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Abstract

Liquid biopsies are becoming popular for managing a variety of diseases due to the minimally
invasive nature of their acquisition, thus potentially providing better outcomes for patients.
Circulating tumor cells (CTCs) are among the many different biomarkers secured from a liquid
biopsy, and a number of efficient platforms for their isolation and enrichment from blood have
been reported. However, many of these platforms require manual sample handling, which can
generate difficulties when translating CTC assays into the clinic due to potential sample loss,
contamination, and the need for highly specialized operators. We report a system modularity chip
for the analysis of rare targets (SMART-Chip) composed of three task-specific modules that can
fully automate processing of CTCs. The modules were used for affinity selection of the CTCs
from peripheral blood with subsequent photorelease, simultaneous counting, and viability
determinations of the CTCs and staining/imaging of the CTCs for immunophenotyping. The
modules were interconnected to a fluidic motherboard populated with valves, interconnects,
pneumatic control channels, and a fluidic network. The SMART-Chip components were made
from thermoplastics via microreplication, which lowers the cost of production making it amenable
to clinical implementation. The utility of the SMART-Chip was demonstrated by processing blood
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samples secured from colorectal cancer (CRC) and pancreatic ductal adenocarcinoma (PDAC)
patients. We were able to affinity-select EpCAM expressing CTCs with high purity (0-3 white
blood cells/mL of blood), enumerate the selected cells, determine their viability, and
immunophenotype the cells. The assay could be completed in <4 h, while manual processing
required >8 h.

Graphical Abstract

Keywords

affinity enrichment; circulating tumor cells; immunophenotyping; impedance sensing; integrated
modular system; microfluidics; liquid biopsy

Liquid biopsies are generating significant interest in the medical community due to their
minimally invasive nature of acquisition and the fact that they can enable decisions on
managing a variety of diseases (/.e., precision medicine).12 Liquid biopsy markers include,
but are not limited to, rare cells such as circulating tumor cells (CTCs), cell-free molecules
for example, cell-free DNA (cfDNA) and microRNA (miRNA), and extracellular vesicles
(EVS).

Analyzing liquid biopsy markers can be challenging due to the multiple processing steps
involved in the assay and the low mass of the marker that is typically isolated from a clinical
sample, especially for early stages of the disease. For typical liquid biopsy assays, the
relevant markers must first be enriched from the sample because in most cases they are a
vast minority in a mixed population. Following the enrichment, the liquid biopsy markers
must be further analyzed to secure the necessary clinical information to guide patient
management. For example, in the case of CTCs, the enriched cells must be stained with a
panel of markers (/.e., CD45, pan-cytokeratins, and DAPI) for immunophenotypic
identification. Typically, this is done by off-loading the enriched sample. Due to the low
abundance of liquid biopsy markers (CTCs in patients’ blood can range from 1 to 1000
CTCs per mL),3* marker loss or contamination caused by manual sample handling during
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multiple processing steps may result in false negative/positive results and the need for well-
trained operators that can hamper the transition of liquid biopsy assays into the clinic.

Several new microfluidic technologies have been reported for the enrichment of liquid
biopsy markers. For example, enrichment of CTCs can utilize different techniques such as
deterministic lateral displacement (DLD) or inertial focusing,> size-based filtration,”8 or
affinity selection.®-11 Unfortunately, enrichment microfluidics is typically the only step that
the chip performs. Thus, there is a need for process step integration so that all of the
necessary assay steps can be performed without requiring operator intervention to obviate
issues associated with sample loss and contamination as well as minimizing the need for
highly trained operators.

Integrated microfluidic systems can be broadly categorized into centrifugal, monolithic, and
modular systems. Centrifugal systems consist of a compact disk-like format with fluidic
channels and chambers that use centrifugal forces to manipulate fluids.12-14 Centrifugal
microsystems have been developed for CTC isolation.1>-17 Potential challenges are related
to the limited space restricting the number of operational steps that can be integrated into the
system.18.19 |n a monolithic configuration, multiple functional units are situated on a single
wafer.20-22 Therefore, modifications or changes in the processing steps require redesigning
the entire system.23 Monolithic systems have been reported for CTC analysis.24-26 For
example, a CTC affinity isolation strategy was combined with size-based separation.2’-2% A
modular configuration consists of a set of task-specific modules integrated together using a
fluidic motherboard.39-34 Modular systems have also been reported for CTC analysis.35-37
The ability to be reconfigured to match the application need, selection of materials specific
to optimize the performance of each module, and the selection of a fabrication protocol
appropriate for the module have made modular microfluidic systems attractive for clinical
assays.33

We report a system modularity chip for the analysis of rare targets (SMART-Chip), which
contained three task-specific modules connected to a fluidic motherboard that can be used
for the comprehensive analysis of liquid biopsy markers secured from clinical samples using
CTCs as an example. Three task-specific modules consisted of a CTC enrichment module,
impedance module, and imaging module. The SMART-Chip could perform the following
steps: (i) affinity-select CTCs; (i) release of the enriched biomarkers using a photocleavable
(PC) linker;38 (iii) counting of the released cells using an impedance sensor that also
determined cell viability; and (iv) immunophenotyping.3?

The CTC enrichment module consisted of an array of high-aspect-ratio sinusoidally shaped
microchannels arranged in a z-configuration? and provided high cell recovery (>80%) with
exquisite purity (>85%).41 The impedance module counted unlabeled single cells passing
through a pair of electrodes to assess their viability and count them. The imaging module
was used to physically entrap the enriched cells against pore structures, stain, and image the
cells for phenotypic identification.3° The modules were connected to a fluidic motherboard,
while valving structures present on the motherboard were programmed to direct the fluids
precisely through the microchannels to automate sample processing.
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We previously reported a microfluidic system for the enrichment of CTCs directly from a
patient’s blood sample and their subsequent immunophenotyping.37 In that example, a series
of microfluidic chips were connected via capillary tubing, which required plugging/
unplugging different units during the assay that significantly complicated system operation.
This was obviated in the present report by using membrane-based valves on a fluidic
motherboard to control operation to minimize the need for operator intervention during the
assay.

To establish the proof of concept of the SMART-Chip, healthy donor blood spiked with
cancer cells (SKBR3) was analyzed by the system. Clinical validation of the system was
performed by processing blood samples obtained from CRC and PDAC patients. The
SMART-Chip enabled enrichment and post-enrichment analysis in a closed environment to
minimize sample loss and contamination with no operator intervention required except for
sample addition. Moreover, the SMART-Chip was made using thermoplastics via
microreplication. Thus, the system can be mass-produced with high compliancy,*2 making it
appropriate for one-time use applications as required for /n vitro diagnostics. An additional
benefit of the modular system we report herein is that the individual modules can also be
used as standalone units.

RESULTS AND DISCUSSION

A picture of the SMART-Chip is shown in Figure 1. It contained three task-specific
modules: affinity selection module for CTCs isolation using antibodies attached to the walls
of the sinusoidal channels via a PC linker and their subsequent release using blue light,
single-cell impedance sensor module, and imaging module. The imaging module was made
from PDMS via soft lithography and covered with a thin glass plate. The other two modules
were made from a thermoplastic. The CTC selection module was made from COC because
COC offers high loading of antibodies following UV/O3 activation of the COC that results in
high target cell recovery.*® The impedance module was made from PMMA but could have
been made from any thermoplastic. Both modules were produced via hot embossing. The
fluidic motherboard was made from PMMA by direct high-precision micromilling. In the
following sections, a description of the design and performance of the fluidic motherboard
and task-specific modules are provided.

Fluidic Motherboard.

The fluidic motherboard performed the following functions: (i) a structural element to which
all task-specific modules were connected,; (ii) a path for transferring fluidic information to
the task-specific modules; (iii) ports for sample and reagent introduction; and (iv) valving
for precise directional fluid flow through the integrated system during the assay.

The fluidic motherboard consisted of three layers (Figure 1A). The fluidic network layer (i)
was made from PMMA and also contained the valve seats. The pneumatic layer (iii), which
was also made from PMMA, contained control lines and displacement chambers for valve
actuation. Finally, the middle layer (ii) was made from a PDMS elastomer and served as the
membrane for the 11 valves situated on the motherboard. The three layers were assembled
after modifying their surfaces with UV/03.43
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Modules were connected to the fluidic motherboard (Figure 1B,C) using interconnects,3!
which consisted of conical receiving ports in the motherboard and modules (Figure S1A,B)
and Tefzel tubing, which was inserted into mating ports on the modules and motherboard to
create the fluidic connection (Figure S1C) with minimal unswept volume (measured value
~20 nL, which was <1% of the total interconnect volume; Figure S1D).*4

The valves incorporated into the SMART-Chip were normally closed, and we could apply
additional pneumatic closing pressure to keep the valve closed under high volume flow rates.
43 Applying vacuum to the control layer changed the position of the PDMS membrane to
open the valve (Figure S2A). We prepared a single valve unit (Figure S2B) into a PMMA
substrate and evaluated its performance by measuring the outlet flow rate at different
forward pressures (Figure S2C). The valve was operated under two different pneumatic
closing pressures, 25 and 35 kPa. At 25 kPa pneumatic closing pressure, the valve was able
to impede the fluid passage until the forward fluidic pressure reached 40 kPa (Figure S2D).
At 35 kPa closing pressure, the valve was able to hold the forward fluidic pressure up to 60
kPa without leakage (Figure S2E).

CTC Selection Module.

The CTC selection module has been reported previously by our group and consisted of an
array of sinusoidal microchannels (150 4m depth; 25 gm width, 30 mm length; Figure 2A).
41 The attractive nature of this design is that it can process whole blood directly yielding
high recovery of CTCs with high purity.*° The selection module was replicated in COC
because this material has excellent optical properties that enable efficient UV/O3 activation
of the high-aspect-ratio microchannels for high loads of antibody onto the activated channels
using the PC linker40 as well as high transmissivity in the blue region of the electromagnetic
spectrum to allow for efficient CTC release.38

An array of 50 sinusoidal microchannels were organized in the so-called zconfiguration. In
this arrangement, inlet and outlet channels were positioned orthogonal to the sinusoidal
micro-channel array. We have demonstrated that uniform translational velocity in the
sinusoidal channels is required for high CTC recovery because the cell velocity must be
close to an optimal value based on the binding kinetics of the antigen—antibody pair as well
as the delivery rate of CTCs to the surface-bound antibodies.*14> Uniformity of the flow
depends upon the proper design of the inlet/outlet channels (Figure 2B).46 COMSOL
simulations showed that tapered inlet/outlet channels provided uniform cell translational
velocity within the sinusoidal channels compared to nontapered inlet/outlet channels.4”

COMSOL simulations showed that a cell traveling close to the channel wall had a reduced
linear velocity as compared to distances further from the wall due to fully developed laminar
flow (Figure 2C), which increased the probability of antigen—antibody interaction. The
centrifugal force acting on a 16 gm diameter cell at a velocity of 3 mm/s traveling through a
sinusoidal channel having a radius of curvature of 125 xm (at the apex of the curve section)
was calculated to be 0.162 pN.#’ This centrifugal force caused the cell to be pushed toward
the wall, which increased its interaction probability with the surface-bound capture
antibodies. Moreover, as the cell traveled through alternating curves, the force acting on the
translating cell resulted in a net centrifugal force being directed toward the channel walls.
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However, the lift forces generated by the channel walls directed the cells away from the
wall. The two opposing forces resulted in a net force toward the sinusoidal channel wall due
to the higher centrifugal forces (Figure 2D).

CTCs were affinity-selected using the appropriate antibody, such as anti-EpCAM antibodies.
UV/O3 treatment generated surface-confined carboxylic acid groups that can react with
primary amine containing entities using EDC/NHS chemistry#849 and a Coumarin-based
heterobifunctional PC linker (Figure 2E). The anti-EpCAM-PC linker selects CTCs with
high recovery (73%) and purity (>85%). The affinity-selected CTCs were released for
downstream analysis rapidly (2 min) and efficiently (>90%) by exposing the selection
module to blue light (Amax = 412 nm, 32 + 4 mW/cm?). Visible blue light as opposed to UV-
light was used to minimize any damage to the nucleic acids contained within a CTC.50:51

Impedance Sensor Module.

Impedance sensing can be used as a label-free strategy for the detection of single cells.#:
The impedance sensor module consisted of a single fluidic channel and two Pt electrodes
placed into microchannels positioned orthogonally to the fluidic channel (Figure 3A). At
low waveform frequencies (<100 kHz), cells are treated as insulating particles due to high
cell membrane resistance and a signal produced by the passage of an intact cell through the
detector can be expressed as:52:53

n:d3c

AR = (pc - Pm)T
4A%]

where AR is the change in resistance between the electrode pair, o is the resistivity of the
cell, p is the resistivity of the medium, a is the cell diameter, and A,y is the area of the
electrodes. When no cell was present between the electrodes, the signal was proportional to
the resistance of the buffer. Every cell that has an intact cell membrane and passing between
the electrodes displaces a finite volume of the buffer. The volume displaced by a cell, which
has an intact cell membrane, has a higher resistance than the corresponding volume of the
buffer alone producing a positive impedance signal in our case. When the cell membrane
was compromised, a lower resistivity than the buffer results in. Thus, the impedance signal
had a negative polarity (Figure 3B).

To verify that the polarity of the impedance signal was indicative of membrane integrity,
freshly harvested SKBR3 cells were suspended in 1x TG buffer. Cells were flowed through
the impedance module while recording the electrical signal (Figure 3C). The cells were
recovered following their passage through the impedance module, and their viability was
evaluated using cell viability fluorescent markers ethidium homodimer 1 (Eth-HD1) and
Calcein-AM. The results obtained from the impedance sensing and staining methods were
compared with the results shown in Figure 3D. The percentages of Eth-HD1-stained cells
were similar to the percentages of impedance negative signals with a Pearson correlation of
0.93 (n=3), and the percentages of Calcein-AM-stained cells were similar to the
percentages of impedance positive signals with a Pearson correlation of 0.93 (7= 3). Thus,
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impedance sensing can be used as a label-free strategy to count cells and at the same time
assess their viability.

Imaging Module.

The imaging module3® was composed of two interleaving feed channels interconnected
using an array of smaller channels positioned orthogonal to the feed channels (Figure 4A).
Once the glass cover slip was bonded to the PDMS substrate, the small cross channels and
the glass cover slip produced containment pores that could “entrap” cells larger than the pore
size. PDMS and glass were selected to fabricate this module due to the low autofluorescence
of glass and the simple Os/plasma treatment that can be used to bond the glass cover slip to
the PDMS substrate. CTCs released from the selection module traveled through the
impedance sensing module and were directed into the imaging module. CTCs, which are
larger than the pore sizes, were physically entrapped near the pores and could be stained
(DAPI, CD45, and pancytokeratins) and immunophenotyped for identification. This unique
architecture enabled simple and rapid immunophenotyping of CTCs because entrapped cells
were located within a common imaging plane and found at specific locations (7.e., near pore
structures).

Because the number of CTCs that can be affinity-selected from an epithelial cancer is
limited (1-1000 CTCs per mL), single bed imaging modules employed 2400 or 7200
containment pores were used in this study (Figure S3A). Figure 4B shows an SEM of the
fluidic network without a cover plate.

To establish the optimum design of the imaging module for CTC entrapment, we tested pore
structures with 4, 6, and 8 gm widths and a fixed pore height of 3.5 ym at a 20 gL/min flow
rate (Figure S3B,C). Live SKBR3 cells could be entrapped by the pores of 4 ym width
(Figure 4C) with an efficiency of 98.4 £ 2.8% (7= 3). Six and 8 xm pore structures retained
the live SKBR3 cells with an efficiency of 91.9 + 13.3% (n = 3) and 82.6 + 13.3 % (n = 3),
respectively. Due to the higher efficiency of CTC entrapment, we used a pore size of 4 /m in
this study.

Operation of the SMART-Chip.

Next, we evaluated the system’s ability to process whole blood spiked with CTCs. There are
four major control steps associated with the assay including whole blood processing (Figure
S4A), post selection wash (Figure S4B), impedance cell counting (Figure S4C), and
immunophenotyping (Figure S4D). Each step was successfully carried out by the correct
open/close state of the 11 valves as shown in Figure S4A-D. SKBR3 cells that have a high
expression of EpCAM (Figure S5A) were used as a model for the CTCs to initially evaluate
the operational capabilities of the SMART-Chip. Cells were spiked into healthy donor blood,
and the SMART-Chip was used to isolate, count, assess viability, and immunophenotype the
cells.

SKBR3 cell recovery (73%) was reported previously in the sinusoidal CTC selection
modules that used the PC linker to immobilize anti-EpCAM antibodies (lower recovery of
SKBR3 cells than of MCF-7 is due to differences in the EpCAM expression levels between
these two cell lines).38 Affinity-enriched SKBR3 cells (Figure S5B) were then photoreleased
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by exposing the cell selection module to blue light (400-450 nm) for 2 min. Photoreleased
cells were then directed through the impedance module and finally to the imaging module
while recording the impedance signal (Figure S5C). Cells were physically entrapped in the
imaging module, while the buffer solution passed to waste. Cells were then stained with
anti-CD45 antibodies following fixing, permeabilizing, and staining with pan-cytokeratin.
We counted 110 impedance signals in total, and all of them had a positive polarity (100%
viable cells). We observed 112 SKBR3 cells in the imaging module (DAPI (+), FITC-CD45
(-), and Cy3-pan-CK (+), Figure S5D). We did not observe any white blood cells (CD45 (+)
and pan-CK (-)) within the imaging module. In addition, we did not observe any DAPI (+)
cells in the fluidic paths of the motherboard or at the interconnects, which implied that the
SKBR3 cells were not trapped in or adhered to the fluidic network of the motherboard.

CTCs from Clinical Samples.

We isolated and enumerated CTCs from blood samples of patients diagnosed with metastatic
colorectal cancer (MCRC) and pancreatic ductal adenocarcinoma (PDAC) using the
SMART-Chip (see Table S1). Patients’ diseases were confirmed via computed tomography
(CT) a week before CTC analysis and prior to surgery and chemotherapy.

Following affinity enrichment, CTCs were photoreleased for cell counting and
immunophenotypic identification. In CRC patient 1, we were able to identify 7 impedance
signals in total (part of the impedance signal trace is shown in Figure 5A) and 9 CTCs after
immunophenotyping; this number falls within the range of CTCs we have enriched from
mCRC patients using anti-EpCAM mAbs.>* All of the impedance signals were positive in
polarity, which is in line with the fact that this patient had not received chemotherapy that
can compromise cancer cell viability.>* Since first diagnosis, the patient’s serum was tested
for carcinoembryonic antigen (CEA), a tumor marker predicting the treatment response and
survival;®® CEA levels in this patient’s serum were normal (0.7-1.0 ng/mL). While an
elevated serum CEA (>3 ng/mL) was found in 47% of CRC patients,>® for this patient, the
CEA test was not informative. In blood collected from CRC patient 2, we detected 4 CTCs
and all were determined to be nonviable based on the polarity of the signal from the
impedance sensor. The CTC test was performed 6 months following hiperthermic
intraperitoneal chemotherapy (HIPEC) administered to the patient following cytoreductive
surgery to eliminate residual cancer cells from the abdominal cavity. For this patient before
the cytoreductive surgery and HIPEC, we detected 5 times more CTCs (19 cells) than
measured here with 85% of CTCs being viable. Three weeks following surgery and HIPEC,
there was a significant switch in CTC viability as 85% of detected CTCs were identified as
nonviable.

In the metastatic PDAC patient, we detected 6 CTCs in the imaging module and 7
impedance signals. Four impedance signals were positive and three were negative in

polarity, suggesting a compromised viability of ~40% of CTCs. For this patient, CTC
analysis was performed at baseline (7.e., before chemotherapy). Typically, EpCAM (+) CTCs
in PDAC patients range between 3 and 105/mL.5*

We processed 2 mL of blood in these experiments, and 0-3 WBCs were observed following
immunophenotyping. The high purity observed in this study is not surprising because we
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process blood at 40 dynes per cm? shear rates that removes most white blood cells
nonspecifically bound to the wall of the CTC selection module, and also, after
photocleavage, those cells would most likely remain bound to the channel walls. The shear
force applied in the post-selection wash (13 dynes per cm?) does not affect the interaction of
CTC antigens with their cognizant antibodies.#147 We observed individual CTCs (Figure
5B) and microclusters of CTCs (Figure 5C). CTC microclusters are recognized as important
prognostic markers in cancer because their molecular characterization offers insights into the
mechanisms of treatment resistance and increased metastatic potential.>8:>7 We also
observed only a few white blood cells in the imaging module (Figure 5D). A healthy blood
sample was processed as a control for these experiments, and no CTCs were identified (data
not shown).

CONCLUSIONS

In this study, we reported a modular microfluidic system (SMART-Chip) that could carry out
the entire processing steps required for analyzing liquid biopsy samples and used CTCs as
an example. The processing steps carried out by the SMART-Chip included affinity
selection, photorelease, enumeration, viability assessment, and immunophenotyping. The
three task-specific modules integrated into the system included: (i) CTC selection module,
(i) impedance module, and (iii) imaging module that were connected to a fluidic
motherboard using interconnects that minimized unswept volumes. The fluidic motherboard
contained channels that provided fluidic paths between each module and a valving system
that was pneumatically operated so that precise control of the fluid path through the system
could be achieved for each processing step. Particularly attractive with the modular nature of
this integrated system is that alternative modules can be “plugged” into the fluidic
motherboard to process other liquid biopsy markers, such as cfDNA3® or EVs.59

A proof of concept was demonstrated by processing a healthy donor blood sample spiked
with SKBR3 cells. The SMART-Chip was able to perform the entire assay yielding a highly
pure isolate (0 WBCs per 1 mL of blood) with no observable loss of rare cells due to
unswept volumes or nonspecific adsorption artifacts. This was affected by using the proper
material for each module and motherboard, proper design of the fluidic interconnects, and
engineering surfaces to make them accommodating for the biological sample, which was
whole blood.

We also tested the clinical utility of the SMART-Chip by processing blood samples obtained
from CRC and PDAC patients. We also found high purity in the rare cell isolates (0-3
WBCs per 2 mL of blood). Blood samples were processed at a throughput of 1.5 mL/h, but
the throughput can be improved by using a 320 channel version of the CTC selection device
(10 mL/h) without sacrificing the analytical figures-of-merit.3’

The SMART-Chip and its modular format provided several advantages: (1) The system was
made from plastics using microreplication so that all components could be produced in a
high production mode and at low cost to make it appropriate for /n vitro diagnostics that
requires disposable devices. Even the membrane valves were all plastic. (2) There is full
process automation of the assay with no requirement of transferring the sample from one
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device to another. For example, our manual method for CTC processing required off-loading
the photoreleased cells into a microfuge tube, cytospinning the released cells onto a
microscope slide, placing the microscope slide with deposited cells into an autostainer, and
finally situating the slide on a microscope for fluorescence imaging. Thus, the SMART-Chip
reduces sample loss and/or contamination, which is especially important for the analysis of
rare targets. (3) The modular architecture of the SMART-Chip allows for reconfiguration by
placing different fluidic modules onto the motherboard without requiring the need to re-
engineer the entire system. As an example, the SMART-Chip can be reconfigured to isolate
EVs from a liquid biopsy sample® and count them using a nanocoulter counter.89:61 (4) The
modular approach enables the ability to select the substrate material and fabrication
modality to suit the task requirement. As an example, we used different materials for the
modules of the SMART-Chip and each utilized a different fabrication method. (5) The
SMART-Chip is flexible in its operational mode. For example, following selection and
enumeration, the biomarkers can be shuttled to another module for molecular processing. (6)
It has the ability to reduce the CTC assay time. In this case, manual processing of CTCs in
our hands required ~8 h,37 and using the SMART-Chip the processing time was 3.5 h. (7)
The individual modules can be used as standalone units as well without requiring any
structural modifications.

We should note that in our past work using a plastic-based modular microfluidic system,3!
the challenge was the polycarbonate membrane layer used, which resulted in poor process
yield rates (yield rate < 20% for the polycarbonate membrane compared to 100% using the
PMMA/PDMS/PMMA valves), the need for mechanical solenoids to actuate the
polycarbonate valves due to polycarbonate’s higher Young’s modulus than PDMS’s, and the
limited number of times the polycarbonate valves could be actuated (<10 compared to 77
herein).

We are now directing our efforts toward employing injection molding as the
microreplication method for both the modules and motherboard due to the high-scale
production capacity with reduced unit cost it offers compared to hot embossing, PDMS
casting, and direct milling as used here.52.63 |n addition, we are developing plastic modules
that can provide molecular information from the enriched targets to also provide information
on nucleic acids packaged into the rare cells.

METHODS

Reagents and materials used, experimental procedures for cell culture and antigen
expression analysis, fabrication of the modules and fluidic motherboard, surface attachment
of monoclonal antibodies using PC linkers, microfabrication of the motherboard and
membrane valve and characterization, evaluating the relationship between impedance signal
polarity and cell viability, and determination of cell retention efficiency in the imaging
module are in the Supporting Information. Information on patient samples is in the
Supporting Information as well.
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SMART-Chip Assembly.

The motherboard was fabricated in three layers and consisted of a fluidic layer, pneumatic
control layer (both of these layers were made of PMMA), and a membrane layer consisting
of a PDMS elastomer (Figure 1A). The fluidic layer contained the fluidic network and valve
seats (11 total valves in the system) as well as conical connecting ports for the three
modules. The pneumatic control layer also contained displacement chambers. Conical ports
(top diameter = 1.706 mm, bottom diameter = 1.444 mm, depth = 2.2 mm) were milled from
the back of the PMMA fluidic layer (¢= 0.045", see Figure S1). These ports were used to
connect individual modules to the motherboard. After direct milling of the required
structures in the PMMA layers, the substrates were cleaned with 10% micro 90, IPA, and
nanopure water and finally dried with N,. The PMMA fluidic layer and PDMS membrane
were UV/O3-activated (22 mW/cm?2) for 10 min, and the activated surface of the PDMS
membrane was placed across the PMMA fluidic layer. This PMMA/PDMS assembly was
then UV/Oz-modified and aligned to the UV/Os-activated PMMA pneumatic control layer.
The PMMA/PDMS/PMMA assembly was then subjected to pressure (165 psi) using a PHI
Precision Press (City of Industry, CA) to facilitate compression bonding between the three
layers (Figure 1B).

The CTC selection module, impedance module, and imaging module were connected to the
motherboard (see Figure 1C) using semirigid Tefzel tubing.3! PEEK tubing was then
connected to the motherboard as fluidic and pneumatic inputs, respectively. PEEK tubing
(OD 1/16”) from the motherboard was connected to a solenoid control system (SCS). The
SCS contained 11 solenoids (3/2way, Humphrey, M1533724VDC) connected to a manifold
(Humphrey, 150 M12), and the manifold was connected to a pressure and vacuum source.
Individual solenoids were connected to controller hardware (Instrumental Design Lab, KU)
using 2-pin Molex C-GRID connectors. The controller hardware was interfaced to
controlling software using a virtual serial port connected to a computer via a USB cable.
Software was developed via Visual studio.

System Validation Using SKBR3 Cells as CTC Surrogates.

Healthy blood samples were provided by the Biospecimen Repository Core Facility (BRCF)
at KU Cancer Center under an IRB approved protocol (HSC #5929). SKBR3 cells were
stained with a nuclear stain (DAPI, 40 pg/mL) and incubated for 15 min at room
temperature. Modules were connected to the motherboard, and the SMART-Chip was
washed with 0.5% BSA/PBS (0.1 mL, 20 z/min) prior to blood infusion. Stained cells were
spiked into healthy blood and hydrodynamically introduced (1 mL, 25 zA/min) into the CTC
selection module that was surface-decorated with anti-EpCAM monoclonal antibodies via a
photocleavable (PC) linker.38 Following blood infusion, the module was rinsed with 1 mL of
0.5% BSA/PBS (50 gL/min) to remove any nonspecifically bound material. Next, 1x Tris
Glycine (TG) buffer (pH 8.3, 0.1 mL) was infused into the SMART-Chip at 20 z/min.
Blood and the wash buffers were directed to waste using the appropriate open/close status of
the PDMS membrane valves. The CTC selection module was exposed to blue light (34 + 4
mW/cm2, 400-450 nm) for 2 min to release the affinity selected SKBR3 cells and swept into
subsequent modules.
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The released cells were swept through the impedance module generating an electrical signal
based on cell membrane integrity. Impedance signatures were counted when the signal-to-
noise ratio exceeded 7, and cell viability was determined by the polarity of the impedance
signal. The data was acquired using in-house built electronics.#1

After the impedance module, the enriched cells were directed into the imaging module.
Entrapped cells were stained using different fluorescently labeled markers as reported
previously.3’ The stained cells were imaged using a Keyence BZ-X710 microscope
(Keyence Corporation, Itasca, IL, USA) equipped with BZ-X filters. Images were collected
with 20x and 40x objectives using exposure times of 50 ms for DAPI (nuclear stain), 500 ms
for FITC (CD45), and 1500 ms for Cy3 (cytokeratins). Images were analyzed using a BZ-X
analyzer (Keyence Corporation).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Design and assembly of the SMART-Chip. (A) Both sides of a PDMS membrane layer (ii)

and PMMA layers that contained microfeatures (i — fluidic layer and iii — pneumatic control
layer) were UV/Os-treated for 10 min (22 mW/cm?2). The PDMS membrane was sandwiched
between the two PMMA layers. The valve seats and displacement chambers were aligned,
and pressure (165 psi) was applied to conformally seal the three layers that comprised the
motherboard. (B) 3D image of three task-specific modules (CTC selection module,
impedance module, and imaging module) interfaced to the fluidic motherboard. (C) Picture
of the assembled SMART-Chip including the three task-specific modules.
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Figure 2.
CTC selection module with high-aspect-ratio sinusoidal microchannels (aspect ratio = 6).

(A) 3D design of the CTC selection module. The effective length of the selection channels
was 3 cm. (B) 3D images of straight and tapered geometries for the inlet/outlet channels.
The inlet/outlet channels were positioned orthogonal to the sinusoidal channel array (z
configuration). These images were acquired using a rapid scanning confocal microscope
(Keyence). (C) COMSOL simulation of the average particle velocity (7= 10) in one
sinusoidal channel over a distance of 1 cm. Particles were given an initial velocity of 2 mm/s
(blue line), and as they traveled through the selection channel, their velocities changed with
respect to the distance from the wall (red line). (D) COMSOL simulation with arrows
indicating the direction and velocity magnitude of the fluid in the selection channel. As the
fluid travels through the sinusoid apex, the fluid is directed toward both the inner and outer
walls of the channel increasing the probability of antigen—antibody interaction. The arrows
show the velocity profile in the yzdirection. (E) Coumarin-based photocleavable linker that
was used to immobilize antibodies to the cell selection module’s surface. After the affinity
selection of the CTCs, the PC linker was exposed to blue light (400-450 nm) to cleave the
linker and release the antibody—CTC complex from the module’s wall.
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Figure 3.
Impedance module and single cell impedance sensing. (A) Impedance module with Pt

electrodes and gold-plated electrical contacts. Pt electrodes were situated orthogonal to the
fluidic channel with ~50 gm distance. The scale bar is equivalent to 100 pm. (B) Cells with
an intact membrane have a higher resistance (Rge;) than the buffer (Ry,) and AR > 0, and
the detector produced a positive signal. When the membrane was compromised, Reell < Rsols
making AR < 0. This gave a negative polarity signal. (C) SKBR3 cells with an intact cell
membrane gave positive polarity signals (red circles), while compromised cells yielded
negative signals (blue circles). (D) Cells recovered after the impedance sensing were
subjected to Eth-HD1 and Calcein-AM staining. The results were compared to the
impedance signals for compromised and intact cells. Strong correlation (= 0.93) was
observed between the two methods. The impedance traces were collected for cells
suspended in 1x TG buffer (pH 8.3). The measurements were recorded at a frequency of 40
kHz.
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Figure 4.
Imaging module. (A) 3D image of a single bed imaging module populated with cell

retaining pores. A cell suspension coming from the inlet (red arrow) of the imaging module
entered into the outlet channels through the pores (faded arrows) while entrapping the cells
at the inlet channels. (B) SEM image of lithographically patterned 2-level SU-8 mold for
casting of PDMS to fabricate the imaging modules. (C) Isolation of live SKBR3 cells stained
with Calcein-AM with a flow rate of 20 zA/min using the imaging module with 4 ym x 3.5
um pore structures. Cells were retained near the pore structures. The image was taken using
a 40x microscope objective. The scale bar is 15 ym.
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Figure5.
Impedance counting and identification of CTCs by immunophenotyping. The CTCs were

enriched from a blood sample secured from a metastatic colorectal cancer patient.
Photoreleased CTCs were directed through the impedance and imaging modules. (A) A
section of the impedance signal trace collected for EpCAM-enriched CTCs. Impedance
signals ascribed to CTCs when the signal-to-noise ratio exceeded 7. All CTC-associated
signals (7) were positive in polarity. (B—D) CTCs contained within the imaging module were
stained with a panel of markers: DAPI (40 gg/mL), anti-CD45-FITC (2.5 tg/mL), and anti-
pan-CK-Cy3 (0.01 mg/mL). CTCs were identified as DAPI (+), CD45 (=), and pan-CK (+),
while white blood cells were identified as DAPI (+), CD45 (+), and pan-CK (-). (B) Single
CTC; (C) cluster of CTCs; (D) a white blood cell. The images were taken using 20x and 40x
objectives. Scale bars in the images are 15 ym.
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