysis as indicated in the text. Data are reported as
average±standard deviation with p-value<0.05
considered statistically significant. Number of inde-
pendent replicates are indicated in the text.

Results

Nanotextured PDMS
Silicon wafers are commonly used in soft lithography
to create microfluidic channel features and PDMS is a
chemically inert, optically transparent, and ubiquitous
material in microfluidic applications [34]. To create
nanotextured surfaces without requiring specialized
equipment, we used a replica molding technique with
the unpolished backside of a siliconwafer as a template
and PDMS as the fabrication material. The molding
process transferred the intrinsic nanotexture from the
unpolished wafer (Rq =702 ±73 nm) to the PDMS
polymer. As shown in figure 1, the topographical
features of nanotextured surfaces were imaged via

SEM and compared with plain PDMS surfacesmolded
from the polished side of a silicon wafer. AFM was
used to measure the surface roughness of the plain
PDMS (inset to figure 1(a)). The roughness of the
nanotextured surface was beyond the measurement
limit of the AFM and profilometry was used to assess
the roughness of the surface (see profile in figure S3).
Rq for nanotextured and plain PDMS was found to be
682±102 nm and 3.7±1.5 nm, respectively (p<
0.05, n=8).

Obtaining Rq values equivalent to our method
using conventional additive or subtractive nanofabri-
cation techniques involves processing steps that must
be optimized for every material (e.g. silicon, glass, or
polymer), and caremust be taken to account for differ-
ences in resulting surface compositions. RIE, nano-
particle coating, electrospinning and other deposition
methods have been used to create nanotexture from20
to 200 nm andmultiple rounds are required to achieve
the equivalent roughness of our molding process. The
replica molding from the backside of a silicon wafer is
a simple, one-step process that can be done in any
laboratory. If other Rq values are desired, the backside
of the silicon wafer can be modified to expand the
range of nanotexture transferred to the polymer dur-
ing replica molding. For example, anisotropic etching
of the silicon wafer can create surfaces with higher Rq

while dry-etch methods can be used to decrease Rq.
Although additional processing is required, the result-
ing backside silicon surfaces can be used indefinitely as
templates outside of a nanofabrication laboratory.

Effect of nanotexture on surface area
To calculate the increase in surface area resulting from
a two-order of magnitude enhancement in Rq, a
triangulation-based image analysis techniquewas used
as described by Necas et al [35]. In this approach, an
image of each surface was calibrated with measured
surface roughness and the individual pixel intensity of
the two-dimensional image was used to calculate the
topographic parameters. Four adjacent pixels were
chosen on the surface with a common corner at the
center. The intensity of the center corner was approxi-
mated to be the mean intensity of the four points, and
rectangular pyramid shape was formed; the corresp-
onding surface area was calculated from the four
lateral triangles. The total surface area for the plain and
nanotextured PDMS was found to be 0.034 and
0.063 mm2 for the same footprint of 200 μm×
172 μm, corresponding to an 85% increase in surface
area (details of the calculations are given in the
supplementarymaterial).

PDMS is an intrinsically hydrophobic material
(θc= 110°), while the thiol functional group is slightly
polar. Contact angle measurements showed that
nanotextured PDMS (θnanotextured =49.7°±3.6)
became more hydrophilic after thiol functionalization
compared to plain PDMS (θplain =61.3°±6.8) (see
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supplementary figure S2); the ∼20% decrease in con-
tact angle of thiol-functionalized surfaces can be
attributed to the increased surface area and corresp-
onding increase of surface-bound thiol groups [36].
Thiol groups were used to attach neutravidin mole-
cules to the surface to create a versatile method to
functionalize a surface using biotin conjugated
reagents (e.g. antibodies, proteins, or aptamers).

Nanotexture and surface composition
We used energy-dispersive spectroscopy (EDS) analy-
sis to verify that molding from the backside of a silicon
wafer did not alter the composition of the resulting
nanotextured PDMS (table 1). The molecular weight
of Hydrogen (H) was too small to be detected with
EDS and the trace aluminum (Al)was attributed to the
sample holder. Our data showed no significant change
in composition between the plain and nanotextured
PDMS. In contrast to other texturing methods (e.g.
CVD, chemical etch, electrospinning), our simple
replica molding technique allowed us to transfer
texture to the bulk material without altering the
surface composition.

Integration of nanotextured PDMS into
microfluidic architecture
Microfluidic devices used for cell culture studies are
typically permanently bonded together (i.e. channel
feature layer attached to culture surface) using chemi-
cal modification or mechanically assembled with
screws or retaining clips. To simplify integration
efforts we utilized a modular platform, which con-
tained a magnetic latching mechanism, to enable self-
aligned, tool-free sealing and resealing of microfluidic
devices (see figure 2). Replica molded PDMS sub-
strates (nanotextured or plain) were sealed against a
PDMS slab that contained microfluidic channel fea-
tures using a two-piece PMMA housing assembly with
magnets of opposite polarity embedded in each layer
[37]. The magnets enabled a simple, self-aligned
compression seal and could be easily disassembled and
reassembled as needed.Magnetic latching also allowed
easy access to cells within the device and facilitated a
simplified process for isolating cells and nucleic acids
for downstream analysis.

Nanotexture for enhanced cell adhesion
We hypothesized that the increased surface area on
nanotextured PDMS would lead to enhanced cell–
surface interactions resulting in stronger cell attach-
ment compared to plain (non-textured) PDMS. To
test this, PDMS surfaces were functionalized with an
anti-EGFR antibody within the reversibly sealed
SEAM platform. SEAM allowed easy integration of
nanotextured PDMS and enabled controlled applica-
tion of fluid shear stress. EGFR is upregulated in
several cancer types and is a common target for cancer
cell capture. A human non-small lung cancer cell line,
A549, was used to investigate possible enhancements
in cell attachment strength. These cells were chosen
because they have relatively low expression levels of
EGFR compared to other cancer cell populations such
as A431 and human glioblastoma [38–40]. Cells with
overexpressed EGRF are likely to have more pro-
nounced interactions with antibody-functionalized
surfaces while cells with moderate expression could
highlight the influence of functionalized nanotextured
surfaces on cell attachment.

A549 cells (average density of 200 cells mm−2)
were allowed to attach onto anti-EGFR antibody func-
tionalized PDMS surfaces and exposed to different
shear stresses ranging from 0–50 dyne cm−2 within
SEAM. The number of cells remaining in the channel
after exposure to shear stress was fit to a 4-parameter
sigmoidal curve (figure 3(a)). Equations are presented
in the supplementary materials. The average shear
stress required to detach 50%of cells from the two sur-
faces, τ50%, was compared (figure 3(b)).We found that
26%±5% higher τ50% was required to detach A549
cells from functionalized nanotextured PDMS versus
plain PDMS. These results can be attributed to the lar-
ger capture area and higher density of antibodies on
the surface. Assuming a hexagonal close-packed neu-
travidin layer [41] we estimated the neutravidin sur-
face density on plain and nanotextured PDMS to be
1.36×109 and 2.5×109 per mm2, respectively. A
biotin–fluorophore conjugate was used to verify the
increased presence of neutravidin on the nanotextured
surfaces (supplementary figure S4).

Nanotexture for enhanced cell capture
Based on the cell adhesion results demonstrating
increased cell–surface interactions, we hypothesized
that nanotextured PDMS surfaces would exhibit
enhanced selective cancer cell capture compared with
plain PDMS. To test this hypothesis, A549 cells were
(1) incubated on the PDMS surfaces for 20 min
followed by (2) a wash at flow rate (Q) of 100 μl min−1

and (3) captured cells were imaged with a fluorescence
microscope. An illustration of the cell capture experi-
ment is shown in figure 4(a). Figure 4(b) shows
representative images of cells captured on functiona-
lized nanotextured and plain surfaces. Images of
fluorescently labeled cells were superimposed on

Table 1.Elemental analysis of plain and nanotextured PDMS
(C2H6OSi)n.

Element Plain PDMS (wt%) Nanotextured PDMS (wt%)

C 46.1±0.31 45.07±0.31
Si 24.96±0.17 26.31±0.16
O 28.35±0.25 28.05±0.24
Al 0.57±0.09 0.57±0.04
Total 100.00 100.00
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optical images of the underlying surface to highlight
texture. Figure 4(c) summarizes the cell capture
results.

From these experiments, a 71%±19% increase
in cell capture was observed on the nanotextured
PDMS compared to the plain PDMS with statistically
significant differences (p-value<0.05, n=4). To
confirm that these observations were due to increased
contact between cells and antibody functionalized sur-
faces and not from physical trapping of cells on nano-
textured surfaces (Rq∼680 nm), PDMS substrates
were functionalizedwith non-targeting antibodies iso-
type-matched to anti-EGFR antibodies. If physical
trapping played a significant role in capture we would

expect to see an increase in the number of cells non-
specifically attached to the nanotextured surface
compared to a plain PDMS surface. Capture experi-
ments with non-targeting isotype-matched antibodies
showed no statistical differences (p-value=0.15)
between the number of cells captured on plain and
nanotextured surfaces. Thus, we concluded that the
increased capture could be attributed to the specific
interactions between the antibody functionalized
nanotextured PDMS and the EGFRon the cell surface.

We used a neutravidin–biotin functionalization
scheme because it is a versatile and commonly used
approach to immobilize antibodies to a surface
that can be easily replicated. The small amount of

Figure 3. (a)Cell attachment as a function ofwall shear stress. Dashed line represents the 50% cell detachment threshold. The
experimental datawere fittedwith a 4-parameter sigmoidalfit (coefficient of determination,R2>0.99 for both data series). The
reduced chi-square values for thefitted curves were 2.3 and 2.0 for plain and nanotextured PDMS, respectively. (b) Shows the average
shear stress required to detach 50%cells captured on functionalized plain PDMS (24±0.4 dyne cm−2) and nanotextured (30±
0.7 dyne cm−2)PDMS; (*p-value<0.05, n=4).

Figure 4. (a) Schematic showing cell capture process. Surfaces are incubatedwithA549cells andwashedusing a syringepump.
(b)Representativefluorescent images of capturedA549 cells onnanotextured (top) andplain PDMS (bottom); scale bar is 100 μm.
Fluorescent imagesofA549 superimposedonbright-fieldmicrographsof the respective surfaces for visualization. (c)Density of captured
A549 cells onanti-EGFRand isotype control functionalizedplain andnanotexturedPDMS.TheA549cell densities (averagenumberof
cells mm−2)on anti-EGFRantibody functionalizedplain andnanotextured surfaceswere85±14 and148±37 cells mm−2,
respectively; cell densities on isotype controlplain andnanotexturedPDMSsurfaceswere 4±2 and 7±3 cells mm−2;
(*p-value<0.05,#p-value=0.15).
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non-specific cell attachment could be related to elec-
trostatic interactions between the neutravidin surface
and the cellular membranes and these effects could be
further reduced by (i) incorporating hydrophilic poly-
ethylene glycol (PEG) chains as linkers between the
antibody and the biotin molecule and/or by (ii) intro-
ducing PEG-biotin molecules in the channel after
antibodies are attached to block unoccupied biotin
binding sites.

Selective capture of cancer cells on nanotextured
surfaces fromamulti-cellmixture
In clinical samples, cancer cells are captured from
blood samples that include red blood cells, white blood
cells, epithelial, and endothelial cells. We explored the
ability to selectively capture cancer cells from a back-
ground cell population by creating a∼1:1 (47%–53%)
mixture of A549 and HUVEC, respectively. The cell
mixture was introduced onto the functionalized
nanotextured surface within SEAM platform (initial
seeding density =150 cells mm−2). HUVECs were
chosen because they have very low expression of EGFR
on the cell membrane [42]. A schematic illustration
of the experiment is shown in the figure 5(a) and a
representative multi-color fluorescence image of
the cell mixture (green A549, orange HUVEC) on
the surface before and after washing is shown in
figure 5(b).

Results showed that the fraction of A549 cells on the
nanotextured surface increased from47%at initial intro-
duction to 93% after the attachment and wash steps
as shown in figure 5(b). Capture data are summarized
in figure 5(c). Average cell densities of A549 cells
and HUVECs were 52±4.1 cells mm−2 and 4±
0.7 cells mm−2, respectively, andANOVA showed statis-
tically significant differences in cell capture between the
two types of cells. After washing, 74% of cancer cells and
5%ofHUVECs remainedbound to the anti-EGFR func-
tionalized surface.HUVECsmay have been bound to the
surfaces due to (i) interactions between the low expres-
sion of cell-membrane EGFR and high-density of anti-
EGFR antibody on the nanotextured surface [39, 43], or
(ii) interactions between the captured cancer cells and
E-selectin and P-selectin on the HUVECs [44–46]. We
also observed that 1±0.2 cells mm−2 were attached to
the isotype control surface. This non-specific attachment
could be due to electrostatic interactions with the
surfaces. In addition to increased cell attachment
(figure 4(c)), nanotextured PDMS was able to enrich
cancer cells from a mixed cell solution using nano-
texturedPDMS in theSEAMplatform.

Simplifiedworkflow for nucleic acid isolation from
captured cells
An important capability in cell capture devices is easy
access to cells and nucleic acids for downstream
analysis (e.g. clonal expansion, fluorescence in situ

Figure 5. (a) Schematic of cell capture specificity experiments. Nanotextured surfaces are incubatedwithmixture of A549:HUVEC at
1:1 ratio andwashed using a syringe pump. (b)Representative fluorescent images of the cellmixture before (left) and after wash
(right); green cells are A549 cells and red areHUVECs; scale bar is 100 μmfor both images. (c)Graphical representation of average cell
densities of A549 cells andHUVECs on anti-EGFR and the control surfaces after the wash step. Average A549 andHUVEC cell
densities on anti-EGFRmodified surfaces were 52±4.1 and 4.0±0.7 cells mm−2 respectively. The average number of cells captured
on isotypemodified surfacewere 1±0.2 cells mm−2. (*p-value=0.0001, **p-value=0.005, ***p-value=0.0001; n=3.)
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hybridization, gene expression, and sequencing) to
determine the type of primary tumor and monitor
disease progression [47, 48]. Microfluidic cell capture
devices are typically formed by permanently bonding
the channel network to the capture surface, and access
to the captured cells and nucleic acids is only possible
by flowing fluid through the channel. With the
magnetic latching used in SEAM, the channel and the
surface can be quickly decoupled to provide open
access to the captured cells. For nucleic acid isolation,
the flexible PDMS surface (and captured cells) can be
removed from the device and transferred directly to a
commercially available nucleic acid isolation work-
flow. Direct transfer can limit sample losses since the
entire cell population is transferred without requiring
flow-based sample handling or collection. As shown in
figure 6, we extracted nucleic acid from captured cells
and compared the isolation yield from flow-based in-
channel lysis to our direct transfer method. Cells were
captured in individual devices and half were selected at
random for in-channel lysis of cells while the remain-
ing devices were used for direct transfer of nanotex-
tured surfaces to the lysis buffer. For in-channel lysis, a
syringe pumpwas used to flow lysis buffer through the
channel and collected in a tube. In the direct transfer
method, the flexible PDMS surfaces were removed
from the device and transferred directly into an
equivalent volume of lysis buffer in a collection tube.
The lysate was then processed using a Zymo extraction
kit according to the manufacturer’s instructions. The
nucleic acid yield and purity were measured with a
Nanodrop spectrometer.

Results showed that approximately twice as much
nucleic acid was extracted from the direct transfer
method (1523±225.9 ng, A260/280 =2.03±0.02)
compared to in-channel lysis (647±5.7 ng, A260/280=
1.99±0.08) with statistically significant differences
(n=5, p-value<0.05). For the normalization of data
in figure 6(c) the number of cells equivalent to the initial

cell seeding density was pipetted directly from cell sus-
pension into lysis buffer. The data are presented as the
extraction efficiency with respect to the control. The
extraction efficiency of direct transfer and in-channel
method was 80% and 35%, respectively. The purity of
the extracted nucleic acid between the methods was
comparable, but the direct transfer method was simple
to implement and did not require sample handling or
fluid manipulation. The straight channel used here
represented a conservative extraction because more
complicated branched networks can lead to sample los-
ses from dead volumes, external tubing, and large sur-
face area-to-volume ratios found in microfluidic
channels. The open cell access enabled by SEAM simpli-
fied the experimental workflow for cell processing
required for downstream analysis. Taken as awhole, our
simplified nanotexture fabrication technique and
microfluidic integration approach aims to eliminate the
entry barrier for researchers interested in exploring the
interactions between nanotextured surfaces and target
cells.

Discussion

The goal of this workwas to present solutions to enable
researchers to create nanotextured substrates and
easily integrate them into microfluidic systems to
support applications where cell-surface interactions
play an important role. Using a simple fabrication
scheme that can be carried out in any laboratory, our
capture capabilities were comparable with other
techniques that required specialized equipment and
complex fabrication processes (71% increase vs
85-100% increase) [1, 9, 23, 49]. We anticipate that
optimized surface functionalization approaches will
improve our capture capabilities. The replica mold-
ing-based fabrication of nanotextured surfaces enables
rapid iteration of surface modification approaches to

Figure 6. (a)Nucleic acid extraction from captured cells using in-channel lysis. The dotted line represents flowpath for the lysis buffer
and sample collection. (b)Cell lysis with direct transfer of captured cell fromnanotextured PDMS surface into lysis buffer. (c)
Comparison of nucleic acid extraction efficiency using the twomethods. The data is normalized to the amount of nucleic acid directly
extracted from a cell suspension. (*p-value<0.05; n=5.)
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improve capture. Conventional nanofabrication tools
are compatible with a variety of hard materials (e.g.
metal, glass, or polymers), but soft biological materials
pose a processing challenge; the backside molding
approach used here can be applied to create defined
nanotexture on polymers, synthetic hydrogels, and
biological gels. We utilized a common neutravidin–
biotin functionalization scheme to immobilize anti-
bodies to the capture surfaces. This approach can be
advanced to target a wide range of cancer cells through
the simple addition of multiple biotinylated antibo-
dies. This method is also amenable to other reagents
such as RNA and DNA aptamers, or ECM proteins.
The versatility of our approach opens the door for
studies exploring the combined effects of nanotopo-
graphy, substrate stiffness, and cell-protein interac-
tions to control stem cell differentiation, cell adhesion,
and migration. The molding technique is also a highly
scalable and cost-effective approach to quickly create
nanotextured surfaces at the benchtop to support
proof of concept studies and is compatible with a
variety of other mold fabrication techniques including
3Dprinting.

The SEAM platform is designed to simplify inte-
gration of microfluidics and nanotextured substrates.
Although our proof of concept uses a single micro-
fluidic channel and a static cell incubation, through-
put can be increased with a branched fluidic channel
network and chaotic advection features can be intro-
duced to the channel roof to improve cell–surface con-
tact during flow-based sample introduction. The
removable assembly provides easy access to captured
cell populations for processing and downstream ana-
lysis. SEAM enables the transfer of the entire captured
cell population with minimal sample handling and
fluidic manipulation; direct access to captured cell
population provides a convenient approach for clin-
icians and life-science researchers to perform a variety
of post-capture analysis without requiring potentially
problematic liquid handling.

Conclusions

We have presented a simple molding process to create
nanotextured substrates and introduced an easy to
use platform to integrate nanotextured substrates into
microfluidic architecture. We also demonstrated applic-
ability in studies involving cell–surface interactions.With
antibody functionalized nanotextured PDMS, we were
able to improve cell capture compared to non-textured
PDMS surfaces. We used the nanotextured surface
to capture cancer cells from a mixed population. The
modular assembly provided open access to captured
cancer cell population for downstream analysis; nucleic
acid extraction from the captured cancer cells using our
approach showed higher isolation efficiency compared
to conventional in-channel flow-based extraction
method. The accessible nature of this research platform

provides numerous opportunities to explore the effects
of nanotexture on cell adhesion, cell capture, and other
phenomena controlledby cell-surface interactions.
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SUPPLEMENTARY 

Replica molding process 

 

Figure S1. Workflow of replica molding (a-c). (a) Backside of silicon wafer is used as the master for the 

nanotextured PDMS. A PMMA cavity is used to control of the thickness of the PDMS block. (b) PDMS is 

poured in the PMMA cavity and a transparent mylar sheet is used at the top to maintain a flat surface on 

the other side. (c) Cured nanotextured PDMS block is released from the master. (d) Neutravidin is 

immobilized on the nanotextured PDMS through silane-thiolation. Later, biotinylated antibody is attached 

to the neutravidin on the surface. (e) Integration of nanotextured PDMS into reversibly sealed easy access 

modular (SEAM) microfluidic platform.  
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Contact angle measurements 

 

Figure S2. Water contact angle measurement of flat and nanotextured PDMS surface before and after 

silanization process. The contact angle (qc > 90°) of untreated plain and nanotextured PDMS suggest a 

hydrophobic material. Thiol functionalization changed both of the surface property to hydrophilic (qc < 

90°). Because of the increased surface area on nanotextured surface, the thiol functionalization made 

nanotextured PDMS more hydrophilic (qnanotextured = 49.7° ± 3.6) compared to plain PDMS (qplain = 61.3° ± 

6.8) as is shown by the contact angle measurements. 
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Surface Topography Profile 

 

Figure S3. Surface roughness profile of plain and nanotextured PDMS measured by profilometry. The scale 

in vertical axis of the two profiles represent the difference in surface roughness. The root mean square 

(RMS) roughness (Rq) of nanotextured and plain PDMS was 682 ± 102 nm and 3.7 ± 1.5 nm, respectively 

(p < 0.05, n = 8).  
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Comparison of Neutravidin Concentration 

 

Figure S4. Fluorescence intensity of biotin-atto-488 conjugated on neutravidin and control functionalized 

plain and nanotextured PDMS. All the values are normalized with respect to average fluorescence intensity 

on plain PDMS. The average fluorescence intensity on neutravidin functionalized plain and nanotextured 

PDMS surface were 4.67 ± 0.32 and 5.7 ± 0.24, respectively; Fluorescence intensity on control plain and 

nanotextured PDS surfaces were 1 ± 0.14 and 1 ± 0.09 (*p < 0.05, #p = 0.96, n = 3). The presence of 

nanotexture increased surface area and helped to accommodate more number of neutravidin molecules on 

the surface. 

Surface Area Calculations 

The surface area was calculated by the following method. Four neighboring points (z1, z2, z3, 

z4) with pixel dimension hx and hy along corresponding axes were chosen. An additional point was assumed 

at the center of the rectangle with the mean value of corner pixels. Thus, four triangles were formed and 

the surface area was approximated by summing their areas. The area of one of the top triangles and 

eventually the surface area was calculated with the following formula: 
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𝐴 = 𝐴"# + 𝐴#/ + 𝐴/0 + 𝐴0" 

Shear Stress Simulation 

A COMSOL simulation was performed to simulate wall shear stress within the microfluid channel 

(L = 10 mm, W = 1 mm, H= 0.1 mm) under different flow rates. Results are shown in Table S1. 

Table S1. Simulated wall shear-stress as a function of flow rate 

Flow rate (µl/min) Shear stress (dyne/cm2) 

10 0.77 

50 3.87 

100 7.74 

200 15.47 

 

Cell adhesion improvement and cell capture enhancement calculation 

The threshold shear stress required to dislodge 50% of captured cells, was denoted as t50%. We calculated 
t50% for both nanotextured (τ50%,nanotextured) and plane PDMS (τ50%,plane) surface. Then the cell adhesion 
improvement was calculated with the following equation 

Percent	increase	in	threshold	shear	stress	 = 	
𝜏@A%,DEDFGH-GIJHK − 	𝜏@A%,LMNOP

𝜏@A%,LMNOP
	𝑥	100% (Eq. S1) 

Cell capture improvement on functionalized nanotextured PDMS versus plain PDMS was calculate using 
the following equation. 

Percent	increase	in	cells	captured	 = 	
𝑁DEDFGH-GIJHK − 𝑁VWEXD

𝑁VWEXD
	𝑥	100% 

(Eq. S2) 

Where, Nnanotextured and Nplain is the number of cells is the number of cells capture per mm2 
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Four-parameter curve fitting 

The following equation was used in 4-parameter sigmoidal fit.  

𝑦 = 𝐴 +
𝐵 − 𝐴

1 + 10[
𝑥

\ 
(Eq. S3) 

Where, x and y are the independent and dependent variable; the 4 fitting-parameters are, A = Final 
asymptote, B = Initial asymptote, C = Point of inflation, and D = Slope. 

The reduced chi-squared value was used to compare the goodness of fit.  

𝑟𝑒𝑑𝑢𝑐𝑒𝑑	𝑐ℎ𝑖 − 𝑠𝑞𝑢𝑎𝑟𝑒	cn
# =

c#

n
, 

𝑐ℎ𝑖 − 𝑠𝑞𝑢𝑎𝑟𝑒, c# =
𝑂X − 𝐶X #

sX#
, 

𝑑𝑒𝑔𝑟𝑒𝑒𝑠	𝑜𝑓	𝑓𝑟𝑒𝑒𝑑𝑜𝑚, n = 𝑛 − 𝑚 

Where, n=degree of freedom, n= number of observations, m=number of fitted parameters, s=variance, 
O=Observations, C=Calculated data. 
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