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Abstract

Liquid biopsy is a less invasive sampling technique and is especially beneficial for
diseased organs that are anatomically inaccessible for solid tissue biopsy such as the brain, lungs
and pancreas. This sampling technique can be analytically challenging due to the multiple
processing steps involved to complete the assay and also the mass limits imposed by liquid biopsy
markers, such as circulating tumor cells (CTCs), extracellular vesicles (EVs), and cell-free DNA
(cfDNA). New microfluidic-based technologies are rapidly evolving and have significantly
improved the clinical sensitivity of liquid biopsy assays compared to their benchtop counterparts.
Unfortunately, many of these assays are only semi-automated and require extensive sample
handling, skilled operators, number of cold-storage reagents and centralized laboratories to
perform the experiment which generated difficulties when translating the assay into the point of

care testing (POCT).

Here, we are introducing an integrated modular microfluidic system for the
comprehensive analysis of CTCs. The microsystem consists of a CTC selection module,
impedance module and an imaging module to isolate, enumerate and immunophenotypic
identification of CTCs, respectively. The three individual modules are integrated into a fluidic
motherboard that is populated with membrane valves for fluidic directional control. The valving
operation is automated to minimize the operator involvement. The individual modules and the
motherboard are fabricated in plastics using low-cost replication techniques enabling the use of
the system as inexpensive disposables in clinical testing. The individual modules can be easily
replaced to reconfigure the system to analyze a different biomarker. We have introduced a 7-
aminocoumarin photocleavable (PC) linker strategy to covalently attach the affinity agent (mAb)
into the CTC selection module. The PC linker contains a central coumarin moiety and a primary
amine group in one end and a carboxylic acid group in the other end. Primary amine group

facilitating the surface conjugation and carboxylic acid group enables the covalent attachment of



the antibody following EDC/NHS reactions. PC linker cleaves at visible blue light (400-450 nm)
obviating the oxidative DNA damage and mRNA expression changes in the desired biomarker.
The affinity selected biomarkers were released rapidly (2 min) and efficiently (>90%) using the
PC linker strategy. The photo-released CTCs were directed towards the impedance module and
finally to the imaging module for the cell enumeration, cell viability assessment and for the
immunophenotypic identification. The clinical utility of the system was demonstrated by
processing blood samples secured from colorectal cancer (CRC) and pancreatic adenocarcinoma

(PDAC) patients.

PC linker strategy is employed to covalently attach an aptamer specific to SARS-CoV-2
spike (S) protein. The viral particle selection chip was used to affinity select SARS-CoV-2 viral
particles using saliva as the specimen. The selected viral particles were photo-released and
directed towards the nano coulter counter (nCC) for enumeration. The PC linker-aptamer system
could affinity select SARS-CoV-2 viral particles with a high recovery (94 %) and low non-specific
attachments (<4 %). The nCC device is able to detect viral particles in 103-108/mL range. The
system was validated by processing 20 clinical samples. We are currently in a process of
integrating these two devices into a single chip and develop a hand-held instrument for the early

detection of SARS-CoV-2.
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Figure 1.1. Integrated microfluidic systems. Microfluidic devices are made with different
components and these task specific devices are integrated to build a single system that can
perform a complex assay without requiring bench-top iNStruMeNts. ...............ccevvveiimeemieiiminiinnnnn. 2

Figure 1.2. Pseudo-forces that drive reagents and particles in centrifugal microfluidics.
Centrifugal force acts radially outward from the center of the disc. Coriolis force is perpendicular
to the velocity of the moving mass while the Euler force is opposite to the direction of angular
acceleration/de-acceleration (Reproduced from reference 21). .........oooviiiiiiiiiiiiiiiiie e, 6

Figure 1.3. Reagent pre-storage and release (A) Composite foil was used as stick packs to store
reagents and buffers. Seals were peeled off at defined burst pressure (Reproduced from
reference 23). (B) Three glass ampoules were connected to the device to store buffer reagents
and reagent release was achieved by manually rupturing (Reproduced from reference 25). (C)
An elastic membrane was used as a sealer to store reagents. Membrane stretched towards the
direction of centrifugal force when the centrifugal force> membrane force and as a result, reagents
were released (Reproduced from referenCe 26). .........oouuviiiiiii i e 7

Figure 1.4. Centrifugal systems for genomic material amplification (A) Rotary PCR Genetic
Analyzer that consists of a microchip and three heat blocks. PCR chip rotates into three heating
blocks and they have different temperatures to (i) denature (94 °C), (ii) anneal (58 °C), and (jii)
extend (72 °C) genomic material (Reproduced form reference 58). (B) Design of the direct RT-
gPCR disc with four independent reaction units. The disc can simultaneously detect SARS CoV-
2, influenza A and B viruses (Reproduced from reference 59). (C) (a) The schematic diagram of
droplet generation chip. (b) The schematic diagram of the droplet generation process. The
collection chamber was filled with high-density fluorine oil, and then an aqueous sample was
added. Droplets are generated when the centrifugal force pushed the aqueous phase into the oll
phase (Reproduced from refEreNCE 63)........ciii i i e 14

Figure 1.5. Centrifugal microfluidic system for the detection of SARS-CoV-2. (A) The device
utilizes oropharyngeal swab samples to detect viral RNA. It contains three layers, two channel
layers and a sealing layer. (B) Single reaction unit contains three chambers for reagent injection
(chamber 1), sample injection (chamber I1), nucleic acid release and RT-LAMP reaction (chamber
[1I) (Reproduced from refEreNCE B4). .......cooeeiiiiiiii it e e 15

Figure 1.6. Centrifugal systems utilizing ELISA assays. (A) ELISA platform designed based on
CLOCK concept. (a) Schematic drawing of the automated ELISA device. Four reservoirs to store
sample/standard, washing buffer, and TMB substrate. Secondary chambers are designed to store
reagents temporarily and inject them on time. (b) Antibody distribution of the polyurethane foam
(c) Step-by-step operation of the disc at the steady rotating condition (Reproduced from reference
67). (B) Flow enhanced electrochemical detection of C-reactive protein. (a) Schematic
representation of the microfluidic device that contains miniaturized gold electrodes. (b) Image of
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the fabricated disc loaded with colored solutions for visualization (Reproduced from reference 28).

Figure 1.7. Centrifugal microfluidic systems for CTC and EV isolation. (A) CTC isolation device
with a triangular obstacle structure (TOS) to facilitates the retention of blood cells. Affinity selected
CTC-microbead complexes moved into the collection chamber through the DGM chamber
(Reproduced from reference 16). (B) Schematic diagram of Exodisc for rapid EV isolation. (a)
Detailed features of the device. (b) A cross-sectional view of the filters. (c) A photograph of the
dual-chamber Exodisc. (d) SEM images of two populations of EVs captured in both filters
(Reproduced from referenCe 78). .....ccoiieiiiiiii et e e e e e e 20

Figure 1.8. Integrated monolithic microsystems for the DNA analysis. (A) Integrated valve-less
PCR-ME microchip containing PCR chambers in the middle of the microchannels. The detection
region is at the outlet top of the microchannel (Reproduced from reference 88). (B) Integrated bio-
processor for the nano-scale sanger sequencing (Reproduced from reference 92). (C) Integrated
device for the genetic testing of hereditary hearing loss. The microdevice contains DNA extraction
and PCR amplification chambers (Reproduced from reference 95)..........cccceeeviiiiviiiiiiiiciinneeennn, 26

Figure 1.9. Monolithic microsystems for the CTCs isolation and analysis. (A) DLD based
microfluidic device to enrich CTCs. Red solution indicates the blood sample, and the blue solution
indicates the buffer. First module depletes blood while the second module enriches CTCs based
on size exclusion (Reproduced from reference 98). (B) Photograph of the IMS-Chip with a
schematic illustration. IMS-Chip was used for the CTC deformation, siRNA delivery and cell
migration evaluation through a chemotaxis gradient (Reproduced from reference 99). ............. 28

Figure 1.10. Integrated microfluidic systems for the analysis of exosomes. (A) PDMS device that
contains a cascading microchannel circuit for the analysis of exosome specific protein biomarkers.
The steps include the immunomagnetic separation of exosomes, chemical lysis, desired protein
affinity selection and intravesicular protein analysis by chemifluorescence. #1-4 are the inlet for
exosome capture beads, washing/lysis buffer, protein capture beads, and ELISA reagents,
respectively (Reprodued from reference 102). (B) Top and side views of the optofluidic chip
(MMED) containing sample and bead inputs, two micropore filters for trapping beads and ELISA
reagent input. Chaotic mixer rapidly mix the microbeads with the sample and incubate on-chip for
the affinity selection. Final readout was taken using a smart phone (Reproduced from reference
101G TSP 31

Figure 1.11. Integrated microsystem for the single cell analysis of leukocyte protease activity.
Schematic drawing showing the Leukocyte purification by deterministic lateral displacement
(DLD) and single cell encapsulation by the droplet generator. Fluorescent image shows two
leukocytes in droplets (blue, Hoechst nuclear staining; green, protease signal) (Reproduced from
LT T o LTI K01 ) TR TR 33

Figure 1.12. Integration of modular systems. (A) Lego-like microfluidic building block. Microfluidic
channels are imprinted on the bottom and lateral surfaces (Reproduced from reference 124).(B)
Plug and play fluidic interconnect use in pOrgano-system to connect two modules (Reproduced
LLC0] I =] (=] €= oo =T 02 ) SRR 37
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Figure 1.13. Modular microfluidic systems for DNA analysis. (A) Schematic diagram of individual
components of the STR analysis microsystem. Structures of (a) the direct SPM, (b) extraction
SPM, and (c) capillary array electrophoresis chip (Reproduced from reference 134). (B) Modular
microfluidic system for the identification of multi-drug resistant tuberculosis. Polycarbonate based
membrane valving system was used for the fluidic manipulation (Reproduced from reference
15 7 TP 39

Figure 1.14. Integrated modular platforms for the isolation and analysis of CTCs. (A) Integrated
system for the affinity isolation, enumeration and immunophenotypic identification of CTCs.
Individual modules were connected using capillary tubing (Reproduced from reference 120). (B)
Schematic diagram of the integrated device that contains an acoustic module and a
dielectrophoretic module. The acoustic module pre-aligns, separates, and concentrates the
CTCs. Single CTCs were trapped in the microwells due to the dielectrophoresis (Reproduced
frOmM refereNCE 143). ..o 42

Figure 1.15. Modular microsystems as organ-on-chips. (A) PDMS-based Tetris-like (TILE)
modular microfluidic perfusion system that contains magnetic interconnects for modular
integration (Reproduced from reference 150). (B) Droplet-based modular system for the
multiplexed analysis of glucose, LDH, and bile acid in a hepatocyte conditioned medium
(Reproduced from referencCe L151). ....ccoooiiiiiiii i e e e 45

Figure 2.1. Structure of the heterobifunctional PC linker and immobilization strategy employing
two EDC/NHS coupling reactions. The PC linker is immobilized to carboxylated (UV/Os-oxidized)
surfaces via the linker’s primary amine group. Abs are then anchored to the linker's -COOH
handle. After biomarker purification, a visible LED (400-450 nm) cleaves the PC linker.
Immobilization reactions are conducted in organic solvent to mitigate NHS ester hydrolysis, which
could lead to direct (and non-releasable) Ab conjugation to the -COOH surface. ...................... 62

Figure 2.2. (A) Ultra-high performance liquid chromatography (UPLC) of the photocleavage of (1)
using 400 — 450 nm light for exposure times of 0, 1, 2, and 10 min (a-d). The chromatography
used a C18 column with an aqueous buffer and acetonitrile, ACN, as the mobile phase. (B) UV/vis
spectra of the intact photolinker (1) as a function of exposure time. Same photo-irradiation
conditions here as used in (A). (C) Fluorescence emission spectra of the photo-irradiated linker
(1) @S @ FUNCHION OF TIMIE. ...ttt 77

Figure 2.3. 5-NH;-, 3’-Cy5-oligonucleotide direct attachment to UV/O3-COC surfaces. (A) ACN
pre-treatment of UV/O3-COC yielded higher loads of Cy5-oligonucleotides compared to MES (N
= 33-35). (B) Further gains were observed in fluorescence microscopy by EDC/NHS coupling in
y O B (N T RSP 80

Figure 2.4. (A) The LED’s spectral output, the absorbance spectra of the PC linker (measured at
0.526 uM in PBS, pH 7.4), and the Rubylith® film used to protect devices from ambient light and
premature photocleavage. (B) For photoexposure, the Rubylith® film is removed, and devices
were inserted into an aluminum exposure chamber, where the LED was centered with a 90 mm
spot size over the device (shown here is the sinusoidal CTC enrichment device — 26 mm x 16
mm). The LED’s spatial flux was measured by rastering a sensor underneath the LED and fitting
to a 2-dimensional Gaussian (R? = 0.9986), which showed uniform exposure (34 +4 mW/cm?)
(o)1 g { g T= 0 [ o] PSP 81
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Figure 2.5. (A) Cy5-oligonucleotides were immobilized via the PC linker at 0.2-5X of the
theoretical monolayer reaction excess (0.11-2.65 mM in ACN) considering the microfluidic
device’s surface area. (B) On-chip microscopy (N = 3) and (C) fluorescence spectroscopy of
released Cy5 molecules (N = 3) show saturation at 1-5X. (D) Cy5- oligonucleotides (N = 3), EVs
(N=5), and SKBR3 cells (N=3) were released with 88%, 91%, and 94% efficiency in 2 min,
FESPECTIVEIY. ..ttt 82

Figure 2.6. (A) Performance of sinusoidal microfluidic device using PC linker for anti-EpCAM
enrichment of SKBR3 cells spiked into whole blood (N = 3). (B) LED release had no effect on
viability, and (C-E) released cells in culture for 2-96 h (Scale bars = 100 um). (F) DNA/RNA
oxidative damage (N = 3) assessed for 2 min LED exposure, equivalent UV dose (18.5 J), and
300 puM H202 (30 min) of Hs578T cells. DNA damage is hormalized to 32.2 pg 8-oxo-G per 400
ng DNA. The DNA-derived ELISA 8-oxo-G calibration curve could not quantify RNA damage
absolutely. (G) mRNA profiling by RT-qPCR (N = 3) of Hs578T cells following no irradiation, LED
or UV light exposure, or HaO2 trealMeENnt. .......ccooiiieeeeeeeeeeeeee e 84

Figure 2.7. RT-qPCR was used to analyze mRNA expression changes occurred due to the
presence of Ab ligands on cell surface after photo release. mMRNA expression profiles of 7 genes
were compared in control SKBR3 cells and photo released cells (For CK19, N=5 and for other
genes N=6). The gene panel consists of stress genes and EMT markers. ..........ccccevvvvveeeneennn. 86

Figure 2.8. (A) Three cell lines (Hs578T, SKBR3, and MCF7) were tested for antigen expression
by flow cytometry. Cells were labeled with FITC-conjugated IgG control Abs and their
corresponding FITC-labeled primary Ab, anti-FAPa or anti-EpCAM. Labeled cells were analyzed
with a BD Accuri C6 Plus flow cytometer. (B) Relative antigen expressions were obtained by flow
cytometry data and correlated (r = -0.81) with release efficiency..........ccccveeeiiiiiiiciee e, 87

Figure 2.9. EVs affinity-enrichment (anti-CD8 mAbs). The EVs were enriched from MOLT-3
conditioned media and released by LED exposure from the EV enrichment microfluidic device.
The released EVs were subjected to NTA (A), TEM (B), and ddPCR (C) analyses. The ddPCR
was carried out on 8 genes. Among them, five genes (PLBD1, FOS, MMP9, CA4 and VCAN) are
known to be dysregulated as a result of an ischemic stroke (AIS) event. See Table S3 for the
sequences of the primers used for the ddPCR. ...........oooiiiiiiii e 89

Figure 3.1. The design and assembly of the SMART-Chip. (A) Both sides of a PDMS membrane
layer (ii) and PMMA layers that contained micro-features (i — fluidic layer and iii — pneumatic
control layer) were UV/O; treated for 10 min (22 mW/cm?). The PDMS membrane was
sandwiched between the two PMMA layers. The micro-features (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 fully assembled SMART-Chip including the 3 task-specific modules that were
integrated to the motherboard using Tefzel™ tubing. ........c..ccooviiiiiiiiie e 108

Figure 3.2. Task-specific module integration to the fluidic motherboard. (A) Conical receiving
ports were milled from the back of the fluidic channel layer of the motherboard, where individual
modules were connected (* marks the position of these ports on the motherboard). (B) The conical
port had a top diameter of 1.706 mm and bottom diameter of 1.444 mm. Port depth was 2.2 mm
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for a 3.175 mm (1/8”) thick substrate. (C) Schematic representation of fluidic interconnects for
attaching modules to the motherboard. Conical receiving ports were molded into the modules. (D)
Semi-rigid Tefzel™ tubing (1) was permanently bonded with an adhesive to make a leak-free
connection with minimal unswept volume. The image was taken when processing a blood sample
through the SYSTEIM. ... 109

Figure 3.3. PMMA/PDMS/PMMA valve characterization. (A) The valve was normally closed. It
was assembled by placing a UV/Os treated PDMS membrane (254 um) between two UV/O3
treated PMMA substrates that had fluidic and pneumatic channels. The valve can be opened by
applying a vacuum through the pneumatic layer. (B) Pressure was applied to three layers to
facilitate bonding and PEEK tubing was attached to make the final valve assembly. The scale bar
is equivalent to 400 um. (C) Schematic diagram of the valve characterization setup. The inlet of
the valve was connected to a gas tank (N») via a dye solution filled tube and a pressure sensor.
Outlet flow rate was measured by providing different forward pressures with a constant pressure
(close-valve) or vacuum (open-valve) applied through the pneumatic control channels. (D) At 25
kPa pneumatic pressure (closed valve), the valve started leaking at 40 kPa forward pressure (n
= 3). (E) When the pneumatic pressure was increased up to 35 kPa (closed valve), the valve
started leaking at 60 kPa forward pressure (N= 3). c.ccoii e 110

Figure 3.4. CTC selection module with high aspect ratio sinusoidal microchannels (aspect ratio
= 6). (A) 3D design of the CTC selection module, which had 50 sinusoidal microchannels that
were 150 um deep and 25 um wide. The effective length of the selection channels were 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 patrticle velocity (n = 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 travelled 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 yz direction. (COMSOL simulations — Swarnagowri
Vaidyanathan) (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 MOoduIe’s Wall. ..........oooiiiiiiiii e 113

Figure 3.5. 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 an ~50 um distance. The scale bar is equivalent to 100 um. (B) Cells with an
intact membrane have a higher resistance (Rcei) than the buffer (Rso) and AR > 0 and the detector
produced a positive signal. When the membrane was compromised, Rcei < Rso, making AR < 0.
This gave a negative polarity signal. (C) SKBR3 cells that had an intact cell membrane gave
positive polarity impedance signals (red circles) while compromised cells yielded negative polarity
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 (r = 0.93) was observed between the two
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methods. The impedance traces were collected for cells suspended in 1x TG buffer (pH 8.3). The
measurements were recorded at a voltage waveform frequency of 40 KHz. ................cc...eee.. 115

Figure 3.6. Imaging module. (A) 3D image of a single bed imaging module populated with cell
retaining pores. Cell suspension coming from the inlet (red arrow) of the imaging module entered
into the outlet channels through the pores (faded arrows) while trapping 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 uL/min using the imaging module with 4 um x 3.5 um pore structures. Cells were
retained near the pore structures. The image was taken using a 40X microscope objective. Scale
o= g ST L T U o RS S 116

Figure 3.7. Efficiency of cell retention in the imaging module. (A) General design of the imaging
module populated with 2,400 (narrow) and 7,200 (wide) cell retaining pores. (B) Cell retention
efficiencies of 4, 6 and 8 pm pore sized imaging modules. Retention efficiencies were calculated
using the number of cells retained in the imaging module and the number of cells in the effluent
(n=3). (C) SKBR3 cells passing through the 6 um pore imaging module. The scale bar represents

Figure 3.8. Major valve control steps of the SMART-Chip. (A) Whole blood processing, (B) post-
selection wash with 0.5%BSA/PBS, (C) impedance cell counting and (D) immunophenotyping the
cells trapped in the IMaging MOAUIE. .........cooi i e 120

Figure 3.9. SKBR3 cells were affinity selected and photoreleased for enumeration, viability
assessment, and immunophenotypic identification. (A) SKBR3 cells were tested for surface
EpCAM expression by flow cytometry. Cells were labeled with FITC-conjugated primary antibody
and comparison to the results of FITC-labeled isotype control. (B) Hoechst-stained SKBR3 cells
were affinity selected in the CTC selection module by Anti-EpCAM monoclonal antibodies
immobilized to the module’s walls using the PC linker. (C) Photoreleased SKBR3 cells were
directed towards the imaging module while recording impedance signals. Part of the impedance
trace was displayed. (D) SKBR3 cells were physically trapped in the imaging module against the
pore structures and immunostained using anti-CD45-FITC and anti-pan-CK-Cy3. Images were
taken using @ 40X ODJECHVE. .....coooiiiie 122

Figure 3.10. Impedance counting and identification of CTCs by immunophenotyping. The CTCs
were enriched from a blood sampled secured from a metastatic colorectal cancer patient.
Photoreleased CTCs were directed through the impedance module and imaging module. (A) A
section of the impedance signal trace collected while CTCs were transported through the
impedance module. Impedance signals were extracted when the signal-to-noise ratio exceeded
7. All extracted signals (7) were positive in polarity. (B — D) CTCs contained within the imaging
module were stained on-chip with a panel of markers: Hoechst 33342-DAPI (40 pg/mL), anti-
CD45-FITC (2.5 pg/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; and (D) a white blood cell. The images were taken
using a 40X objective. Scale bars in the images are 15 M. ..o 123

Figure 4.1. Hypothetical viral load as a function of disease progression and different testing
strategies. Figure was reproduced from Ref. (18). ....ccoiiiiiiiiiiiiiiii e 135
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Figure 4.2. (A) Structure of the aptamer for SARS-CoV-2.! (B) Thermodynamics showing
the Gibbs free energy, enthalpy, and entropy for the most stable secondary structure of the 51 nt
SARS-CoV-2 aptamer. (C) Functional groups employed within the aptamer structure to allow for
covalent attachment to the activated plastic surface (5’ end with C12 linker and primary amine)
and stabilization of the aptamer (3’ end with inverted dT residue). Shown here is the secondary
structure analysis for the 51 nt SARS-CoV-2 aptamer only. ... 139

Figure 4.3. (A) Fabrication of nCC chip. The nCC included access microchannels fabricated via
optical lithography with wet etching and nanostructures fabricated using focused-ion beam milling
(step 1). Step 2 shows the resin stamp produced from the Si wafer using a UV curable
polyurethane (PUA) resin that was placed on a PET sheet coated with a NOA72 adhesive. Step
3 shows the pattern of the PUA resin stamp imprinted into a plastic substrate. Step 4 presents
the substrate and cover plate treated with O plasma for the thermal fusion bonding step (i.e.,
assembly step). (B) Sealing test with 1 uM Rhodamine B (emission wavelength 532 nm and
exposure of 100 ms) (Figure courtesy- Uditha Athapattu). .........cccooeevviiiiiiiiiini e, 144

Figure 4.4. (A) Micrographs of the chip, cover plate and bonded VP selection chip. (B) SEMs of
some of the beds in the VP selection device. Shown is the fluidic feed network into several beds
and then, a high resolution SEM of one bed with its micropillars. (C) Summary of the physical
characteristics of the VP selection chip. (D) Scheme demonstrating covalent attachment of the
aptamer via PC linker to the UV/O; activated surface of the plastic chip. Also shown is the stable
secondary structure of the 51 nt SARS-C0OV-2 aptamer. .......coooiieeeeieeeeeeeeeeeeeeeee e 146

Figure 4.5. (A) Image of a part of the VP selection chip. (B) Profile of the post height and inter-
post spacing in the microfluidic chip presented iN (A)..........ueuiuiiiiiimiiiiiiiies 147

Figure 4.6. (A) PC linker photolysis reaction. (B) Ultra-high performance liquid chromatography
(UPLC) signatures of the initial compound (1) and its photo lysis products (2) after exposing to 0,
2, and 10 min blue light (400-450 NMM). ...uuuiiiiiei e e e e e e e rr e e e 148

Figure 4.7. (A) UV-Vis absorption spectra for typical COC and COP plates (2 mm thick) and (B)
the corresponding transmittance spectra. LED output light range is shown as a reference. (C)
Absorbance of a 1% PVP/0.5% BSA solution and PBS buffer in the UV-Vis range. In this case,
the PVP/BSA solution was placed in a 1 cm length cuvette to obtain the absorption spectrum.

Figure 4.8. (A) summary of the evaluation of the efficiency of blocking agents in prevention of
non-specific adsorbtion of VP to the surface. (B) Box plots presenting SARS-CoV-2 and HRSV
non-specific binding to HRSV and SARS-CoV-2 aptamers, respectively and efficiency of the
isolation of VPs from buffer and saliva at their specific aptamers bound to the affinity bed, at
different linear velocities of sample processing. (C) Summary of the recovery of different VPs to
the VP selection chip using different aptamers. ... 150

Figure 4.9. NTA of SARS-CoV-2 heat inactivated virus before and after selection using the
pillared VP selection microchip. The mean diameter of the VPs in the stock and following release
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Figure 4.10. Nanopores for resistive pulse sensing of VPs. (A) SEM image of the nCC (200 nm
effective diameter. (B) Equivalent sensing circuit for the nano-coulter counter, where Rmc is the
resistance of the microchannel, Rnc is the resistance of nanochannel, Ry, is the resistance of the
in-plane nanopore, and Ry, is the resistance of the nanoparticle. (C) Simulations of nanopore-
based VPs sensing. (Figure courtesy — Swarnagowri Vaidyanathan)...........cccccceeveeeviieeiinnnnnnn. 153

Figure 4.11. nCC transient current traces for (A) no particles (background) (B) concentrated
particles, and (C) diluted particle concentrations. (D) Calibration of the nCC for the concentrations
of SARS-CoV-2 particles ranging between 1.2x 10° /mL and 3x 10% /mL (Figure courtesy —
Swarnagowri Vaidyanathan). ...........ooouiiiiii e e 154

Figure 4.12. Experimental design for testing the 20 clinical samples received for this study.
Matched nasopharyngeal and saliva samples were secured for each of the 20 patients through
an IRB-approved protocol at the University of Kansas Medical Center..............cccvvvevvvvinneeennn. 155

Figure 4.13. Conceptual drawings of SARS-CoV-2 chip (A) and handheld instrument (B) for at-
home testing. The integrated chip is comprised of 3 layers containing the VP selection chip, the
nCC chip, and the cover plate with electrical connectors. All three layers are made from a
thermoplastic to allow for injection molding. Shown in the lower panel is the integrated chip with
connectors for sample input (Sl), buffer input for priming and washing the chip (BIl), waste (W)
and viral particle collector chamber (VPC). The handheld instrument contains pumps and
microprocessor for fluid handling and data control and acquisition for the nCC including a transient
current amplifier circuitry. The handheld also contains a blue LED for selected VP release. The
size of the handheld is 120 mm (Iong) X 80 MM (WId€)......ceeeeeeeieeeeeeee e 161

Figure 5.1. Integrated modular microsystem for the mRNA expression profiling of EVs. Four task
specific modules, EV selection chip, n-CC chip, cDNA purification chip and a nano sensor chip
were integrated with a continuous flow thermal reactor to form the cartridge. ............ccccvveee.. 169

Figure 5.2. EV selection module, n-CC module and nano-sensor module. (A) EV selection
module consists of 7 parallel beds that have ~1.5 million pillars. Inlet and outlet channels of the
chip contains baffle structures to prevent large particles enter into the channel bed. (B) n-CC
module contains a nano-pore bridging two microchannels. (C) Nano sensor module containing
three parts, (i) Baffle structures to deliver evenly distributed fluid flow, (ii) pillar array for spLDR,
and (i) nano flight tubes for TOF MeaSUremMENTS. .......ccooiieeieee e 173

Figure 5.3. Construction of the integrated chip for viral particle isolation and label-free counting.

n-CC molded substrate will be used as the cover plate for the uSPE chip. The n-CC fluidic network
will be enclosed using a cover plate with patterned thin film electrodes. ..........ccccoooeiiiiiininnnnnn. 175
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Chapter 1 — Introduction

1.1 Integrated microfluidic systems

Microfluidics is now going through a transition in which devices geared toward research
endeavors are being transitioned into clinical applications. For a successful clinical transition, the
following requirements are necessary: (1) Devices must be fabricated reproducibly in a high-scale
production modality with tight tolerances at low cost. High-scale production is important for clinical
applications because the devices should be disposable to eliminate carry-over contaminants from
one measurement to the next that could result in false-positives. (2) The ability to utilize the
device/assay in point-of-care (POC) settings. POC testing has many advantages such as making
sophisticated tests more accessible to the general population. For example, the recent SARS
CoV-2 pandemic utilizes a real-time RT-gPCR assay that requires sophisticated instruments and
trained personnel to perform the measurements and interpret the results. Xpert Xpress system
developed by Cepheid allows carrying this same assay into physician's offices! permitting rapid
detection and faster clinical decisions. (3) The device must be fully automated to minimize
operator involvement and clinical sample loss and contamination. In many cases, clinical samples
contain biomarkers that are rare, especially in the early stages of the disease. In such situations,
marker loss or contamination cannot be accommodated as it may result in false
negatives/positives.

Integrated microfluidic systems can meet many if not all these clinical transition
requirements by employing a single platform to carry out complex multi-step assays in a fully

automated fashion requiring minimal operator expertise.
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Figure 1.1. Integrated microfluidic systems. Microfluidic devices are made with different components
and these task specific devices are integrated to build a single system that can perform a complex
assay without requiring bench-top instruments.

So, what is a microfluidic system and how does it differ from a microfluidic device?
Inspection of Figure 1-1 helps to define this difference. For this discussion, we define a
microfluidic device that performs a single function, such as solid-phase extractions, PCR thermal
cycling, or electrophoresis. To perform this specific function, the device may be comprised of
various components, such as mixers, valves, or pumps. Finally, microfluidic systems consist of 2
or more devices that are required to carry out a complete assay, for example genotyping as well
as others. In the case of genotyping, the following processing steps are typically required: (1)
acceptance of a clinical sample and the isolation of the relevant biological cells carrying the
genome of interest; (2) lysis of the biological cells and solid-phase extraction of the genomic DNA,
(3) PCR amplification of the isolated genomic DNA; (4) analysis of the PCR products using as an
example electrophoresis. A successful microfluidic system can accept a clinical sample and

perform all the aforementioned steps directly on-chip.



Integrated systems can be broadly categorized into three formats: (1) centrifugal systems,
(2) monolithic systems, and (3) modular systems. This chapter describes the three systems in

detail with some of their recent biomedical applications.

1.2 Centrifugal microfluidics

Centrifugal microfluidics, also known as Lab-on a disk, has developed as an advanced
diagnostics platform during the last few years.2 These systems integrate multiple processes such
as valving, loading, mixing, reaction, and detection in one disc to perform complex biological
assays. The technology promotes point-of-care (POC) testing due to the system's portability and
the requirement of minimally trained personnel for its operation.® These systems typically contain
a compact disc (CD) with fluidic channels and chambers. The CD is connected to a motor that
generates forces required to manipulate the fluids within the system.*® The pseudo-forces

generated by the rotation of the CD can be utilized for fluidic pumping,®’ mixing®®, and metering.%

11

Centrifugal microfluidics has multiple advantages: (i) External pumps are not required to
control the fluid flow. Once the sample is introduced into the sample loading chamber, centrifugal
force acts as a pump and directs the fluid flow. (ii) Actuation forces can be easily scaled as per
assay requirements. For example, different spinning speeds (50-80 Hz) can be utilized in different
stages of a single assay for nucleic acid analysis of foodborne pathogens.'? The fluid flow rate
depends on the type of fluid, dimensions of the disc, and the rotational speed. It can vary from 10
nL/s to 100 uL/s.t® (iii) Trapped air bubbles, and un-swept volumes can be easily removed from
the system by changing the motor's rotational speed.® (iv) Reduced assay time and low cost
associated with the system enable its potential use in POC testing as a disposable microfluidic.
Unidirectional fluid flow caused by centrifugal forces is a limitation of the system. So, additional

actuation forces are required for multi-dimensional liquid manipulation.**



Centrifugal microfluidics have widespread biological applications such as cell lysis,*®
nucleic acid purification,® *2 CTCs?*®, proteins!’, and EV isolation.'® Major diagnostic companies
have already developed and commercialized centrifugal microfluidic-based products for primary
care applications. For example, Roche has developed a Cobas b 101 system to analyze HbAlc

(glycated hemoglobin), lipids, and CRP (C-reactive protein) in blood.*®

This following section will describe the fundamental physics of centrifugal microfluidics
and unit operations such as sample and reagent pre-storage, valving and switching, metering and
aliquoting, and reagent mixing. Finally, we will describe typical biomedical applications of

centrifugal microfluidic systems.

1.2.1 Physics of centrifugal microfluidics

Centrifugal microfluidics utilize three forces to direct the flow of fluids (Figure 1.2),
centrifugal (Fc), Coriolis (Fco), and Euler (Fg). These pseudo forces are generated due to the
rotor's centripetal acceleration, and the forces acting on fluids or particles in a rotating system.
These forces are easily controlled by changing the rotating speed of the rotor. The centrifugal

force (F¢)acting on a particle with the mass of m in radius r is given by equation (1);
Fo=—mw X (WXr)————— (D
where w is the angular rotational frequency. Centrifugal force is the main driving force in lab on
a disc system, and it pushes liquid radially outward from the center of the disc.
The Coriolis force (F¢() is perpendicular to the velocity of a moving mass and is given by
equation (2);

Fro = —2 xdr 2
co = mw dt (2)



where % is the velocity of the particle moving in the system. Coriolis force is applied when a

sample is mixing, flow switching, and a sample directed to a specific channel.?°
The Euler force (Fg)is given by equation (3);

Fr = dwx 3
E = mdt r A3)

where 'Z—(;) is the change in angular rotational frequency per unit time. As per equation (3), the

Euler force is only generated when there is angular momentum. The force is perpendicular to
the centrifugal force and opposite to the direction of angular acceleration/de-acceleration. The

Euler force is essential for sample homogenization.

Hydrostatic pressure induced by centrifugation depends on the radially inward, and
radially outward locations of a liquid column (density p), with the pressure difference given by

equation (4);

where r1 and r; are the inner and outer radius, respectively.

In addition to these three major forces, non-pseudo forces such as viscous, capillary, and
fluidic inertia forces are also important in centrifugal microfluidics even though they do not depend

on rotation. The differential pressures corresponding to these three forces Ap,,;, Ap.,, and Ap;,

are given by;
Apyi = —Rpyaq
Apeq = oK
Apin = —pla



where Rnyq is the hydraulic resistance, and g is the volumetric flow rate, o is the surface tension
of a processed liquid, k denotes the curvature of its meniscus, [ is the length of a fluidic channel
filled with the liquid, and a is the acceleration of the liquid.?*?2 When patrticles are moving through

fluids, a viscous force also known as the drag force (F;) is applied. This is given by;

Pfiuid -
2 u Aparticle

Fd:Cd

where Cy is the drag coefficient, py;,;4 is the density of the fluid, u is the velocity of the fluid relative

to a particle, and Ayq.+icie S the cross-sectional area of the particle.?*

- center of rotation
/

Fryjer Foriolis

l Fccnrri[ugal

Figure 1.2. Pseudo-forces that drive reagents and particles in centrifugal microfluidics. Centrifugal force
acts radially outward from the center of the disc. Coriolis force is perpendicular to the velocity of the
moving mass while the Euler force is opposite to the direction of angular acceleration/de-acceleration
(Adapted with permission from reference 21 (https://doi.org/10.1039/C4CS00371C)-Published by The
Royal Society of Chemistry).

1.2.2 Unit operations in Centrifugal microfluidics

Unit operations, which are typically carried out using components and/or devices are the
primary functions integrated into any system to complete a complex assay. This section will briefly
describe sample and reagent pre-storage, release, valving and switching, metering and

aliquoting, and mixing as unit operations.


https://doi.org/10.1039/C4CS00371C

1.2.2.1 Reagent pre-storage and release
On-disc reagent pre-storage is essential to facilitate ease of use, minimizes operator
intervention, and sample contamination. Various strategies like stick packages,??* glass

ampoules,® and elastic membrane micro-dispensers?® have been reported for reagent pre-

Sealed: Centrifugal
force<membrane

Unsealed: Centrifugal
force>membrane

Figure 1.3. Reagent pre-storage and release (A) Composite foil was used as stick packs to store
reagents and buffers. Seals were peeled off at defined burst pressure (Adapted from reference 23
(https://doi.org/10.1039/C3L C50404B)—with permission from The Royal Society of Chemistry). (B)
Three glass ampoules were connected to the device to store buffer reagents and reagent release was
achieved by manually rupturing (Adapted from reference 25 (https://doi.org/10.1039/B926139G)—
with permission from The Royal Society of Chemistry). (C) An elastic membrane was used as a sealer
to store reagents. Membrane stretched towards the direction of centrifugal force when the centrifugal
force> membrane force and as a result, reagents were released (Adapted from reference 26
(https://doi.org/10.1038/s41467-018-08091-7).

storage. The pre-stored reagents require either a controlled release or rehydration of dry reagents

to perform the assay.

Stick-packs fabricated using vapor-tight aluminum/polyethylene composite foil were
reported for long-term storage of reagents (Figure 1.3A). The peelable seals were opened at
defined burst pressures to release the stored reagents.?® Glass ampoules (Figure 1.3B) were
used to store buffer for DNA extraction and manually ruptured through the elastic lid to release

the liquids. Ethanol and water were stored using this technique for 300 days at room temperature


https://doi.org/10.1039/C3LC50404B)–with
https://doi.org/10.1039/B926139G
https://doi.org/10.1038/s41467-018-08091-z

without any noticeable loss.?® Highly reactive bromine water was stored in inert Teflon or glass by
using ferrowax plugs. The solution was released by exposing the wax plugs to laser irradiation.?”
28 Wax that have different melting temperatures were used to connect pre-stored liquids to fluidic
channels, and infra-red heating was then utilized for the sequential release of reagents.?® Micro-
dispenser is comprised of a hole, and the elastic membrane was reported for long-term reagent
storage (Figure 1.3C). The reagents were released when the centrifugal force was increased to
stretch the membrane. Different membranes with different elastic properties were used to release
different liquids at different rotational speeds. 26 Enzymes were stored in lyophilized form and

rehydrated when processing during a DNA amplification assay.*°

1.2.2.2 Liquid transport

Liquid transport in a centrifugal microfluidic system is typically governed by the centrifugal
force and directed from a radially inward position to a radially outward position. This unidirectional
fluid flow limits the number of processes that can be integrated into a centrifugal microfluidic
platform. Alternative forces may be thus required to drive liquid transport in alternative directions.
Fluid flow from a radially outward position to a radially inward position was achieved by
expanding® or contracting® a trapped gas. This was achieved by altering the temperature.
Besides, capillary priming,*® pneumatic pumping,* and suction-enhanced siphon priming® were

also reported for fluid transport.

1.2.2.3 Valves and Switches

The incorporation of valves into fluidic channels is vital to control and manipulate fluid
delivery. Centrifugal systems have used both passive and active valves. Passive valves are
normally closed and actuated by exceeding the spinning speed. Capillary valves are passive and,
the valve is connected to a reservoir through a straight channel. When the disc is not rotating, the
fluid flow stops due to capillary pressure. The liquid can only pass through the valve when the
centrifugal force is high enough to break the capillary barrier pressure.*® Hydrophobic surface

8



coatings such as fluorinated polymer solutions and printed toner spots were reported as passive
valves to prevent liquid passage.®® Burstable seal valves utilizing sealing foil or PDMS
membranes were used as vapor-tight valves.*® Siphoning valves depend on the capillary priming
of a liquid into a siphon channel. High spinning rates prevent the capillary primming and stop the
liquid flow. Lower spinning rates facilitate the capillary primming and pass the liquid. Siphon
valves such as capillary siphon,*® overflow siphon, and pneumatic siphon3* were also used as

passive valves to control the fluid passage.

Valves controlled by an external source are known as active valves. Active valves can be
configured to be either normally open or normally closed. Optically addressable single-use valves
utilizing a solid-state laser to melt the substrate and actuate valves were reported.*! Paraffin wax
and iron-oxide nanoparticles were used to build ferrowax valving systems in centrifugal
microfluidics. The channel was blocked using a wax, and it can be opened by melting the wax
using an infrared source. Low power lasers (1.5 W)! or heat guns*? were used to actuate the
paraffin wax valves. A novel magnetically actuated membrane (PDMS) valving system was
proposed. At low spinning frequency, the valve was closed by the membrane's deformation due
to the magnetic force. At high spinning rates, the centrifugal force pulled the bottom-side magnet,
disrupting the magnetic force, and opened the valve.** Reversible thermo-pneumatic valves for
real-time fluid manipulation were also reported. The valve actuation was based on latex film

deflection triggered by heating or cooling of a trapped air chamber.*

Flow switches were used to change the fluidic direction. Flow switching was achieved by
incorporating a Y-shaped channel and applying different centrifugal forces. When the centrifugal
force was low, the fluid was equally distributed into the two outlet channels. The fluid flow was
limited to one outlet channel when the centrifugal force was increased. This flow deviation
occurred as a result of transversal Coriolis force.*® A regulated stream of a compact gas

(pneumatic flow switching) was also used to control the flow switching in a T-shaped junction.*®



1.2.2.4 Metering and Aliquoting

Metering/measuring of defined liquid volumes is essential to obtain a reproducible
analytical result. The most straightforward metering technique contains a metering chamber that
has a defined volume and a waste chamber. The metering chamber's outlet channel opens to the
waste chamber that collects the overflow volume of the metering chamber. Aliquoting is known
as splitting an input volume into multiple sub-volumes, which requires multiple parallel metering

steps. The metering chamber can be connected to valves for further fluidic processing.*’

1.2.2.5 Mixing

Mixing solutions and reagents are necessary to obtain a homogenized sample, and to
perform an efficient chemical reaction. Benchtop mixing strategies such as vortexing, stirring, or
shaking cannot be performed in a centrifugal microfluidic, and fluidic mixing in a miniaturized

system is challenging due to the low Reynolds numbers (1-10).%®

Shake mode mixing based on acceleration and deacceleration of the microfluidic cartridge
was demonstrated. The angular momentum caused by changes of the spinning speed induced
Euler forces and resulted in an advective current within the liquid. This current reduced the mixing

time from 7 min to 3 s for a 25 pl volume. A combination of shake mode mixing with pre-filled

magnetic beads achieved mixing within 0.5 s. For the combination shake mode, magnetic beads

were deflected inbound and outbound periodically by a set of magnets positioned in the frame.8

A microfluidic mixer utilizing centrifugal force and pneumatic pressure to reciprocate the
fluid flow was introduced as a mixing strategy. A centrifugal acceleration field acting upon a liquid

generates and stores pneumatic energy that can be used later when centrifugal deacceleration
occurred. This resulted in a reverse direction of fluid flow. So, continuous acceleration and

deacceleration can be used to reciprocate a fluid that facilitates mixing.*°® Centrifugal force and

active pneumatic pumping was used to mix and agitate liquids rapidly (~0.1 s) and efficiently. The
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mixing was based on the rising of air bubbles at the bottom of a microfluidic reservoir.%° Gas
generated by an internal reaction was used to generate bubbles without using an external source.
As an example, oxygen air bubbles generated by decomposing hydrogen peroxide was used to

induce vigorous mixing of blood and lysing reagents to extract DNA.>!

1.2.3 Biomedical applications of centrifugal microfluidic systems

Centrifugal microfluidic systems have gained attention within the biomedical community
during the last two decades due to the portability, decreased sample volume and reagent
requirements, reduced processing time, the ability for parallel processing, and automation. In this
section, we will cover several examples of biomedical applications that have employed the use of

centrifugal microfluidic systems.

1.2.3.1 Nucleic acid (NA) analysis

Nucleic acid analysis requires three processes, extraction/purification, amplification, and
detection. These processes are often time-consuming and require skilled operators. Centrifugal
microfluidic systems can integrate all of the aforementioned processes required for NA analysis
into a lab on a disk platform that can result in reducing the assay complexity, laboratory time, and
amount of reagents. The operation requires minimal operator intervention without special

laboratory training that can facilitate POC testing.

1.2.3.1.1 Nucleic acid extraction/purification

Mechanical cell lysis was achieved by introducing spherical particles (beads) into a
microchamber fabricated in a CD. Bead-cells interactions were maximized by rotating the CD in
forwarding and backward directions at high spinning rates. Cells were lysed by friction and
collision. Lysis efficiency was determined using a microscope or measuring the DNA
concentration after lysing.>> Mechanical impaction and shear forces generated by oscillating

ferromagnetic blades were reported to disrupt cells. Cell debris was eliminated by centrifugation,
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and the supernatant was directed to a collection chamber via siphoning.>® Thermal energy

generated by magnetic beads after laser irradiation was also used to lyse cells.>*

A silica extraction matrix was integrated into a COC cartridge to isolate DNA from a pre-
lysed sample. Sample and the binding buffer were processed through the silica membrane
followed by a post-selection wash. Finally, the bound DNA was released by an elution buffer.?®
Silica-sol-gel matrix was used to isolate RNA from an influenza virus. Lysed viral particle solution,
washing buffer, and elution buffer were loaded to silica-sol-gel sequentially to bind, purify and
elute viral RNA.% On-chip NA purification technique combining the centrifugal force with
pneumatic actuation was reported. The method used commercial glass microfiber filters as the
solid-phase extraction matrix, which allows for easy implementation. Pneumatic pumping was
used to circulate air through the system before the elution to minimize the ethanol contamination

in purified NA (1% (v/v)).2

Strohmeier et al. used silica-coated magnetic beads for DNA purification. Magnetic beads
were transported between multiple microfluidic chambers using permanent magnets to bind, wash
and elute DNA. Complete purification was achieved within 12.5 min.*® Lab tube cartridges
consisted of three stacked revolvers in a 50 mL centrifuge tube for automated DNA extraction
from blood was reported. Revolver 1 contained cavities for reagent pre-storage and release.
Revolver 2 includes a mixing system and solid-phase extraction matrix, while revolver 3 consisted
of a detachable tube to collect the eluent. Reagent release and liquid routing were done by a

centrifugally activated ball-pen mechanism.%’

1.2.3.1.2 Nucleic acid amplification
Nucleic acid amplification is often used as a diagnostic technique to detect a few copies

of biomarkers to identify diseases in early stages. Lab-on-a-CD DNA amplification systems using
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conventional polymerase chain reaction and isothermal amplification are a few techniques that

have been reported in the literature.

A Rotary PCR genetic analyzer that contained a PCR microchip and three thermal blocks
to perform the PCR assay was developed (Figure 1.4A). The PCR chip was sequentially rotated
on different thermal blocks to perform the PCR steps of denaturation (94 °C), annealing (58 °C),
and extension (72 °C). The system was used to identify multiple influenza viral RNAs obtained
from H3N2, H5N1, and H1N1.%® Multiplex detection of SARS CoV-2, influenza A and B viruses
were demonstrated with sixteen targets amplified and detected within 1.5 h (Figure 1.4B).%®°
Digital polymerase chain reaction platform that provided 1000 nanoliter sized compartments for
plasmid DNA amplification was introduced. A rapid thermal cycler was used to achieve 45 cycles
in less than 25 min. A fluorimeter was mounted to a thermal cycler and used for real-time

fluorescence reading.®®

The challenges associated with PCR are the long time required to reach temperatures
associated with the amplification reactions and substantial power consumption. An efficient
heating and cooling system (2 °C/s) for bacterial lysis and PCR was introduced by changing the
temperature in two steps.®! Different temperature requirements for PCR can be replaced by
isothermal amplification. Loop-mediated isothermal amplification (LAMP) was used for the
simultaneous detection of hepatitis B, hepatitis C, and cytomegalovirus. The target gene

amplification was monitored by employing a LED light and measure the turbidity.®?

Whole-genome amplification (WGA) is essential for evaluating the genetic information in
biology and medicine. Single-cell gene amplification was performed by a centrifugal-driven droplet

generation method (Multiple Displacement Amplification, (MDA)) (Figure 1.4C). Fast and
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Figure 1.4. Centrifugal systems for genomic material amplification (A) Rotary PCR Genetic Analyzer
that consists of a microchip and three heat blocks. PCR chip rotates into three heating blocks and they
have different temperatures to (i) denature (94 °C), (ii) anneal (58 °C), and (iii) extend (72 °C) genomic
material (Adapted from reference 58 (https://doi.org/10.1039/C2L. C21269B) — with permission from
The Royal Society of Chemistry). (B) Design of the direct RT-qPCR disc with four independent reaction
units. The disc can simultaneously detect SARS CoV-2, influenza A and B viruses (Adapted with
permission from reference 59 (https://doi.org/10.1039/DORA04507A) — Published by The Royal
Society of Chemistry). (C) (a) The schematic diagram of droplet generation chip. (b) The schematic
diagram of the droplet generation process. The collection chamber was filled with high-density fluorine
oil, and then an aqueous sample was added. Droplets are generated when the centrifugal force pushed
the aqueous phase into the oil phase (Adapted with permission from reference 63
(https://doi.org/10.1021/acs.analchem.9b02786). Copyright (2019) American Chemical Society).

homogeneous droplet production was achieved by carefully controlled centrifugal emulsification.
During the single-cell gene amplification, single cells were separated and lysed. The lysed
solution was used to generate droplets. Each reaction samples (5 yL) was compartmentalized

into droplets, and the MDA reaction was performed independently in each droplet.®3
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Figure 1.5. Centrifugal microfluidic system for the detection of SARS-CoV-2. (A) The device utilizes
oropharyngeal swab samples to detect viral RNA. It contains three layers, two channel layers and a sealing
layer. (B) Single reaction unit contains three chambers for reagent injection (chamber ), sample injection
(chamber II), nucleic acid release and RT-LAMP reaction (chamber Ill) (Adapted with permission from
reference 64 (https://doi.org/10.1007/s11426-020-9800-6)).

RT-LAMP technology in a centrifugal microfluidic system was used for the detection of
SARS-CoV-2 from oropharyngeal swab samples (Figure 1.5). The microfluidic system consisted
of a microfluidic disc and a customized instrument. The disc contained three layers, channel layer
I, channel layer Il and a sealing layer (Figure 1.5A). The disc was placed inside the instrument
for the automated sample processing following sample loading into the chamber II. The instrument
injects viral lysis buffer, RT-LAMP reagents and mineral oil into the chamber I to lyse the viral
particles and release the genomic material. The RT-LAMP reaction is performed in chamber IlI.

The system can provide results in less than 70 min.%

1.2.3.2 Immunoassays

Immunoassays are based on highly specific antibody-antigen interactions. Target analyte
could be either the antibody or an antigen. Some immunoassays use a primary/capture antibody
to binds the analyte first, and a secondary labeled antibody to binds next and make a sandwich-
type structure with the analyte. After the bound/free separation, the quantification is performed.
Competitive immunoassays are used when the analyte is small and expose only one binding
site/epitope. In this case, a conjugated analyte competes with the target analyte in the sample to

bind into the primary antibody. When the target analyte concentration is high, few conjugated

15


https://doi.org/10.1007/s11426-020-9800-6

antigens will be bound and when the target analyte concentration is low more conjugated antigens
will be bound. Immunoassays are widely utilized in securing biomarkers for biomedical
diagnostics, biological and biochemical studies, drug and vaccine characterization, environmental

analysis, and food safety.?

Conventional immunoassays need lengthy incubation periods, procedures, and trained
operators. The integration of immunoassays on a centrifugal microfluidic platform and automation
of the process is attractive because it can eliminate the operator involvement, reduce reaction
times, diffusional distances, and cost while securing consistent results. The most common

immunoassay format incorporated on centrifugal microfluidics is ELISA.

1.2.3.2.1 ELISA assays
ELISA (enzyme-linked immunosorbent assay) utilizes an enzyme-substrate reaction to
guantify the desired analyte. After an incubation time, the enzymatic reaction is terminated by

adding a stopping solution, and finally, the absorbance measured at a particular wavelength.

A fully automated lab on a disc ELISA assay system was developed for the detection of
Hepatitis B. Buffers and reagents preloaded into specific chambers, and ferro wax microvalves
used for sequential release of certain reagents. Capture antibodies were coated onto polystyrene
beads. The assay’s total processing time was 30 min.®® The centrifugal system for quantifying
botulinum neurotoxin from human blood in less than 30 min was developed (SpinDx). Beads
coated with capture antibodies and fluorescent-tagged detection antibodies were incubated with
the sample. The beads were separated from the sample by sedimentation through a density
media following incubation. The bead pellet's fluorescent signal was used for the quantification.®®
Okamoto et al. demonstrated a lab on a disc ELISA assay using a PDMS device at a steady

rotational frequency (Figure 1.6A). The device contains four reservoirs for sample/standard,
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Figure 1.6. Centrifugal systems utilizing ELISA assays. (A) ELISA platform designed based on CLOCK
concept. (a) Schematic drawing of the automated ELISA device. Four reservoirs to store
sample/standard, washing buffer, and TMB substrate. Secondary chambers are designed to store
reagents temporarily and inject them on time. (b) Antibody distribution of the polyurethane foam (c)
Step-by-step operation of the disc at the steady rotating condition (Adapted with permission from
reference 67 (https://doi.org/10.1016/j.snb.2018.01.150)) Copyright (2018), with permission from
Elsevier). (B) Flow enhanced electrochemical detection of C-reactive protein. (a) Schematic
representation of the microfluidic device that contains miniaturized gold electrodes. (b) Image of the
fabricated disc loaded with colored solutions for visualization (Adapted from reference 28
(https://doi.org/10.1039/C3LC50374G) with permission from The Royal Society of Chemistry).

washing buffer, and TMB substrate and secondary chambers for temporary liquid storage (Figure

1.6Aa). The capture antibodies were immobilized in polyurethane foam (Figure 1.6Ab), and the
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foam was fit into the reaction chamber. Sequential release of the reagents was achieved by
CLOCK (Control of Liquid Operation on Centrifugal hydroKinetics) (Figure 1.6Ac). Human

albumin was detected by the system in less than 18 min.®’

The same group developed a small centrifugal microfluidic device driver (bento-box) and
a centrifugal microfluidic device made of polypropylene to advance their previous device. The
new device detected mouse IgG in 12 min.®® A multiplexed ELISA assay was reported by Espulgar
et al. Capture antibodies were immobilized on microbeads for the specific capture of IgA. The
beads were partially filled in a ring structured channel, and the unfilled portion was used for
colorimetric detection of the analyte. The system could perform four reactions in parallel within 30
min.®® Electrochemical detections were used with ELISA to improve the sensitivity. A fully
integrated microfluidic system for flow-enhanced electrochemical detection of C-reactive protein
was demonstrated (Figure 1.6B). The technique was able to generate a LOD of 4.9 pg mL?,

which was a 17-fold improvement from the LOD obtained via optical density measurements.?®

1.2.3.3 Blood analysis

Blood is relatively a minimally invasive liquid biopsy sample and can provide a copious
amount of information about a patient's health. Most diagnostic tests utilize blood as the sample.
Diagnostic tests for glucose, lipids, electrolytes, and protein quantification require the plasma
component of whole blood. Plasma separation from the formed components in blood (i.e., blood
cells) can be done in two steps, sedimentation of blood cells by centrifugation and decanting the

separated plasma.

A Centrifugal Lab-on-a-CD system that can separate and direct blood cells and plasma
into two different reservoirs was presented. After the initial separation, centrifugation frequency
was increased and as a result, plasma flowed through a Y-shaped microchannel while dividing

the sample into two smaller fractions of equal volume. Additional manipulation of the centrifugal
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frequency decanted a portion of the plasma sample into a detection chamber for further analysis.”
Quasi-isoradial channel was reported for the continuous separation of plasma. The device
consists of a metering structure and a drain channel connected to two adjacent chambers. Blood
cells sediment in the first chamber while decanting the purified plasma in to the second chamber

for downstream analysis.”

A simple and robust system utilizing H2O: production to detect desired analytes in whole
blood was established. The electrochemical system had a catalyst and a nano porous thin film
working electrode coated with an analyte-specific enzyme. Glucose, lactate, and uric acids were
quantified within a few minutes using 16 ul of whole blood.”? Roche provides a centrifugal
microfluidic platform (Cobas b 101) for the analysis of HbAlc and lipids. The sample volume

requirement was 2 mL to 19 mL, respectively, and the results were obtained within 6 min.

1.2.3.4 Circulating tumor cells (CTCs)

Centrifugal systems have been developed for the isolation and analysis of CTCs. Lee et
al. developed a centrifugal platform to isolate CTCs. Target CTCs were trapped (61%) on a track-
etched polycarbonate (PC) membrane filter while small blood cells passed through the pores
towards the waste chamber. The disc had three chambers for the parallel analysis of three
samples. Captured cells were immune-stained and identified by fluorescence microscopy.” The
same group introduced fluid-assisted separation technology (FAST) to improve the cell recovery.
Size-selective pores were filled with a stably held fluid during the entire filtration process, providing
a reduced pressure drop. The continuous wetting of the membrane was achieved by placing a
fluid assisted chamber underneath the membrane. This modification facilitated an uniform filtering
throughout the membrane.” Integration of a micromixer unit with an inertial flow-focusing unit in
a centrifugal system was first reported by Aguirre et al. The micromixer consisted of alternating
sidewinding channels, which facilitated the mixing of anti-EpCAM coated beads with the blood
sample. The inertial flow unit enabled the detection and separation. Both units have different
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Figure 1.7. Centrifugal microfluidic systems for CTC and EV isolation. (A) CTC isolation device with a
triangular obstacle structure (TOS) to facilitates the retention of blood cells. Affinity selected CTC-
microbead complexes moved into the collection chamber through the DGM chamber (Adapted with
permission from reference 16 (https://doi.org/10.1021/ac403456t). Copyright (2014) American
Chemical Society). (B) Schematic diagram of Exodisc for rapid EV isolation. (a) Detailed features of
the device. (b) A cross-sectional view of the filters. (c) A photograph of the dual-chamber Exodisc. (d)
SEM images of two populations of EVs captured in both filters (Adapted with permission from reference
78 (https://doi.org/10.1021/acsnano.6b06131). Copyright (2017) American Chemical Society).

operational principles but could act at the same centrifugal force.” A lab on a disc platform for
single-cell selection and imaging was reported. The microsystem comprised a central sample
loading chamber and an array of funnel-shaped microtraps situated along the edge. When
centrifugal force was applied, cells were directed towards micro traps, and individual cells were
isolated while the rest of the fluid drained through the microchannel.”® Some applications require

handling a large sample volumes (ex- for drug susceptibility studies). A disc device that handled
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a large blood volume to isolate CTCs for enumeration and genetic analysis was reported. The
blood chamber contained a triangular obstacle structure (Figure 1.7A) and a valve to facilitate
plasma removal from whole blood. Anti-EpCAM coated microbeads bound CTCs, and CTC-
microbead complexes were separated in a density gradient medium. Isolated CTC-microbead

complexes were directed to the collection chamber for enumeration and genetic analysis.®

1.2.3.5 Extracellular vesicles (EVs)

A centrifugal microfluidic device for the isolation of EV subpopulations was reported. The
device (EV-ldent) contained three differently sized nanoporous membranes (200 nm, 100 nm,
and 20 nm) for sequential separation of EVs. Captured EVs were labeled on the device and
imaged.”” Lab on a disc system (Exodisc) was used for rapid and size-selective isolation of EVs
in a size range of 20-600 nm (Figure 1.7B). The device contained double filtration units. Filter
one (600 nm) captured large debris and the second filter (20 nm) isolated EVs. The enriched EVs
were directed for downstream molecular analysis, such as RT-gPCR or an on-disc ELISA.” The
same group modified the Exodisc platform to perform EV isolation from whole blood by integrating
a plasma separation unit. The dual filters used in this study were 600 nm and 100 nm. The 600

nm filter trapped large particles while residual proteins were removed from the 100 nm filter.8

1.2.3.6 Cell-free DNA (cfDNA)

Cell-free DNA extraction and purification using immiscible filtration-assisted surface
tension (IFAST) was demonstrated by Hu et al.” The disc enables to perform plasma isolation,
protein lysis, DNA binding, and elution using the centrifugal force in less than 15 min. The disc
contained two chambers for plasma separation and cfDNA extraction. Magnetic beads were
mixed with plasma and lysis/binding buffer for the solid-phase extraction of cfDNA by IFAST
technique. The purified cfDNA was moved into the elution chamber by an external magnetic field

followed by collecting the bead-free supernatant for downstream analysis.
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Reversible and magnetically actuated diaphragm valves integrated into a disc system
were used to isolate and purify cfDNA from peripheral blood. A table-top, custom-designed
centrifuge system could isolate cfDNA within 30 min. After the initial plasma separation step, the
plasma sample was directed to a separate chamber containing a preloaded lysis buffer, and
proteinase K. Silica beads were used as the substrate for cfDNA binding. The elution buffer was
added to the bead chamber, and the supernatant was removed by agitation. Extracted cfDNA

was used to perform ddPCR for EGFR L858R mutational analysis.2°

1.2.3.7 Bacterial and viral isolation

Lab disc platforms have also been used for the isolation and detection of bacteria and
viruses. Methicillin-resistant Staphylococcus aureus (MRSA) was isolated using a CD by Schulz
et al.®! Nasal swabs were used as the specimen, and unit operations of swab uptake, reagent
pre-storage, sample distribution, enzymatic lysis, and amplification of strain-specific markers were

performed.

Salmonella enterica cells were isolated, and Salmonella specific invA gene was detected
by on disc PCR. Bacterial cells were separated into single cells and thermally lysed, followed by
PCR amplification of the target gene. The device consisted of 24 microchannels and each
microchannel contained 313 microchambers and cells were separated into each microchamber
during the centrifugation. Each microchamber consisted of 1.5 nL of PCR mixture. A custom made

thermal cycler was used for the PCR amplification of the target gene.®

Centrifugal disc for the rapid detection of influenza virus subtypes (H1, H3, H5, H7, H9,
and influenza B) has been demonstrated in a recent report. Fluidic manipulation was controlled
using membrane-barrier valves. Enzymes (DNA polymerase and reverse transcriptase) required
for the assay were preloaded into a chamber and the detection was performed by a colorimetric

or fluorescent LAMP assay in less than 45 min.83
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1.3 Monolithic systems

Monolithic microfluidic systems have different task-specific modules fabricated on the
same platform. As a result, monolithic systems do not require interconnects to connect modules
enabling them to tolerate high fluidic pressure conditions and external forces. Moreover,
residual/unswept volume associated with the tubing and interconnects was negligible. Therefore
applications that require high performance and reliability, monolithic systems are more

appropriate.*

Monolithic systems have some limitations. Since the modules are fabricated in a single
platform, a simple change or an upgrade of a module requires redesign and refabricate the whole
system. This increases time and cost and limits the use of the system in different applications.
Besides, monolithic systems restrict the material and fabrication choice for individual modules,

affecting the overall performance of the system.

Monolithic microfluidic devices are fabricated using 3D printing, elastomeric casting, inkjet

printing, cutting plotting, and micro-milling.

1.3.1 Biomedical applications of monolithic systems
This section of the chapter describes recent biomedical applications of monolithic systems

in nucleic acid analysis, CTC and EV analysis, ELISA analysis, and single-cell analysis.?*

1.3.1.1 Nucleic acid analysis
Integrated microfluidic systems for the genetic analysis should have faster processing
times, reduced reagent volumes, automated sample processing, and prevent potential

contamination.

PCR amplification typically requires a benchtop instrument and highly trained operators.
Lagally et al developed a miniaturized integrated microsystem for the PCR amplification and
capillary electrophoresis (CE). The device consisted of heaters, temperature sensors, and PCR
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chambers. The PCR-CE system was equipped with membrane valves, a solid-state laser, and
confocal fluorescence detection optics. Microfabricated heaters and temperature sensors
achieved uniform heating during PCR amplification. The system could perform pathogen
detection and genotype analysis in less than 10 min.® Easley et al demonstrated a glass and
PDMS-based microsystem for genetic profiling. The device integrated more processes such as
DNA extraction, amplification, target DNA separation, and detection into a single platform. An
elastomeric membrane valving system was employed for the fluidic control. Samples with

microliter volumes were processed, and genetic profiles were generated in less than 30 min.%¢

Short tandem repeat analysis (STR) is used in forensics for human genome identification.
The analysis requires sophisticated bench-top instruments and highly trained operators to perform
the steps such as DNA extraction, quantitation, PCR amplification, and CE. Roux et al developed
a monolithic microsystem by combining enzymatic DNA preparation, PCR amplification, and high-
resolution separation of amplified products. Non-contact IR-mediated PCR amplification was
employed, and STR profiling was achieved in less than 2 h.8” The same group has developed a
valve-less microsystem with a single-base resolution and accurate allele identification for STR
analysis (Figure 1.8A). The system integrated PCR and ME with a reduced separation length (7

cm) for multiplexed DNA analysis.®®

On-chip PCR systems utilizing small volumes reduce the amount of PCR reagents and
sample input. Low volumes also increase the thermocycling efficiency of the PCR reaction. The
same group has developed an integrated microsystem that can process nanoliter-sized samples
to extract and amplify DNA for STR analysis.® Burns et al also developed a microsystem for the
processing of nano-liter-sized volumes. The microsystem consisted of a liquid injector, a sample
mixing and positioning system, a temperature-controlled reaction chamber, an electrophoretic

separation system, and a fluorescence detector.*®
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Pre-concentration of STR products is essential for increasing the efficiency of CE
separation. Liu et al introduced a post-PCR sample enrichment step. The system combined
sequence-specific DNA purification and post-PCR cleanup with inline injection into the CE
system. Biotin-labeled oligonucleotide probes were used for the isolation of sequence-specific
DNA fragments. STR amplification was performed in the PCR chamber, and biotinylated STR
products were concentrated using streptavidin modified capture gel. The concentrated narrow

band was injected into the CE separation after a thermal release.®!

Lab-on-a-chip DNA sequencing can dramatically reduce the reagent consumption,
analysis time, cost, and macroscale laboratory equipment. Blazej et al developed an integrated
microsystem for DNA sequencing (Figure 1.8B). The device integrated three sanger sequencing
steps, thermal cycling, sample purification, and capillary electrophoresis, into a single glass-
PDMS wafer. Two separate sequencing devices were fabricated in a single wafer and could
process 1 fmol DNA template providing read lengths up to 556 bases. PDMS pneumatic valves

were used for the fluidic direction.®?

DNA methylation has been identified as an essential epigenetic biomarker for the early
detection of cancer. Different monolithic microfluidic systems have been developed for the
identification and quantification of DNA methylation. A fluidic platform to streamline the
methylation-specific PCR (MSP) assay was reported by Stark et al.®®* The device consists of a
droplet magneto fluidic platform that integrated all necessary steps required for MSP assay,
including genomic DNA isolation, bisulfite conversion, and gPCR. A thermal control unit consisting
of two heating elements was used for bisulfite conversion and PCR thermal cycling. Fluorometer
was employed for the real-time data acquisition. The entire assay was performed in less than 4.5

h.

Methylated DNA has an extremely low abundance in a clinical sample (pM). Therefore,
sample pre-concentration is required. Hong et al developed an integrated device that can pre-
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Figure 1.8. Integrated monolithic microsystems for the DNA analysis. (A) Integrated valve-less PCR-
ME microchip containing PCR chambers in the middle of the microchannels. The detection region is at
the outlet top of the microchannel (Adapted with permission from reference 88
(https://doi.org/10.1021/ac501666b). Copyright (2014) American Chemical Society). (B) Integrated
bio-processor for the nano-scale sanger sequencing (Adapted with permission from reference 92
(https://doi.org/10.1073/pnas.0602476103). Copyright (2006) National Academy of Sciences). (C)
Integrated device for the genetic testing of hereditary hearing loss. The microdevice contains DNA
extraction and PCR amplification chambers (Adapted with permission from reference 95
(https://doi.org/10.1021/ac5039303). Copyright (2015) American Chemical Society).

concentrate methylated DNA for their electrochemical detection. The integrated system consists
of an ion concentration polarization (ICP) module to enrich DNA and an electrochemical sensor
for quantification. The device measures both methylated DNA concentration and the degree of

methylation.®*

Integration of DNA extraction and PCR amplification into a monolithic platform was also

demonstrated by Zhuang et al (Figure 1.8C).% The microsystem was designed for the genetic
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testing of hereditary hearing loss. DNA was extracted from whole blood using a filter paper-based
DNA extraction structure and captured by a filter disc. PCR amplification was performed in the
same extraction chamber, and the amplification of three muted genes was used to identify

inherited hearing loss.

1.3.1.2 CTC analysis

Epithelial cancer cells can undergo epithelial to mesenchymal transition (EMT). During
this transition, cells express different surface markers. Therefore, EpCAM based affinity selection
is not sufficient to isolate a diverse tumor population. Toner group developed an integrated
microsystem (CTC-iChip) to isolate CTCs either by positive selection (antigen-dependent) or
negative depletion (antigen-independent) modes. The system housed three tasks into a single
platform. (i) Deterministic lateral displacement (DLD) array to separate CTCs and some WBCs
from red blood cells. (ii) Inertial focusing for the alignment of nucleated cells. (iii) Deflection of
magnetically labeled cells by magnetophoresis. In the positive selection, beads were used for the
CTC labeling (anti-EpCAM), %, and in the negative selection, beads were used for the WBC

labeling (anti-CD44, anti-CD 66b).%’

Another DLD based CTC selection was reported for the deformability analysis (Figure
1.9A). The first module has a two mirrored DLD array facilitating the depletion of blood cells. The
second module also contains another DLD array with an increased tilt angle facilitating the size-
exclusion separation of CTCs. High throughput sample processing was achieved by integrating

four DLD arrays for CTC enrichment.®8

The same group has developed an integrated microsystem (IMS-Chip) to analyze the
silent gene effect (Figure 1.9B). The microsystem consists of two modules. One module is for

producing transient membrane holes as a result of membrane deformation and siRNA delivery.
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Figure 1.9. Monolithic microsystems for the CTCs isolation and analysis. (A) DLD based microfluidic
device to enrich CTCs. Red solution indicates the blood sample, and the blue solution indicates the
buffer. First module depletes blood while the second module enriches CTCs based on size exclusion
((https://doi.org/10.1002/adbi.201800200) Copyright Wiley-VCH GmbH. Reproduced with
permission.) (B) Photograph of the IMS-Chip with a schematic illustration. IMS-Chip was used for the
CTC deformation, siRNA delivery and cell migration evaluation through a chemotaxis gradient
((https://doi.org/10.1002/adbi.201700054) Copyright Wiley-VCH GmbH. Reproduced with
permission.)

Chemogradient

The second module is for cell capture, cell culture, and migration through a chemotaxis gradient.

siRNA silenced a gene affecting the migration of CTCs.%

Soper group has developed a microsystem for the affinity isolation, enumeration, and
preconcentration of CTCs. The device integrated a cell selection module, a conductivity sensor,
and an electro-manipulation unit. The affinity captured cells were released from the capture device
using trypsin and directed towards the conductivity sensor for counting. After then, the cells were
introduced into the electromanipulation unit for enrichment. The enrichment occurred due to the
intrinsic electrophoretic mobility of CTCs and the applied electric field. The device achieved an

enrichment factor of 500, and the enriched cells were used to search point mutations.

It has been hypothesized that CTCs can secrete proteolytic enzymes facilitating the CTC
invasion into a tissue. Dhar et al developed a microsystem combining CTC isolation and CTC

encapsulation. Following the CTC isolation and post-isolation wash, metalloprotease (MMP)
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substrate was infused, and cells were directed towards a droplet generator to form microdroplets.

Cell secreted proteases were determined by fluorescent product formation.0t

1.3.1.3 Extracellular vesicles

Tumor-derived exosomes are used as biomarkers in cancer diagnosis and therapeutic
efficacy determinations. Integrated systems based on the affinity isolation of exosomes were
reported. He et al developed a microsystem for on-chip immune isolation of exosomes and in situ
protein analysis (Figure 1.10A). Cascading microfluidic channels were incorporated into the
system. The system could isolate EpCAM (+) exosomes, lyse, and immunoprecipitate target
proteins. The sandwich immunoassay was used for the chemifluorescence detection and
expression level analysis of insulin growth factor receptor (IGF-1R), a biomarker and a therapeutic
target for non-small-cell lung cancer (NSCLC).1%? Shao et al demonstrated a microfluidic platform
for immunomagnetic exosome RNA analysis (iIMER). The system integrated three functions,
enrich cancer-specific exosomes using anti-EGFR, on-chip RNA isolation, and mRNA expression
analysis by on-chip RT-gPCR. The system was used to evaluate the mRNA expression levels of
O®%-methylguanine DNA methyltransferase (MGMT) and alkylpurine-DNA-N-glycosylase (APNG),
potential biomarkers for the determination of therapeutic efficacy in glioblastoma multiforme

(GBM) patients. 13

Size-based EV isolation systems are common in monolithic microsystems. An integrated
double filtration system for the isolation, enrichment, and quantification of EVs was reported by
Liang et al.'°* Two polycarbonate membranes with 200 nm, and 30 nm pore sizes were used for
the separation of EVs. The separated fraction was quantified using on-chip ELISA. The ELISA
result was imaged using a smartphone facilitating the use of the system in POC settings.1** An
acoustofluidic platform for the single-step on-chip isolation of exosomes was demonstrated by
Wu et al.’%® The system had two sequential surface acoustic wave (SAW) microfluidic modules

that contained tilted angle standing SAW field generated by interdigital transducers. The first

29



module removed large blood cells and separated plasma for the downstream analysis, and the

second module separated exosomes from other EV subpopulations.1%®
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Figure 1.10. Integrated microfluidic systems for the analysis of exosomes. (A) PDMS device that
contains a cascading microchannel circuit for the analysis of exosome specific protein biomarkers. The
steps include the immunomagnetic separation of exosomes, chemical lysis, desired protein affinity
selection and intravesicular protein analysis by chemifluorescence. #1-4 are the inlet for exosome
capture beads, washing/lysis buffer, protein capture beads, and ELISA reagents, respectively (Adapted
from reference 102 (https://doi.org/10.1039/C4LC00662C) - Published by the Royal Society of
Chemistry). (B) Top and side views of the optofluidic chip (UMED) containing sample and bead inputs,
two micropore filters for trapping beads and ELISA reagent input. Chaotic mixer rapidly mixes the
microbeads with the sample and incubate on-chip for the affinity selection. Final readout was taken
using a smart phone (Adapted from reference 106 (https://doi.org/10.1038/srep31215)).

A combination of Immunoaffinity based EV isolation and size-based separation was
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demonstrated by Ko et al (Figure 1.10B).1% Smartphone enabled optofluidic platform (uUMED)
was used for the isolation and guantification of brain-derived exosomes. The system consisted of
enrichment channels and two micropore filter structures (5 um and 1 um). The serum sample was
incubated with functionalized negative selection beads (7 pum) and positive selection beads (2.2
pum). Background exosomes were depleted using the negative selection beads, while the desired
exosomes were positively selected and trapped on a 1 um filter. Brain injury-specific surface

markers were used for the quantification of exosomes using ELISA.

1.3.1.4 Single-cell analysis

Study a large number of single cells are essential to get more reliable information about a
cell population. Multiplexed analysis of single cells was demonstrated by Valdes et al.'%” The
device integrated 16 separate microchambers with microwells for single-cell cultivation. The
microfluidic device consists of three layers, a control layer, a flow layer, and a microwell layer.
Each microwell has an individual microenvironment and can hold 1-4 cells. The utility of the
system was demonstrated by analyzing neutrophil extracellular traps.'” The same group has
developed a microsystem consisted of an array of cell culture modules and biosensor chambers
for secretory analysis of interleukin-8 (IL-8) and tumor necrosis factor-alpha (TNF-a) from
neutrophils and monocytes. Cells were trapped in the microwells and chemically stimulated to

quantify their secretions using a sandwich ELISA. %8

Leukocytes also secrete proteases for regulating inflammatory responses. An integrated
continuous flow microsystem was developed to detect secretory protease activity of individual
leukocytes (Figure 1.11). The microsystem consisted of a DLD module and a droplet generator
module. DLD module washed Leukocytes with a substrate buffer and directed them towards the
droplet generator module that compartmentalizes single leukocytes into droplets. The protease

activity was measured using fluorescence.®®
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Figure 1.11. Integrated microsystem for the single cell analysis of leukocyte protease activity.
Schematic drawing showing the Leukocyte purification by deterministic lateral displacement (DLD) and
single cell encapsulation by the droplet generator. Fluorescent image shows two leukocytes in droplets
(blue, Hoechst nuclear staining; green, protease signal) (Adapted with permission from reference 109
(https://doi.org/10.1021/acs.analchem.6b03370). Copyright (2016) American Chemical Society).

1.3.1.5 ELISA-assays

Quantification of low abundance proteins is essential in biological and clinical applications.
An integrated microsystem for quantifying disease-associated protein biomarkers in resource-
limited settings was introduced by Liu et al.}'® The system integrated ELISA and platinum
nanoparticles (PtNP) catalyzed oxygen distance readout into a single device (ELISA-Chip). The
fluidic manipulation was performed using a permanent magnet. Human C reactive protein was
quantified in less than 2 h using the system.1° Integrated microfluidic solid-phase ELISA platform
that combines a microwell patterned assay chamber with micropumps for fluidic manipulation was
reported. The assay chamber can be pneumatically actuated to minimize the volume requirement
for the chemifluorescent reaction. Low volume improved the assay sensitivity as well as the speed
assay speed. The utility of the system was demonstrated by quantifying insulin-like growth factor
(IGF-1R) with the detection limit of 21.8 aM.*'! Immunoassay platform that uses microparticles
for labeling was demonstrated by Kim et al.1*? Microfluidic pumps, and PDMS membrane valves

were incorporated into the system for the programable fluid and bead delivery. APTES patterning

33


https://doi.org/10.1021/acs.analchem.6b03370

was used to derivatize capture antibodies into the glass surface, and magnetic microparticles
conjugated with the detection antibody were used for the sandwich ELISA assay. Multiple
samples can be processed through the system, and the utility was demonstrated by screening for
IgG, and PSA.1'2 CD4(+) T lymphocytes were enumerated using a single bead-based high
throughput integrated microsystem. The system contained multiple reaction chambers allowing
the functionalized bead (anti-CD4) to react with sample lysate, wash buffer, horseradish
peroxidase (HRP) enzyme, and mixed substrate buffers. An external magnetic force was used to
move the single bead in different compartments, and a sandwich chemiluminescent assay was

used for the indirect enumeration of CD4 (+) T lymphocytes in a lysed blood sample.'*®

1.3.1.6 Other biomedical applications

An integrated system for the viral detection was published by Lee et al.}'* The antibody-
conjugated magnetic beads were used to isolate viral particles and then subjected to thermal
lysis, RNA extraction, and RT-qPCR. The dengue virus was detected with a sensitivity of 10-100
PFU using this method.'** An integrated slidable microfluidic system was developed for the
detection of foodborne pathogens. The system consisted of modules for solid-phase DNA
extraction, PCR amplification, and immunochromatographic strip detection. Slidable chambers
were incorporated into the system to transport liquid from module to module without having
microvalves.'*® Genetic analysis system for subtyping influenza viral strain was reported by Pal
et al. The device consisted of biochemical reactors, heaters, temperature sensors, valves, and a
gel electrophoresis section. The utility of the system was demonstrated by identifying
hemagglutinin A subtype of the A/LA/1/87 strain of influenza virus.''® Huang et al reported a
microsystem for the automated immunohistochemistry (IHC) staining of clinical tissue samples.
Ten tissue samples were stained simultaneously using an aptamer-based IHC assay.!!’ Sickel
cells were detected using a label-free impedance sensing technique. The microfluidic device

consisted of an on-chip oxygen control unit and an electrical impedance sensing unit for the
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hematological analysis.*® Controlled drug delivery is essential for the efficacy of molecular
therapeutics. Integrated microsystems for the controlled delivery of drug compounds were

reviewed.11?

1.4 Modular Systems

In modular systems, task-specific units are fabricated separately and then connected to
form an integrated system. The significant advantage of modular design is the ability to
reconfigure the system quickly for a different application or when there is a need to upgrade the
system. This requires the replacement/upgrade of an individual module without changing the
entire system. For example, Kamande et al developed a modular microsystem to analyze CTCs
by integrating a cell selection device, cell counting device, and a cell imaging device.'?° This setup
can be easily reconfigured to analyze extracellular vesicles. Since each task-specific unit is
designed and fabricated separately, the material and fabrication method can be selected to

improve the system's performance.

The major challenge in modular systems is designing interconnects that guarantee perfect
module alignment while having a minimum dead volume. Interconnects are used to make a leak-
free connection between two consecutive modules even in high fluidic pressure. Unswept
volumes associated with the interconnects add an extra volume to the final device. However, the
selection between a monolithic or a modular system depends on the cost, application, and

flexibility associated with the system.?!

This section will describe common fabrication methods of modular systems,

interconnects, and their biomedical applications.

1.4.1 Fabrication methods and modular assembly
Major fabrication methods of modular microfluidic systems are photolithography, injection

molding, laser ablation, hot embossing, micro/nanoimprinting, and 3D printing. The 3D printing
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technology is widely used due to the low cost, rapidity, and relatively high throughput.'?? Besides,

the bonding process can be eliminated by enclosing the microchannels during the printing.1?3

Different methods were used to connect task-specific units in modular microfluidics. The
techniques should guarantee a reversible, low extra volume, leak-free connection with perfect
modular alignment. Lego-like building blocks (Figure 1.12A) were reported to use as individual
modules to build an integrated system. The microfluidic channels were imprinted on the bottoms
and lateral surfaces.?® The fluidic connection between the individual units was based on the
compression sealing of the Legos.’> Another lego-like plug-and-play system (uOrgano) was
demonstrated to use as a multi-organ chip. The plug-and-play connectors (Figure 1.12B) contain
a microfluidic channel and two cylindrical inlet and outlet channels to connect two modules.?® 3D
printed microfluidic devices containing male and female parts to connect individual modules were
reported. The microsystem was used to make an integrated droplet generator. The 3D-printed

interconnects were smoothed to achieve a leak-free connection.*?’

Grodzinski et al used barbed connectors as an approach to connect individual modules.
Although the connectors provide a reusable, easy connection with a tight seal, the increased
internal fluidic volume (39 uL) associated with the connectors was a disadvantage.'?®
Microgaskets and O-rings were used to interconnect individual modules. The connection could
hold > 200 psi pressure with a minimal unswept volume (1 nL).'?* Lee et al used rubber O-rings
and metal pins to interconnect 3D printed modules. The performance of the interconnects was
improved by applying silicone grease around the O-ring.'?° Magnetic interconnects that have ring
magnets and sealing gaskets were used to build larger integrated systems.'?® Magnetic clamping
structures that contain neodymium disc magnets combined with PDMS gaskets were used to
connect consecutive modules with a negligible dead volume.*° Tubing-based interconnections
were also reported. Kamande et al used capillary tubing to integrate modules.*?® The major

disadvantage of using capillary tubing is that the tubing add an extra volume to the system. This
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limitation was overcome by introducing semi-rigid Tefzel tubing. The tubing had an unswept

volume of ~20 nL.13!

1.4.2 Applications of modular microfluidics
Modular microfluidic systems were used in different biomedical applications. This section
will briefly describe the recent use of modular systems in nucleic acid analysis, biomarker isolation

and analysis (CTC, EV, and proteins), organ-on-a-chip systems, and single-cell analysis.

1.4.2.1 Nucleic acid analysis

Integrated modular microsystems were used in forensic DNA analysis. Reedy et al
demonstrated a rapid, short tandem repeat (STR) analysis system. Three devices, solid-phase
extraction (SPE) device, PCR device, and microfluidic electrophoresis (ME) device, were
integrated into the STR analysis system. Non-contact IR thermal source was employed for the

PCR amplification reaction, and a ~ 2-fold decrease in analysis time was achieved. The
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Figure 1.12. Integration of modular systems. (A) Lego-like microfluidic building block. Microfluidic
channels are imprinted on the bottom and lateral surfaces (Adapted with permission from reference
124  (https://doi-org.www?2.lib.ku.edu/10.1088/1361-6439/aa53ed); permission conveyed
through Copyright Clearance Center, Inc). (B) Plug and play fluidic interconnect use in pOrgano-
system to connect two modules (Adapted with permission from reference 126
(https://doi.org/10.1371/journal.pone.0139587)).
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microsystem was able to perform a complete STR analysis in less than 2.5 h using DNA extracted
from a buccal swab sample.*? A microfluidic system that can employ a wide range of sample
types for STR was reported by Han et al.'®® The system contains a DNA extraction and
amplification chip and a capillary array electrophoresis chip (CAE). The extraction chip has a
chitosan-modified quartz filter paper with in situ PCR capability to extract DNA in high efficiency
and perform PCR amplification in a single chamber. The CAE chip has two long separation
channels (16 cm) for the separation of STR products. The products were detected by a four-color
confocal fluorescence microscope in less than 2 h.**® The same group developed a more
advanced sample-in-answer-out format to analyze a wide range of sample types for forensic
analysis (Figure 1.13A). The system consists of two types of sample preparation modules (SPMs)
to analyze different samples, a CAE module and a plastic chip cartridge with injection electrodes
for device assembly. A direct SPM module was used to analyze samples without a DNA extraction
step, and more complex samples were analyzed using the extraction SPM module. The CAE
chip contained three separation channels (19 cm), two channels for samples, and one channel

for the ladder. The sample analysis time was close to 2 h as previously.3*

The Soper group developed a polymer-based continuous flow thermal cycler (CFTC)
device for Sanger sequencing. The device consisted of a spiral microchannel for 20 thermal
cycles and contained defined temperature zones for denaturation, renaturation, and DNA
extension. The thermal cycler was integrated with a solid-phase reversible immobilization (SPRI)
chip to remove excess dye-labeled terminators facilitating the subsequent gel electrophoresis.
The two devices were coupled using capillaries and a Micro Tee. The system could read >600 bp

in less than 15 min.%°

PCR/ligase detection reaction (LDR)/universal array assay was used for the multiplexed
analysis of unique DNA signatures.® The technique was used in a modular microfluidic

processor for the identification of multi-drug resistant tuberculosis by looking for point mutations
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in the rPoB gene (Figure 1.13B). The fluidic motherboard integrated cell lysis, solid-phase DNA
extraction, thermal reactors, and microarray with micromixers, pumps, heaters, and optical
detection systems. Individual modules were fabricated separately using thermoplastics and
integrated into a fluidic motherboard to build the final system. The fluidic motherboard was
populated with membrane valves for automated sample processing. The single-base variations
of the multi-drug-resistant bacterium were detected in less than 30 min.**” The microsystem
utilized a sputum sample that typically contains a high load of bacterial cells. Therefore, an
enrichment step was not incorporated, but when analyzing a water sample, an enrichment step
is required before the analysis due to the presence of a low cell number. Chen et al developed an

integrated system for the detection of bacterial pathogens in water. The device integrated affinity
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Figure 1.13. Modular microfluidic systems for DNA analysis. (A) Schematic diagram of individual
components of the STR analysis microsystem. Structures of (a) the direct SPM, (b) extraction SPM,
and (c) capillary array electrophoresis chip (Adapted with permission from reference 134
(https://doi.org/10.1021/acs.analchem.9b01560). Copyright (2019) American Chemical Society). (B)
Modular microfluidic system for the identification of multi-drug resistant tuberculosis. Polycarbonate
based membrane valving system was used for the fluidic manipulation (Adapted with permission from
reference 137 (https://doi.org/10.1002/anie.201200732)).
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isolation, cell lysis, solid-phase extraction, continuous flow (CF)-PCR, CF LDR, and a universal
zip-code array. Motherboard-module assembly was achieved using semi-rigid Tefzel tubing and
conical receiving ports. The system could identify E.Coli and Salmonella bacterial pathogens in

less than 40 min.131

An integrated system consisted of DNA extraction and PCR-based amplification module,
and capillary electrophoresis (CE) module was used in pharmacogenetic testing. The amplified
DNA was injected into the CE chip for the separation and detection of single-nucleotide
polymorphisms.’*® A Plug-less clamp-based modular system was introduced for the parallel
purification of four genome segments. The purification provided better results than the

conventional methods.3°

1.4.2.2 CTC analysis

Integrated modular systems were used for the negative selection of CTCs. A modular
system (u MixMACS) for the selection of CTCs was introduced by Lee et al. The device consisted
of two modules, a multi-vortex mixing module, and a magnetic-activated cell sorting module.
Blood was mixed with anti CD45 conjugated magnetic beads in the multi-vortex mixing module to
deplete WBCs from the fraction. In the module, sudden expansion microchannels and incubation
chambers were designed to facilitate mixing and increase the Ab-Ag interactions. Magnetically
activated cell sorting module depletes the magnetically labeled WBCs in the sample while CTCs
were enriched for the downstream analysis.? Rapid and high sensitivity CTC detection was
achieved by integrating a deterministic lateral displacement (DLD) module, magnetic purifying
module, and CTC capture platform. DLD module contains micro-posts and larger cells like CTCs,
and some WBCs were directed towards the center of the channel. This partially enriched sample
was directed to the purifying chip for further depletion of WBCs. Purifying chip contains CD45
coated dynabeads, and affinity captured WBCs were removed using a permanent magnet. Finally,

CTCs were arrested in a CTC capture platform coated with rat-tail collagen.!4
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CTC positive selection system was demonstrated by Sun et at. Cell replicated PDMS
modules (CellRePDMS) coated with anti-EpCAM antibodies were used as individual modules
tobuild an integrated system. CellRepPDMS film was modified with C18, biotinylated BSA, and
streptavidin. Biotinylated anti-EpCAM antibodies were conjugated into the surface after the
modification. These modules were stacked together using silicone washers to form a CTC
chamber. The device was able to capture EpCAM (+) cancer cells as well as EpCAM (-) cancer
cells.**? Kamande et al developed a microsystem for the affinity isolation of CTCs and their
downstream analysis. Three individual task modules, a CTC selection module, impedance
module, and an imaging module, were connected via capillary tubing (Figure 1.14A). CTC
selection module consisted of sinusoidal-shaped microchannels for high CTC recovery. Anti-
EpCAM antibodies were covalently attached to the device surface, and after the affinity isolation
of CTCs, trypsin was used to release them. The released CTC fraction was directed to the
impedance module for label-free counting and the imaging module for immunophenotyping. The
imaging module consisted of micropore structures to physically trap CTCs within a common
imaging plane. The utility of the system was demonstrated by analyzing EpCAM (+) CTCs from

pancreatic ductal adenocarcinoma (PDAC) patients.!?°

An automated single-cell analysis system was reported to separate, concentrate, and trap
cells in a single cell array format (Figure 1.14B). Two individual modules, an acoustic chip and a
dielectrophoretic chip were interconnected following plasma treatment. Cancer cells were pre-
aligned, separated, and concentrated using the acoustic chip, and the single cells were actively

trapped into microwells using dielectrophoresis.'*
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Figure 1.14. Integrated modular platforms for the isolation and analysis of CTCs. (A) Integrated system
for the affinity isolation, enumeration and immunophenotypic identification of CTCs. Individual modules
were connected using capillary tubing (Adapted with permission from reference 120
(https://doi.org/10.1021/ac401720k). Copyright (2013) American Chemical Society). (B) Schematic
diagram of the integrated device that contains an acoustic module and a dielectrophoretic module. The
acoustic module pre-aligns, separates, and concentrates the CTCs. Single CTCs were trapped in the

microwells due to the dielectrophoresis (Adapted with permission from reference 143
(https://doi.org/10.1038/srep46507)).

1.4.2.3 Extracellular vesicle (EV) analysis

An integrated microfluidic system was developed by Chen et al for on-chip enrichment

and quantification of extracellular vesicles. Three modules were integrated into the system and
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could perform plasma separation from whole blood, affinity enrichment of EVs, and EV
quantification. A stirring-enhanced filtration module has a membrane filter (0.2 um), and vortex
flow facilitates plasma separation. Vortex flow agitates blood cells minimizing the cell clogging
during the filtration process. Antibody (anti-CD63) coated magnetic beads were used in the EV
enrichment module to capture EVs from the plasma. EV quantification module consists of micro-
chambers, pumps, and valves to perform on-chip ELISA to quantify EVs using tyramide signal

amplification (TSA). The modules were integrated using double-sided tape.1#

A microfluidic cartridge was reported for erythrocyte-derived microvesicle (MV) isolation
and labeling. The system consisted of two modules, an MV filtration module and an affinity
selection and labeling module. The filtration module contains a membrane filter (~1 um) and,
underneath the membrane, a capillary layer for the direction of filtered MVs towards the collection
channel. The filtered MVs were captured by antibody-coated beads and magnetically labeled
using target-specific magnetic nanoparticles. MV quantification and the detection of molecular
markers were performed using a miniaturized nuclear magnetic resonance system. The entire

process required less than 30 min. The modules were connected using two ring magnets.4°

1.4.2.4 Protein analysis

A miniaturized modular microfluidic chromatography device for POC protein enrichment
and purification was presented by Millet et al.}*® E. Coli cell lysate was processed through an
immobilized metal affinity chromatography (IMAC) column followed by a size exclusion column to
purify overexpressed His-tagged green fluorescent protein (eGFP). Two modules were
interconnected by a 3D fluidic bridge that also permitted the desalting of the product. The system

achieved performance comparable to conventional column approaches.4

Individual microfluidic breadboards (FBB) were used to build multiple chip modular

platforms for the high sensitivity detection of prostate-specific antigen (PSA). The two modules
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include an FBB module and a detection module. PSA was captured using monoclonal anti-PSA
coated magnetic microparticles and sandwiched using polyclonal anti-PSA antibodies
immobilized in gold nanoparticles. Released bar code molecules were directed to the detection
module and attached, followed by sandwiching with gold nanoparticles giving an optical readout.
Ato molar concentrations of PSA were detected using this technique. Channels in micromachined

connecting pieces achieved the fluidic connection between two modules.**’

1.4.2.5 Organ-on a chip systems

In vitro tissue culture microsystems, also known as organs-on-a-chip systems, were
developed to create miniaturized tissue mimics for modeling diseases, predicting human
responses to different therapeutics, and determining drug efficacy and side effects.*® These

systems can be used as an alternative to animal models.

A PDMS-based multisensor integrated modular platform was developed to monitor
microenvironmental parameters (pH, O, and temperature), measure biomarkers, and observe
organoid morphologies in human tissue and organ models. This organ-on-a-chip system
contained individual modules, including micro bioreactors, a physical and chemical sensing
module, bubble trap, and bio-electrochemical sensing module. All these modules were integrated
into a flow control breadboard that was populated with pneumatic valves allowing automated valve
operation. The system's utility was demonstrated by monitoring the drug-induced organ toxicity in
a dual-organ human liver-and-heart-on-a-chip platform and a dual-organ human liver-cancer-and-

heart-on-a-chip platform.4°

Another PDMS-based Tetris-Like (TILE) modular microfluidic platform was developed as
a microfluidic perfusion device for bioimaging and analytical measurements (Figure 1.15A). The

interconnection of the modules was achieved by incorporating self-aligning magnetic
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Figure 1.15. Modular microsystems as organ-on-chips. (A) PDMS-based Tetris-like (TILE) modular
microfluidic perfusion system that contains magnetic interconnects for modular integration (Adapted n
from reference 150 (https://doi.org/10.1039/C9LC00160C) with permission from The Royal Society of
Chemistry). (B) Droplet-based modular system for the multiplexed analysis of glucose, LDH, and bile
acid in a hepatocyte conditioned medium (Adapted with permission from reference 151
(https://doi.org/10.1021/acs.analchem.8b05689). Copyright (2019) American Chemical Society).

interconnects at lateral walls enabling the stick and play mode of operation. The applicability of
the system was demonstrated by assembling 2 or 3 tissue perfusion circuits to evaluate the liver-
mediated bioactivation of a nutraceutical compound (quecertin) and a cancer prodrug

(cyclophosphamide).t°

Customizable Lego-like system (uOrgano) to connect multiple organ-on-a-chip devices
were demonstrated by Loskill et al.'?® Different master organ chips were used to culture different
cells and finally combined using plug & play connectors for drug screening purposes. The utility

of the system was demonstrated by combining two heart-on-chips.

A droplet-based modular microfluidic system was introduced for the multiplexed analysis

of biochemical markers in a microliter volume (Figure 1.15B). An organ-on-a-chip device was
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connected to a droplet device to form the integrated system to detect injury responses.
Hepatocyte spheroids were cultured in a cell culture device, and cell-conditioned media was
directed into a droplet device for the multiplexed analysis of LDH, glucose, and total bile acids
that are used for the biomarkers for injured hepatocyte spheroids. Both colorimetric and

fluorescent detections were used to quantify the analytes.®!

Besides the organ-on-a-chip approach, the tumor microenvironment was mimicked to
analyze oxygen-dependent cytotoxicity and genotoxicity of an anti-cancer drug using an
integrated modular system. The device consisted of a single cell culturing chamber and a
chemical reaction channel. A thin PDMS membrane (100 um) was used to separate the two
modules. The oxygen gradient was achieved by chemical scavenging of oxygen in the culture
chamber. The cytotoxicity was measured by evaluating the cell viability, and genotoxicity was
evaluated by a comet assay.'®? Qiu et al demonstrated a similar cell culture system developed

using different functional PDMS slices and a PET membrane.!*?

Munshi et al connected a series of 3D printed microfluidic modules for the electrochemical
detection of ATP-mediated nitric oxide (NO) release from endothelial cells. The three functional
modules were for cell culture, sample injection, and detection.*** A 3D printed Lego-like modular
system based on capillary driving was proposed to use in stent degradation and cell culture.'*®
Xie et al developed a lego-like modular system to cultivate two types of cells for drug toxicity

evaluation.%®

1.4.2.6 Other biomedical applications

An integrated modular system was reported to analyze the effect of external chemical
signals on intracellular signaling. The system consists of two modules, a linear-gradient generator
and a single cell analysis microwell platform. The linear gradient generator generated chemical

waveforms that have different amplitudes. The cells trapped in the microwells received these
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different amplitude signals, and the response of each cell was measured by fluorescent time-

lapse microscopy.®’

1.4.2.7 Sensor integrated systems

Modular microfluidic systems integrating different sensors as individual modules to
analyze/detect analytes were also reported. A portable Coulter counter module for a label-free
counting of single particles,'*® separate sensor modular systems for conductivity, amperometric
and pH measurements,®*° electrochemical sensor modules for salivary cotinine detection,**® and
enzymatic activity detection'®®, and a conductivity sensor module for the label-free counting of

single-cells were reported in this category.6t

1.4.3 Summary of thesis chapters

1.4.3.1 Chapter 2: Photo-cleavable linker for the release of rare liquid biopsy markers
after microfluidic affinity enrichment

Liguid biopsy markers such as circulating tumor cells (CTCs) and extracellular vesicles
(EVs) provide a good source of information for disease diagnosis and prognosis. These markers
can be selected from blood using an affinity approach where antibodies or other affinity agents
are used. Following affinity enrichment, the release of the isolated liquid biopsy markers from the
device's surface is essential for downstream enumeration and molecular profiling. In this chapter,
we detail a heterobifunctional, 7-aminocoumarin photocleavable (PC) linker to covalently attach
Abs to carboxylated surfaces. After enrichment, we selectively cleaved the PC linker by exposing
the microfluidic device to visible light (400 — 450 nm) and efficiently released captured liquid
biopsy markers from the device's surface for downstream analysis. The use of visible light
minimized physical damage to the marker and UV damage to the molecular cargo. The PC linker
was used to enrich CTCs from blood and rapidly (2 min) and efficiently (>90%) released them for
subsequent enumeration, culturing, and mRNA expression profiling with more than 85% of purity.

PC linker was also used to enrich EVs from CD8(+) T-cell line and rapidly (2 min) and efficiently
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(>90%) released them for nanoparticle tracking analysis (NTA) and transmission electron
microscopy (TEM).
1.4.3.2 Chapter 3: Integrated modular microfluidic system (SMART-Chip) for the
comprehensive analysis of circulating tumor cells

In this chapter, we report a system modularity chip for the analysis of rare targets (SMART
chip) comprised of three task-specific modules that can fully automate the 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 micro-
replication, which significantly lowered the cost of production, making it amenable to clinical
implementation. The utility of the SMART chip was demonstrated by processing blood 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 cell
contaminants/mL of blood), enumerate the selected cells, determine their viability and
immunophenotype. The assay could be completed in <4 h, while manual processing required >8

h.

1.4.3.3 Chapter 4: Microfluidic approach for the detection of SARS-CoV-2 from saliva

In this chapter, we describe a microfluidic system that can accept saliva samples and
selectively enrich viral particles (VPs) and then count the number of VPs using a label-free, nano-
Coulter Counter. The VP selection chip affinity selected SARS-CoV-2 VPs using an aptamer
surface-immobilized to pillar structures contained within the chip that was directed against the
SARS-CoV-2 Spike protein. Following selection, the VPs were released from the capture surface

using a photocleavable linker discussed in chapter 2. Following and subsequent release from the
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VP selection chip, the VPs were counted using the nCC chip. For high throughput VP counting, 5
nCCs were placed in parallel and offered 100% detection efficiency for VPs traveling through a
200 nm pore. The entire assay could be completed in ~15 min. Besides, the enriched particles
were available for analysis of their RNA content using RT-gPCR. Because the chip can be
programmed for a specific target by simply changing the identity of the affinity agent, it will find a
plethora of additional applications, for example, selection and counting of exosomes for health-

related scenarios as well as addressing future viral pandemics.

1.4.3.4 Chapter 5: Future directions

The integrated modular microfluidic system that we described in chapter 3 will be
reconfigured to analyze extracellular vesicles. The new system will integrate EV selection,
enumeration, lysis, reverse transcription, solid-phase ligase detection (LDR), and mRNA profiling
into a single motherboard. We have recently shown that mRNA expression analysis of CD8 (+)
EVs can be used for the diagnosis of acute ischemic stroke (AlS).1%2 Some processing steps
required off-chip benchtop instrumental analysis minimizing the assay use in point of care
applications. The integrated system describes in this chapter can mitigate the limitations of our
previous work.

An integrated system will be developed for the detection of SARS-CoV-2. The individual
modules, a viral selection module, and an nCC module will be integrated using superhydrophobic
seals. The final device will be housed in a cartridge to form a hand-held instrument for at-home

testing.
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Chapter 2 — Photocleavable linker for the release of rare liquid biopsy
markers after microfluidic affinity enrichment

This chapter is based on the publication:

Pahattuge, T.N., Jackson, J.M., Digamber, R., Wijerathne, H., Brown, V., Witek, M.A., Perera,
C., Givens, R.S., Peterson, B.R. and Soper, S.A., 2020. Visible photorelease of liquid biopsy
markers following microfluidic affinity-enrichment. Chemical Communications, 56(29), pp.4098-
4101.

2.1 Introduction

Liguid biopsies consist of disease-associated markers harvested from body fluids in a
minimally invasive manner that can provide information for guiding patient treatment (i.e.,
precision medicine) and securing molecular characteristics of the disease profiled from these
markers.! Initially focused on epithelial cancers, liquid biopsies have been extended to other
diseases such as blood cancers and stroke.? * Common liquid biopsy markers include, but are
not limited to, nanometer-sized extracellular vesicles (EVs),* and cells (circulating tumor cells,
CTCs,? or CD8(+) T-cells for stroke.)®

Microfluidics that use affinity-agents (e.g., Abs) attached to their surfaces can specifically
enrich disease-associated EVs! or CTCs? from biological samples. Further, affinity-enrichment
can fractionate different marker subsets, such as targeting epithelial CTCs via EpCAM (epithelial
cell adhesion molecule) and mesenchymal CTCs via FAPa (fibroblast activation protein alpha).®
While early studies focused on biomarker enumeration to indicate disease status, the Precision
Medicine initiative now requires profiling the disease’s molecular composition.” Thus, there is a
need to integrate enrichment with advanced molecular profiling.? *> 8 For nanometer-sized EVs,
enumeration requires off-line nanoparticle tracking analysis (NTA) and transmission electron
microscopy (TEM) for enumeration,® data critical for mRNA expression analyses.'° Thus, it is
necessary to release affinity-enriched markers without damaging the marker or its cargo.

New chemistries have been developed for “catch and release,” where biomarkers are

affinity-enriched on a solid-phase (i.e., microfluidic device) then released for analyses.!?
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Release has been accomplished using degraded polymer coatings, proteolytically digested Abs,
or cleaved Ab linkers with enzymes or UV light.2 Performance metrics for CTC catch and release
strategies are: (i) Recovery (CTC yield/input); (ii) purity (CTCs/total cell count); (iii) release
efficiency (CTCs released/recovered); (iv) cell viability; (v) preserving molecular cargo; and (vi)
minimizing assay cost, workflow, and instrumentation.

Previously, we reported a single-stranded oligonucleotide linker for Ab immobilization and
subsequent enzymatic release. Enzymatic cleavage of a dU nucleotide in the linker released
>90% of CTCs, preserved viability (>85%), and enabled off-line immunophenotyping and
cytogenetic analyses.!* We incorporated the oligonucleotide linker into a sinusoidal microfluidic
chip that achieved >75% CTC recovery from clinical samples, high purity (>90%), and 80-100%
test positivity for several epithelial cancers.? ® We also used the oligonucleotide linker to enrich
leukemic cells® and immune cells responding to inflammatory processes associated with acute
ischemic stroke (AIS).> 1516 However, the reaction time (~60 min) was prohibitively long for time-
sensitive analyses such as required for AIS diagnosis, where the therapeutic time window for
recombinant tissue plasminogen activator (r-tPA) treatment is only ~4.5 h from AIS onset.®

We report a photocleavable 7-amino coumarin Ab linker for specific biomarker enrichment
and reagent-less release. 7- amino coumarin was used previously as a photolabile group to
release different targets (drugs,’- * thiol bearing proteins!® and CTCs?°) over a wide wavelength
range (UV (365 nm), visible (400-450 nm), and near-IR (800 nm)), but UV induced DNA/RNA
damage, low release efficiencies (50-80%) and lengthy release times (~120 min) limited their use.
Here, we synthesized a 7-(diethylamino)coumaryl-4-methyl photo-release agent® that rapidly
cleaves with visible light (400—450 nm,?! quantum efficiency of coumarin dye is 0.25°) minimizing
nucleic acid damage and little to no side reactions (Figure 2.1). Also, minimal changes in the
UV/vis and fluorescence emission as a function of cleavage were observed. The PC linker is

unique in its structure; the PC linker contains an amino and carboxy termini (i.e., amino acid) to
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allow for two EDC/NHS reactions to first covalently attach the linker to a carboxylated surface,
and then to an Ab.

We sought to demonstrate efficient and rapid release with inexpensive LEDs (10%*
photons/s) with minimal effects on the marker and its molecular cargo. Also, we show that the PC
linker can be used for the catch and release of CTCs and EVs with no to minimal damage to the

molecular cargo.
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Figure 2.1. Structure of the heterobifunctional PC linker and immobilization strategy employing two
EDC/NHS coupling reactions. The PC linker is immobilized to carboxylated (UV/Os-oxidized) surfaces
via the linker's primary amine group. Abs are then anchored to the linker's -COOH handle. After
biomarker purification, a visible LED (400-450 nm) cleaves the PC linker. Immobilization reactions are
conducted in organic solvent to mitigate NHS ester hydrolysis, which could lead to direct (and non-
releasable) Ab conjugation to the -COOH surface. ((https://doi.org/10.1039/C9CCQ09598E) —
Reproduced by permission of The Royal Society of Chemistry)
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2.2 Experimental
2.2.1 Reagents and materials

Microfluidic devices were fabricated using 6013S-04 cyclic olefin copolymer (COC)
substrates and 5013S-04 COC coverslips (250 um, TOPAS Advanced polymers). Microfluidic
devices were connected to syringe pumps (New Era) using Inner-Lok™ union capillary
connectors (Polymicro Technologies) and barbed socket Luer Lock™ fittings (3/32" ID,

McMaster-Carr).

Reagents and materials included reagent-grade isopropyl alcohol (IPA), Micro 90®, 1-
ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), anhydrous acetonitrile (ACN), anhydrous dimethylformamide (DMF), anhydrous
dichloromethane (DCM), anhydrous triethyl amine (TEA), polyvinylpyrrolidone, 40 kDa (PVP-40),
uranyl acetate (Sigma-Aldrich); toluidine blue O (TBO, Carolina Biological Supply); phosphate
buffered saline (PBS, pH 7.4), sodium dodecyl sulfate (SDS, 10%), Hoechst 33342, SYTO® 82,
LIVE/DEAD™ Cell Imaging Kit (Life Technologies); bovine serum albumin (BSA), acetic acid,
hydrogen peroxide, sodium carbonate and bicarbonate, 2-(4-morpholino)-ethane sulfonic acid
(MES), nuclease free water (Fisher Scientific); 10% (w/v) Tween-20, 10X Tris buffered saline
(TBS), and SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad); DNA Damage
Competitive ELISA Kit (Invitrogen); 1 M Tris, pH 7.4 (KD Medical); Virkon S (Dupont); NEBuffer
2.1, Protoscript® Il First Strand cDNA Synthesis Kit (New England Biolabs); phosphodiesterase |
(Abnova); Novagen™ Benzonase® nuclease (EMD Millipore); FastAP Thermosensitive Alkaline
Phosphatase (ThermoScientific); Cy5-oligonucleotide fluorescent reporter (5-NH,-Cio-
TsCCCTTCCTCACTTCCCTTTUT,-Cy5-3’, HPLC-purified, Integrated DNA technologies); Direct-

zol RNA and Quick-DNA purification kits (Zymo Research). All solvents were reagent grade.

Monoclonal antibodies (mAbs) were mouse anti-human Fibroblast Activation Protein,

FAPa (clone 427819), mouse anti-human EpCAM/TROP-1 (clone 158210), mouse IgG2A isotype
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control (clone 133304), mouse anti-human CD8a (clone 37006), Human EpCAM/TROP1 Alexa
Fluor® 488-conjugated antibody (clone 158206), Human Fibroblast Activation Protein a/FAP
Alexa Fluor® 488-conjugated antibody (clone 427819), Mouse IgG 2B Alexa Fluor® 488-
conjugated Isotype control (clone 133303), Mouse IgG1 Alexa Fluor® 488-conjugated Isotype
control (clone 11711) all from R&D Systems. Cell lines were purchased from the American Type
Culture Collection (ATCC). Culture reagents included fetal bovine serum (FBS, Performance,
Gibco), McCoy’s 5A (Corning), high glucose HyClone™ DMEM (GE Life Sciences), RPMI-1640
(ATCC), recombinant bovine insulin (Sigma), TrypLE express reagent (Thermo Fisher), and 25
cm?tissue culture flasks (Fisher Scientific). TEM grids (Carbon type B, 300 mesh) were purchased
from Ted Pella Inc. Blocking, and washing buffers were filtered (0.2 um, PTFE, Fisher Scientific)
just prior to use. Nuclease-free microfuge tubes (Fisher Scientific) were used for the preparation

and storage of all samples and reagents.

2.2.2 Surface characterization of UV/Os-activated COC exposed to organic solvents

COC plates (6013S-04) were diced into 1" square pieces, cleaned by rinsing with 10%
Micro-90, IPA, and nanopure water, and dried at 60°C for >1 h. Substrates were UV/Os-activated
(16.1 min, 22 mW/cm? measured at 254 nm)?? and either left in air or immersed in 100 mM MES
buffer (pH = 4.8) or anhydrous solvents — ACN, DMF, or DCM - for 2 h. Treated substrates were
rinsed with copious amounts of nanopure water and dried with N» before analysis. Water contact
angles (WCAs) were measured by dispensing 2.0 uL of nanopure water onto the substrate using

a VCA Optima instrument (AST Products). Three measurements were averaged per substrate.

Carboxylic acid (-COOH) surface densities were measured via toluidine blue O (TBO).
The TBO assay?? was performed using an in situ incubation chamber (Bio-Rad) and placing the
chamber on substrate and covering the surface with 0.1% (w/v) TBO in 50 mM carbonate buffer
(pH = 10.5). After 15 min, the substrate was submersed in the same buffer for 15 min then N-

dried. TBO was desorbed using 40% acetic acid (d = 1.0196 g/mL) and collected in a pre-weighed
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microfuge tube. TBO concentrations were determined with either a Shimadzu UV-1280 UV/Vis
spectrophotometer or a BioTek Synergy H4 Hybrid plate reader against a calibration curve and a

40% acetic acid blank.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were secured
using a Shimadzu IRAffinity-1S equipped with a Specac Quest ZnSe ATR accessory. Each scan
(340-4700 cm™) was averaged 45 times and processed by a 3-point baseline correction (1500,
2000, and 4000 cm™?) before integrating peak areas for carbonyls (1650-1850 cm™) and hydroxyls

(3200-3700 cm).

2.2.3 Fabrication of microfluidic devices

The microfluidic device used for CTC affinity-enrichment consisted of 50 sinusoidal high
aspect ratio microchannels (25 um x 150 um, w x h) interconnected in a Z-configuration.® 222° EV
affinity-enrichment used a microfluidic device with three, serially-connected beds populated with

a total of 15,202 micropillars (110-120 pum pillar diameter, 10-20 um pillar spacing).*

Mold masters were prepared in brass using high precision-micromilling (KERN 44, KERN
Micro- und Feinwerktechnik GmbH & Co.KG; Murnau, Germany) with carbide bits (Performance
Micro Tool). COC devices were fabricated from the brass mold masters by hot embossing.?: ¥
Hot embossing of the CTC affinity-enrichment device was performed at 155°C and 30 kN force
for 120 s using a HEX03 embossing machine (Jenoptik Optical systems GmbH), and for EV
affinity-enrichment device, devices were embossed at 162°C with 900 Ib force using a precision
press (Wabash MPI) followed by manual cooling and demolding at 150°C. Mold release agent

(MoldWiz® F57-NC) was kindly gifted by Axel Plastics.

Measurements of the mold and replicated devices were made with a VK-X 3D laser
scanning confocal microscope (Keyence). Embossed devices were taped, diced with a bandsaw,

immediately cleaned of debris by sonicating in 10% Micro-90 and rinsing with IPA and nanopure
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water, and finally dried at 60°C for 230 min. COC cover plates (250 um thickness) were cut, rinsed
with 10% Micro-90, IPA, and nanopure water, and similarly dried. Cleaned devices and 250 pm
COC cover plates were UV/Oz-activated (15 min, 27 mW/cm? measured at 254 nm) in a Model
18 UVO-Cleaner® (Jelight Company).3! 32 Devices were fitted with glass capillaries (365 um OD,
150 um ID) and an inverted UV/Os-activated cover plate, and clamped between two glass plates

for thermal fusion bonding (134°C, 1 h). Capillary fittings were sealed with epoxy after annealing.

2.2.4 Immobilization of Cy5 oligonucleotide fluorescent reporter

Flat substrates or thermal fusion bonded microfluidic devices were UV/Os-activated and/or
treated with solvents as described above. Surfaces or devices were then reacted with EDC (20
mg/mL) and NHS (2 mg/mL), either solubilized in 200 mM MES buffer (pH = 4.8) by pipetting or
in anhydrous ACN by vigorous vortexing, for 25 min at room temperature. After air-drying, SSDNA
oligonucleotides with 5’-NH,, 3’-Cy5 functionalities were infused at 10-40 uM concentration in
PBS. The reaction was carried out for 2 h at room temperature before rinsing with ~1 mL 0.1%
SDS and finally PBS. Flat substrates were dried before imaging and sealed with tape. Imaging
was conducted with a Zeiss Axiovert 200M microscope using a 10X objective (0.3 NA, Plan
NeoFluar), an XBO 75 W lamp, Cy5 filter set (Omega Optical), a Cascade 1K EMCCD camera
(Photometrics), and a MAC 5000 stage (Ludl Electronic Products), all of which were computer-
controlled via Micro-Manager. Images were background subtracted, measured, and intensity-

scaled for display in ImageJ.

2.2.5PC linker synthesis and characterization

The Synthetic Chemical Biology Core facility at KU performed PC linker synthesis and
characterization. All reactions were performed under an inert atmosphere of dry argon or nitrogen,
and used either flame-dried or oven-dried glassware or in a glass microwave vial (Biotage, LLC).
All anhydrous solvents were purchased from Sigma Aldrich and dried via passage through a glass
contour solvent system (Pure Process Technology, LLC).
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Thin-layer chromatography (TLC) was performed using commercial aluminum backed
silica plates (TLC Silica gel 60 F254, Analytical Chromatography), and plates were visualized by
UV irradiation. Flash chromatography used a normal-phase silica gel (230-400 mesh), normal-
phase Combiflash purification system (gold silica column), or reverse-phase Combiflash

purification system (50 g HP C18 gold column).

Nuclear magnetic resonance (NMR) spectra were recorded on either a 400 MHz or 500
MHz Bruker Avance spectrometer with a dual carbon/proton cryoprobe. NMRs were recorded in
deuterated chloroform or methanol. Chemical shifts are reported in parts per million (ppm) and
referenced to the center line of the solvent (& 3.31 and 7.26 with respect to methanol-d, and
chloroform-d for *H NMR, and & 49.00 and 77.16 with respect to methanol-ds and chloroform-d
for 13C NMR). Coupling constants are given in Hertz (Hz). The spin multiplicities are reported as
s = singlet, d = doublet, t = triplet, g = quartet, dd = doublet of doublet, td = doublet of triplet, and
m = multiplet. NMR data was analyzed using MestReNova 14 software. High-resolution mass
spectrometry (HRMS) data were collected on an LCT Premier (Waters Corporation) time-of-flight

mass spectrometer.

The synthesized PC linker was dissolved in 1x PBS (2.1 uM) and exposed to visible light
(400-450 nm, 34 +4 mW/cm?). Samples (50 uL) were withdrawn after 1 min, 2 min and 10 min
light irradiation and analyzed by UPLC/HRMS (Waters Acquity UPLC with a photodiode array UV
detector and an LCT Premiere TOF mass spectrometer). The gradient mobile phase consisted of
water/acetonitrile (95:5 to 0:100 containing 0.05% TFA) over 2.7 min. The column was a Waters
Acquity Atlantis T3 2.1x 50 mm, 1.7 um column operated at a flow rate of 0.6 mL/min. The

wavelength of detection was 247 nm and the volume injected onto the column was 2 pL.
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2.2.6 Immobilization of PC linker, Cy5 oligonucleotide fluorescent reporters or mAbs

Devices were UV/Ogs-activated then thermal fusion bonded to cover plates as described
above. EDC (20 mg/mL) and NHS (2 mg/mL) were dissolved in dry ACN and infused into the
device using all-plastic, Norm-Ject™ syringes (Air-Tite). Next, devices were wrapped in a
protective Rubylith® film (Ulano) to prevent subsequent exposure of the PC linker to ambient light.
After 25 min incubation at room temperature, reagents were displaced by air, and the PC linker
(dissolved in dry ACN with a 2 molar excess of TEA) was infused into the device via a vacuum
pump. After incubating 2 h at room temperature, reagents were displaced by air, and the device
was infused with 100 mM Tris (pH 7.4) and incubated for 30 min at room temperature to inactivate
any unreacted NHS ester groups on the device’s surface. A second EDC/NHS reaction in dry
ACN, as described above, was performed to activate the -COOH group at the end of the PC
linker. Either Cy5 oligonucleotide reporters (40 uM) dissolved in PBS (pH 7.4) or mAbs (1 mg/mL)
were incubated for 2 h at room temperature or overnight at 4°C, respectively. For Cy5 reporters,
the device was washed with 0.1% SDS and finally PBS. When changing between anhydrous
solvents and any buffered solution, devices were briefly flushed with nuclease free water (10-30

pL), then excess solvent or buffer as a preventative measure against salt precipitation.

2.2.7 LED light exposure system and monitoring PC linker cleavage via Cy5 reporters

An 885 mW LED (M420L3, ThorLabs) producing light from 385-470 nm (Amax = 412 nm)
was filtered through a 400 nm longpass colored glass filter (Edmund Optics) that was used to
photocleave the PC linker. The LED’s innate divergence (60°) illuminated a 90 mm diameter spot
at 24 mm distance. The power distribution was measured with an 18 mm x 18 mm power sensor
(ThorLabs) rastered beneath the LED spot. These measurements were then fit with a 2D
Gaussian and integrated over the device’s surface area in Matlab. For photocleavage reactions,

the LED was mounted to a polished aluminum chamber with recesses that centered devices 24
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mm beneath the LED, and the LED was triggered using an analog LED driver (Thorlabs) and a

custom electronic timer.

For releasing Cy5 reporters immobilized via the PC linker, devices were first imaged by
fluorescence microscopy as described above. Devices were then exposed to LED light for 1 min.
Released Cy5 reporters were removed from the device by infusing PBS, collected into a pre-
weighed microcentrifuge tube, and quantified against a calibration curve by fluorometry (Jobin-
Yvon Fluorolog 3, Aex = 642 nm, Aem = 664 NmM). Devices were imaged by microscopy again after
the photocleavage process was repeated for an additional 1 min (2 min total exposure) and a final
8 min LED exposure (10 min total) to investigate the efficiency of photocleavage as a function of

dose.

2.2.8 Cell culture, analysis of cellular antigen expression, cell enrichment, and release

SKBR3, MCF7, and Hs578T (breast cancer) cell lines were cultured at 37°C under a 5%
CO, atmosphere in 1x McCoy’s 5A/10% FBS, 1x MEM alpha/10% FBS and 1.7 yM human insulin,
or DMEM/10% FBS/ and 1.7 puM bovine insulin, respectively. Cells were harvested for
experiments using TrypLE express reagent (5 min), centrifuged (300 g, 10 min), and resuspended
in ice cold PBS.

For the analysis of cellular antigen expression levels, harvested cells were washed with
ice cold PBS (three times) and fluorescently labeled primary antibody (Alexa Fluor 488, h-EpCAM
or h-FAPa) was added (5-10 pl/10° cells in suspension). The suspension was mixed well and
allowed to incubate for 30 min at room temperature in dark. Next, the cells were washed with
0.1% BSA (in PBS) three times to remove any unbound conjugated antibodies. After the final
washing step, cells were resuspended in ice cold PBS, filtered (0.2 um, PTFE) and analyzed by
Flow cytometer (BD Accuri C6). Results were compared with a suitable isotype control (Alexa

Fluor 488, IgG 2B or IgG1).
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Healthy donor blood samples were obtained from the University of Kansas Medical Center
(KUMC) from the IRB-approved Biospecimen Repository Core. Written informed consent was
obtained from all patients included in the study before enroliment. Peripheral blood samples were

drawn by venipuncture into Vacuette® containing EDTA (Greiner) tubes.

Prior to sample infusion, CTC devices modified with the PC linker and anti-EpCAM mAbs
were infused with 2 mL of 0.5% BSA/PBS at 50 pL/min to remove unbound mAbs and block the
surface to minimize nonspecific adsorption. SKBR3 cells were pre-stained with Hoechst 33342
(40 pg/mL, 15 min, RT), resuspended in PBS, then spiked into a 1 mL blood sample (69-269
SKBR3 cells/mL). The spiked blood was loaded into a 1-3 mL syringe (BD) and hydrodynamically
infused through two devices in series at a flow rate of 25 puL/min (2 mm/s linear velocity). After
blood processing, nonspecifically bound cells were removed by rinsing with 1 mL of
0.5%BSA/PBS at a flow rate of 50 pL/min (4 mm/s linear velocity). All captured cells were stained
with SYTO 82 nucleic acid dye (5 uM, infused at 25 yL/min and incubated for 15 min). Excess
dye was removed with 0.5% BSA/PBS (50 pL/min, 100 pL). Devices were exposed to the LED
system (2 min, 32 +4 mW cm, described above), and released cells rinsed with 0.5% BSA/PBS
(50 pL/min, 250 yL) and collected into a flat bottom 96-well plate for fluorescence microscopy
(DAPI and Cya3 filters). Additionally, the microfluidic device was manually scanned to enumerate

cells that were not released.

SKBR3 cells were identified as positive for both Hoechst 33342 and SYTO 82, whereas
nonspecific leukocytes were positive for SYTO 82 only. Purity was calculated as the ratio of
SKBR3 cells to total cell count (SKBR3 cells + leukocytes). Release efficiency was calculated as
the ratio of released cells to the total cell count (released cells + cells on-chip). Capture efficiency
was determined by self-referencing, where the SKBR3 cells captured in the first device was
divided by the total cell count (first device + second device).* 2° Mouse IgG2A isotype control

mAb was immobilized through the PC linker to evaluate nonspecifically bound SKBR3 cells. This
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was undertaken to gauge the release efficiency of MCF7 and Hs578T cells spiked into PBS buffer
using Hoechst 33342 staining only. In the case of Hs578T cell experiments, anti-FAPa mAbs were
used.
2.2.9 The effect of PC release on cell viability, cultivation, and oxidative DNA/RNA
damage

SKBR3 cells were spiked into PBS and affinity-enriched with anti-EpCAM mAbs. Cells
were released by 2 min LED exposure, collected into a 96-well plate, and stained for viability using
calcein AM and ethidium homodimer | (LIVE/DEAD Cell Imaging Kit) for 15 min at room
temperature. The plate was centrifuged (300 rcf, 5 min), and staining reagents were aspirated
and replaced with PBS for fluorescence microscopy. Viability measurements were taken from
~100 released cells (for other cell lines, the release step was omitted, and cells were directly
exposed in a 96-well plate — for these viability measurements, several thousand cells were
averaged). For monitoring cell cultivation after release, SKBR3 cells (180 cells) were seeded into

the experiment and were then cultured (as described above) for up to 4 d.

LED-induced DNA/RNA damage was determined by measuring the oxidative product of
DNA/RNA, 8-ox0 guanine (8-oxo-G).3* 34 Hs578T cells were grown in 35 mm diameter tissue
culture dishes (Fisher Scientific) until ~80% confluency. The cells were washed with ice cold PBS,
covered with 1 mL ice cold PBS, and the culture dish was irradiated in an ice bath in the LED
exposure system for 2 min (18.47 J). In a control experiment, the cells were placed in the exposure
system for 2 min without irradiation. To allow for comparison of LED exposure and UV exposure,
this process was repeated with an equivalent dosage of UV light (18.47 J) using a UVP CL-1000
crosslinker chamber (Analytik Jena). Results from UV and LED irradiation were compared to
results obtained from H;O, treated cells. Briefly, the cells were washed twice with ice cold PBS,
incubated in 10 mL H>O- (300 pM in 1X PBS) for 30 min at 37°C and 5% CO., then washed twice

with ice cold PBS.
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DNA or RNA was immediately extracted following irradiation using Zymo Quick-DNA and
Direct-zol RNA isolation kits according to the manufacturer’s protocol. Extracted DNA/RNA was
guantified by UV-Vis (Shimadzu BioSpec-nano) and High Sensitivity RNA or Genomic DNA
Tapestation (Agilent) and diluted to 80 ng/uL, and 6 pg substrate was digested into
mononucleotides using 18 mU phosphodiesterase |, 15 U benzonase nuclease, and 12 U alkaline
phosphatase® in NEBuffer 2.1. 8-oxoG quantification was performed in triplicate using a DNA

Damage Competitive ELISA Kit (Invitrogen) according to the manufacturer’s protocol.

To establish the impact of RNA oxidative damage on the ability to conduct mRNA profiling,
1 pg non-digested RNA was reverse-transcribed into cDNA using Protoscript® Il and poly(dT)
primers at 42°C for 1 h followed by enzyme deactivation at 80°C for 5 min. cDNA was diluted 5-
20x before being amplified by gPCR with gene-specific primers (200 nM for all genes except 125
nM for MMP9, Table 2.1), SsoAdvanced™ SYBR Green master mix, and a CFX Connect Real-
Time System (BioRad). The PCR thermocycling protocol was 95°C for 5 min and 40 cycles of

95°C for 30 s, 50°C for 30 s, and 72°C for 1 min.

2.2.10 The effect of attached Ab ligands on cell MRNA expression

RT-gPCR was performed to investigate the molecular level changes caused by the
remaining antibody ligands on the cell surface after photo release. For that, PC linker and anti-
EpCAM Abs were immobilized to UV/O3-COC devices and rinsed with 0.5%BSA/PBS (50 pL/min,
2 mL). SKBR3 cells (~20,000) were spiked to PBS (pH 7.4) and infused (25 pyL/min) into two
devices connected as a series. Devices were washed with 0.5%BSA/PBS (50 pL/min, 250 L)
and exposed to 2 min LED blue light. Photo released cells were lysed, total RNA was extracted
and quantified as described above (the time between the cell affinity selection and the cell lysis
was ~1 h). Complementary DNA (cDNA) was synthesized by performing (RT) with the

Protoscript® 1l cDNA synthesis Kit and anchored d(T)s VN primers (Table 2.1) for primer
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sequences) according to New England Biolabs’ protocol. g-PCR was performed as described

above. SKBR3 cells in the culture for entire experimental time was used as the control.

Table 2.1. Gene-specific primers for evaluating Hs578T and SKBR3 gene expression by RT-qgPCR.

Product size

Gene/cDNA Forward 5’-3’ Reverse 5-3’ (bp)
Vim ?TAI CTTGTGCTAGAATAC 117 cCA AAG ATT TAT TGA AGC 112
CDa4 éTT AAA CCC TGG ATC AGT #/f TAAG AAG TAC AGA TAT TTA 107
CK19 CTTCTG CTG TCC TTT GG CCC TTG GAC CAT AAATTT TTA 108
MMP9 ACC GAG AGA AAG CCTATT GGG ATT TAC ATG GCA CTG 162
SMA CAT TGT CCA CAG GAA GT TAA GGC TTG TAG GTT TTAATG 103
FAP v2 AAG GGA GTC ATG CATTT TAG CAC TTG AAC TTC TGA 87

IL8 EGA TACTCC CAG TCT TGT AAG TTT CAA CCA GCA AGA A 131
HSP70 ROG TOAAAG CAATGTTAA 1T CCC AGG ATAACT GAA G 122
CA4 AGC GCA CGG TGATAA A GAA GCC TGG AAC TTG GA 164
VCAN AGA GCC ACA GAGCAT TT TCT CAA AGA AAC AGA GTG ATA 156
GAPDH TGG TTG AGC ACA GGG TA TCA CAG TTG CCATGT AGAC 93

2.2.11 Anti-CD8 enrichment of MOLT-3-derived EVs

MOLT-3 cells were cultured at 37°C and 5% CO: in RPMI-1640 with 10% FBS. FBS was
depleted of background bovine EVs via ultracentrifugation (100,000 rcf, 18 h, 4°C) with an L8-
80M ultracentrifuge, Type 45 Ti rotor, 38 mm x 102 mm (70 mL) polycarbonate tubes (Beckman
Coulter), and a mechanical Harvard Trip balance (OHAUS). Tubes were sterilized with 10%
hydrogen peroxide before use and disinfected with Virkon S when transferring between the
centrifuge and culture hood. After ultracentrifugation, the FBS supernatant was decanted, mixed

thoroughly to homogenize protein content, aliquoted, and stored at -20°C. Cells were transitioned
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into EV-depleted FBS for 1 week before obtaining MOLT-3 conditioned media by centrifugation

(2000 rcf, 10 min).

EV microfluidic affinity-purification devices were modified with the PC linker and a
monoclonal anti-CD8 Ab as described above. Before affinity-enrichment, EV microfluidic devices
were washed with 400 pL blocking buffer (1% BSA, 1% PVP-40 in PBS) at 10 pL/min. Conditioned
media (500 pL) was infused at 5 uL/min, then the device was washed with 400 pyL 0.2% Tween
20 in TBS buffer and then 50 pL PBS at 10 pL/min. After LED exposure, released EVs were

collected in 400 uL PBS (20 pL/min) and stored at -80°C for subsequent analysis.

2.2.12 Nanoparticle tracking analysis (NTA)

Thawed samples were heavily vortexed, loaded into a 1 mL syringe (BD), and infused into
the flow cell of a NanoSight LM10 NTA instrument (Malvern Panalytical) equipped with a 488 nm
laser and NTA 2.3 software. In some cases, samples were diluted to ensure 10-100 EVs per
frame. Imaging used a camera shutter setting of 1206, camera gain of 366, 90-160 s acquisition
times, and 5 averaged replicates where the sample was advanced by ~25 pL while the camera
was off to image a random portion of the sample for each replicate. Processing used the Detection
Threshold 20 and all other automatic settings. Between each sample, the flow cell was slowly
flushed with 1 mL PBS then air four times, and flushing was verified by manually monitoring the
number of nanoparticles observed in 300 pL PBS (~0-1 per 100 pL). Nanoparticle concentrates

were multiplied by each assay’s elution volume to report the number of nanoparticles released.

2.2.13 Transmission electron microscopy (TEM) imaging
Samples were heavily vortexed and spotted onto TEM grids. After 20 min, excess buffer
was blot dried, and the grids were washed three times with a drop of nanopure water for 10 s.

Grids were blot dried and stained with 5 pL 2% (w/v) uranyl acetate (0.22 pum filtered) for 10 s.
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Grids were blot dried, air dried for 15 min, and imaged with a Technai F20 XT Field Emission TEM

(FEI).

2.2.14 LED-induced mRNA damage of EVs

A panel of genes (MMP9, PLBD1, FOS, CA4 and VCAN ) was previously identified for
diagnosing acute ischemic stroke (AlS).2® We used this gene panel to determine if there was
LED-induced damage of EV mRNA that may affect their expression profiles. MOLT-3 conditioned
media was obtained from culture as described above. Cells were removed by centrifugation (300
rcf for 10 min), and EVs were precipitated using the ExtraPEG procedure.®” To 3 mL conditioned
media, we spiked an equal volume of PEG and NacCl (final concentration of 12% and 0.5 M,
respectively), mixed by pipetting, incubated overnight at 4°C, centrifuged the sample (4000 rcf for
1 h), removed the supernatant, washed the pellet with ice cold PBS, resuspended the pellet in
PBS (6 mL) by pipetting and vortexing, and aliquoted 1 mL portions into 35 mm diameter tissue
culture dishes. Culture dishes were placed in an ice bath, inserted in the LED chamber, and either
not exposed (control) or exposed for 2 min (18.5 J) by the LED. The EV suspension was then
removed from the culture dish, and 1 mL of TRl Reagent was added to lyse EVs. The RNA was
extracted using Direct-zol RNA extraction kit according to Zymo’s guidelines and analyzed with a

2200 TapeStation and High Sensitivity RNA reagents (Agilent).

2.2.15 Reverse transcription and droplet digital PCR (RT-ddPCR)

Complementary DNA (cDNA) was synthesized by performing RT with the Protoscript® Il
cDNA synthesis Kit and anchored d(T)2s VN primers according to New England Biolabs’ protocol.
cDNA product was used to generate droplets with the QX200 droplet generator, EvaGreen®
Supermix, and gene specific primers (Table 2.2, 125 nM) followed by PCR amplification with the
BioRad C1000 thermal cycler and the above thermocycling protocol. Final cooling was carried
out at 4°C. Droplets were read with a BioRad QX200 droplet reader, and data analyzed using
QuantaSoft™ software. All data were normalized to the total RNA concentration.
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Table 2.2. Gene-specific primers for MOLT-3 EV-mRNA profiling by RT-ddPCR.

Product size

Gene/cDNA Forward 5-3’ Reverse 5°-3’ (bp)
PLBD1 ﬁTA CTGAGATGC TAG GTAGAT - -Ap GGG AAA GTG ACT GAT AC 189
FOS TGC CAG GAA CAC AGT AG TTC AGA GAG CTG GTA GTT AG 188
MMP9 GGG ATT TAC ATG GCA CTG ACC GAG AGA AAG CCT ATT 162
CA4 GAA GCC TGG AAC TTG GA AGC GCA CGG TGA TAA A 164
VCAN TCT CAA AGA AAC AGA GTG ATA  AGA GCC ACA GAGCAT TT 156
ILS AAG TTT CAA CCA GCA AGA A TGATAC TCC CAG TCT TGT C 131
CD8a GCC ACT CAT AAC AGC ATA G TGC CCA TTG GAG AGA AA 178
CD81 GGA GGG AAC AAG GTG AG TGT AGG TGG CGT GTA TG 210

2.3 Results and Discussion
2.3.1 Photocleavage of PC linker

Photocleavage of 7- amino coumarin occurs from its meta carbon after excitation, which
forms a tight ion pair (coumarinylmethyl cation and a leaving conjugate base) as key
intermediates. Coumarinylmethyl cation reacts with a nucleophile resulting the bond cleavage and
releasing the captured biomarker.® The PC linker was exposed to visible light (400-450 nm) and
samples were taken at different time points (0, 1, 2, and 10 min total irradiation time). Photolysis
products were monitored with UPLC (Figure 2.2A) and identified by mass spectrometry. The
intact PC linker (1, 87%) concentration decreased with irradiation time and at 10 min, the
chromatographic peak for the intact linker completely disappeared. Major photolysis product (2)
was present in small amounts (5%) for the initial sample and that amount increased with the
irradiation time up to 79%. In addition, UV-visible absorption (Figure 2.2B) and fluorescence
measurements (Figure 2.2C) were used to monitor the photocleavage reaction. From the spectra
shown in Figure 2.2B, very little changes in the absorption spectra were seen as a function of

irradiation time. However, there was a slight increase in the fluorescence from the coumarin as a
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function of photocleavage of the starting material (1, Figure 2.2C). This may be due to the

increase of fluorescence quantum efficiency (¢) as a function of photocleavage from the meta

carbon.
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Figure 2.2. (A) Ultra-high performance liquid chromatography (UPLC) of the photocleavage of (1) using
400 — 450 nm light for exposure times of 0, 1, 2, and 10 min (a-d). The chromatography used a C18
column with an aqueous buffer and acetonitrile, ACN, as the mobile phase. (B) UV/vis spectra of the
intact photolinker (1) as a function of exposure time. Same photo-irradiation conditions here as used in
(A). (C) Fluorescence emission spectra of the photo-irradiated linker (1) as a function of time.
((https://doi.org/10.1039/C9CC09598E) — Reproduced by permission of The Royal Society of
Chemistry)

2.3.2 Stability of UV/Os-activated COC in anhydrous solvents

The immobilization chemistry was designed to allow for the facile surface attachment of a
recognition element, for example an Ab, used in a microfluidic device fabricated in cyclic olefin
copolymer (COC) thermoplastic for enriching rare liquid biopsy markers. COC devices can be
mass produced by injection moulding and photo-activated using UV/Os irradiation to yield surface-

confined carboxylic acid (-COOH) scaffolds.?? The PC linker contains a primary amine with an
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ethylene glycol spacer for EDC/NHS coupling to the surface -COOH groups, and the linker’s
opposing -COOH covalently anchors Abs via a second EDC/NHS reaction. Solid-phase
conjugation prevents PC linker cross-linking, and identical reaction chemistry simplifies synthetic
preparation and the subsequent derivatization reactions. However, EDC/NHS reaction in an
aqueous buffer could yield NHS ester hydrolysis. The resulting free surface -COOH can directly
attach Abs to the surface after second EDC/NHS reaction. These directly attached Abs would not
be photo-released.

To mitigate NHS ester hydrolysis, we investigated the ability to perform EDC/NHS
reactions in anhydrous solvent. COC is well-known for exceptional solvent resistance,?? but the
effect of anhydrous solvents on the stability of UV/Os-activated COC has not been investigated.
We tested planar COC surfaces — either unmodified or UV/Ogs-activated — that were left in air,
immersed in buffer (MES, pH 4.8), or immersed in anhydrous solvents — ACN or
dimethylformamide (DMF) — for 2 h. Dichloromethane was also tested but was immediately
rejected due to polymer swelling and degradation of the COC substrate upon exposure; no
polymer degradation was observed for either ACN or DMF. After solvent exposure, the surfaces
were rinsed with water, dried, and then evaluated by several surface analysis techniques (Table
2.3) including water contact angles (WCAs), -COOH densities via a colorimetric TBO assay, and

ATR-FTIR spectroscopy.

Table 2.3. Surface analyses to evaluate the stability of UV/Os-activated COC surfaces exposed to
aqueous buffer or anhydrous solvents.

Surface WCAT -COOHM ATR-FTIR (au / cm™)
treatment ©) (nmol/cm?) c=0M O-Hl
Unmodified® 94.2+4.7 0.2+0.1 0.2+0.1 0.0 £0.3
Unmodified, MES 93.7 4.4 0.2 0.0 0.1 £0.3 -0.1+04
Unmodified, DMF 86.6 +7.6 0.1 0.0 0.1 £0.3 0.0 £0.5
Unmodified, ACN 90.6 £5.6 0.3 0.1 -0.1+04 -0.2 £0.7
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Uv/Oos™ 36.5+25 1.8+0.3 5.6 +0.0 3.3+0.4

UV/Os, MES! 57.7+3.6 2.0x0.4 4.7 +0.5 3.4 +0.6
UV/Os, DMF 83.2+8.4 0.4+0.0 2.6 +0.3 1.5+0.7
UV/Os, ACNI 64.7+8.4 0.6+0.1 4.7 +0.8 3.6 +0.5

COC surfaces were [a] unmodified or [b] UV/Os-activated and submersed in [c] MES (100 mM, pH 4.8), [d]
DMF, or [e] ACN. [f] Water contact angles (WCA). [g] Carboxylic acid (-COOH). ATR-FTIR spectral features
integrated from [h] 1650-1850 and [i] 3200-3700 cm-Z.

UV/Os-activated COC surfaces not exposed to buffer or solvent, as expected, exhibited
increased wettability and -COOH surface densities, which is supported by the appearance of
carbonyl and hydroxyl peaks in the ATR-FTIR spectra. Treatment with MES buffer increased
surface hydrophobicity and slightly decreased -COOH surface densities and ATR-FTIR peak
areas. Based on previous studies, UV/Os-activation produces a heterogenous surface containing
different oxidized functionalities and scissioning of the polymer chains into smaller molecular
weight fragments. While COC appeared to be more resistant to fragmentation than, for example
PMMA, fragmentation is likely to occur to some extent.?? We suspect that MES buffer immersion
resulting in decreased oxidation signals may have been caused by solubilization of oxidized

polymer fragments.

DMF treatment increased hydrophobicity appreciably and reduced -COOH densities to
near the nonspecific limit of the TBO assay. Further, ATR-FTIR peak areas were reduced after
DMF treatment compared to MES buffer. Along with the altered WCAs in the unmodified COC
control, these data could indicate solvent penetration and partial solubilization of the surface even
though no degradation or swelling of the bulk material was observed — only harsh solvents such

as dichloromethane produced these artifacts for COC.

ACN treatment yielded a surface most comparable to the MES buffer treatment (Figure
2.3). The only concerning disparity between ACN and MES treatment was a 68% decrease in -

COOH densities. The consequences for biomolecule immobilization are limited by the
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stoichiometric ratio of smaller -COOH groups and larger biomolecules. For example, a theoretical
monolayer of -COOH groups is 830 pmol/cm?, whereas a monolayer of larger oligonucleotides or
antibodies is ~13 pmol/cm? or 0.85 pmol/ cm?, respectively. Thus, an approximate 3-fold decrease
in -COOH densities as assessed by the TBO assay may be irrelevant for biomolecule

immobilization.

(A) Pre-treating UV/O,-COC with (B) Immobilization in solvent
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Figure 2.3. 5’-NH2-, 3’-Cy5-oligonucleotide direct attachment to UV/O3-COC surfaces. (A) ACN pre-
treatment of UV/O3-COC yielded higher loads of Cy5-oligonucleotides compared to MES (n = 33-35).
(B) Further gains were observed in fluorescence microscopy by EDC/NHS coupling in ACN (n = 4).
((https://doi.org/10.1039/C9CC09598E) — Reproduced by permission of The Royal Society of
Chemistry)

We tested immobilization efficiency using a 3’ Cy5-labeled oligonucleotide reporter
bearing a primary amine on its 5’ end to UV/O3-COC surfaces pre-treated with ACN or pre-treated
with MES buffer (pH 4.8). EDC/NHS reaction was performed in MES buffer (pH 4.8). Cy5
oligonucleotide reporter load was slightly above in ACN pre-treated surfaces (Figure 2.3A). It is
possible that, ACN can dissolve the short photo-fragments and remove them from the surface,
which provides proper sterics to bind bio molecules. High relative fluorescence intensities were
observed when EDC/NHS reaction was conducted in ACN compared to MES buffer (Figure

2.3B). ACN can avoid the NHS ester hydrolysis and improve the efficiency of EDC/NHS coupling
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reaction. Based on these data, ACN solvent was selected for testing biomolecule coupling by

EDC/NHS-activation.

2.3.3 LED exposure chamber for PC linker cleavage

We constructed a photo-exposure chamber using an LED outputting light from 385-470
nm (Amax = 412 nm), which overlaps significantly with the PC linker’s absorption spectrum (Figure
2.4A) and does not expose biological samples to intense UV radiation that may damage markers
or their molecular cargo.? 3* The LED was placed 24 mm from the device surface to allow the
LED’s innate divergence (60°) to provide a spot diameter of 90 mm, which provided relatively
homogenous illumination over the CTC or EV enrichment device’s surface area (34 4 mW/cm?;
Figure 2.4B). Lastly, we note that larger or smaller devices can be accommodated without any
additional optical elements by simply changing the distance between the LED light source and

the device surface and elongating or shortening exposure time to achieve a consistent dose.
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Figure 2.4. (A) The LED'’s spectral output, the absorbance spectra of the PC linker (measured at 0.526
UM in PBS, pH 7.4), and the Rubylith® film used to protect devices from ambient light and premature
photocleavage. (B) For photoexposure, the Rubylith® film is removed, and devices were inserted into
an aluminum exposure chamber, where the LED was centered with a 90 mm spot size over the device
(shown here is the sinusoidal CTC enrichment device — 26 mm x 16 mm). The LED’s spatial flux was
measured by rastering a sensor underneath the LED and fitting to a 2-dimensional Gaussian (R? =
0.9986), which showed uniform exposure (34 4 mW/cm?) over the device.
((https://doi.org/10.1039/C9CCO9598E) — Reproduced by permission of The Royal Society of
Chemistry)
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2.3.4 Cy5 reporter assay to monitor PC linker immobilization and cleavage

We next immobilized the PC linker (in ACN and TEA) to UV/O3-activated COC
microfluidic devices and measure the immobilization efficiency using Cy5 reporter. TEA was used
with dry ACN to facilitate amide bond formation between the primary amine and NHS ester. We
guenched unreacted NHS esters with Tris base to prevent direct attachment of Cy5-
oligonucleotides. Next, we reacted the linker's -COOH terminus with EDC/NHS in ACN, and
immobilized Cy5-oligonucelotides in buffer using the PC linker (Figure 2.5A). We then used an
LED (Amax = 412 nm, 32 +4 mW/cm?, Figure 2.4) to cleave the PC linker. Decreasing on-chip
fluorescence of the Cy5-oligonucleotide (Figure 2.5A and Figure 2.5B) was confirmed as
successful release. The remaining on chip fluorescence may be due to the autofluorescence of
the UV/O3 activated surface and/or non- released Cy5 oligonucleotides. Note that we quantified

the effects of photobleaching in the direct immobilization control, where Cy5 oligonucleotide
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Figure 2.5. (A) Cy5-oligonucleotides were immobilized via the PC linker at 0.2-5X of the theoretical
monolayer reaction excess (0.11-2.65 mM in ACN) considering the microfluidic device’s surface area.
(B) On-chip microscopy (n = 3) and (C) fluorescence spectroscopy of released Cy5 molecules (n = 3)
show saturation at 1-5X. (D) Cy5- oligonucleotides (n = 3), EVs (n=5), and SKBR3 cells (n=3) were
released with 88%, 91%, and 94% efficiency in 2 min, respectively.
((https://doi.org/10.1039/C9CCO9598E) — Reproduced by permission of The Royal Society of
Chemistry)
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reporter was immobilized to the surface directly without involving the PC linker. It showed a ~20 %
loss in Cy5 fluorescence after LED exposure. In separate experiments, we confirmed
photobleaching occurred during fluorescence microscopy imaging (Cy5 channel), but not during
LED photo exposure (data not shown). This was not unexpected as the LED output (385-470 nm)

is well separated from the absorbance range of the Cy5 fluorophore (507-694 nm, Amax = 649 nm).

Antibodies are much larger molecules than PC linkers. Therefore, all PC linkers
immobilized on the device surface will not bind with an antibody. Hence, the minimum PC linker
concentration required to bind the maximum number of antibodies is required to maximize the
recovery of the required target. For that, we varied the PC linker reaction excess compared to a
monolayer (considering surface area) and observed the same number of Cy5 reporter release in
1-5X PC linker excess (Figure 2.5C). Thus, we could saturate the device at 1X PC linker reaction
excess (0.56 nmol/cm?, 1.82 x 10* molecules per device) and the PC linker concentration is
sufficient to get the maximum recovery. We varied LED exposure time and released 74 6% Cy5
oligonucleotide reporters in 1 min and 88 +1% reporters (6.4 x10'2 molecules) in 2 min (Figure

2.5D).

2.3.5 Cell capture, release and propagation

We next used the PC linker to immobilize anti-EpCAM Abs in a microfluidic device for CTC
affinity-enrichment.® We targeted SKBR3 cells spiked into healthy blood (69-269 SKBRS3 cells/mL)
to evaluate the anti-interference ability of PC linker in a complexed matrix. We pre-stained SKBR3
cells with Hoechst dye and, after enrichment, stained all cells with SYTO 82, a membrane-
permeable nuclear dye that is spectrally distinct from Hoechst. SKBR3 cells were dual-stained,
while leukocytes were only stained with SYTO 82 enabling the determination of recovery by a
self-referencing method** and purity of the enriched fraction (Figure 2.6A).

SKBR3 cells were enriched with 85 £8% purity (16-38 leukocytes/mL) and 73 +4% recovery

(47-202 cells), slightly lower than found for the dU linker (85 +4%)* and direct Ab attachment (96
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Figure 2.6. (A) Performance of sinusoidal microfluidic device using PC linker for anti-EpCAM
enrichment of SKBR3 cells spiked into whole blood (n = 3). (B) LED release had no effect on viability,
and (C-E) released cells in culture for 2—96 h (Scale bars = 100 um). (F) DNA/RNA oxidative damage
(n = 3) assessed for 2 min LED exposure, equivalent UV dose (18.5 J), and 300 uM H20:2 (30 min) of
Hs578T cells. DNA damage is normalized to 32.2 pg 8-0xo-G per 400 ng DNA. The DNA-derived ELISA
8-0x0-G calibration curve could not quantify RNA damage absolutely. (G) mRNA profiling by RT-qPCR
(n = 3) of Hs578T cells following no irradiation, LED or UV light exposure, or H202 treatment.
((https://d0oi.org/10.1039/C9CC09598E) — Reproduced by permission of The Royal Society of
Chemistry)

+12%). We also observed ~40% fewer Cy5-oligonucleotide reporters immobilized through the PC
linker compared to direct conjugation with the surface,'* and we suspect that Ab load and CTC
recovery may increase if the PC linker was elongated with a longer PEG spacer which would
allow more access to targets. We used the PC linker to immobilize 1gG 2A isotype Ab to evaluate
nonspecific cell recovery (3 £2%). The release of SKBR3 cells was rapid with 94 +4% efficiency
after 2 min of LED exposure (Figure 2.5D). Other breast cancer cell lines were also enriched and

released with 88 +10% and 91 +4% release efficiency for MCF7 and Hs578T cells, respectively.
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After exposure to visible LED light, released SKBR3 cells had 94 +1% viability, the same as
controls (Figure 2.6B), and could be propagated in culture for 96 h (Figure 2.6C — E). Similarly,
exposed MCF7 and Hs578T cells had 96 £6% and 99 +3% cell viability, respectively. Others have
also observed >90% cell viability for O-nitrobenzyl and 7-amino coumarin linkers.2° 3% 4% However,
UV irradiation can damage nucleic acids through photo-absorption and oxidation (8-oxoguanine,

8-oxo-G, production).

2.3.6 Oxidative DNA/RNA damage

We measured 8-0x0-G levels in RNA and DNA for Hs578T cells exposed to visible LED
versus UV light (both at a dose of 18.5 J) and compared to H»O», which is known to generate
oxidative damage in DNA and RNA via oxygen free radicals. DNA damage was not detected for
LED exposure but was present with UV irradiation (Figure 2.6F). Both exposures generated 8-
0xo-G damage in RNA at comparable levels to that of H.O- (Figure 2.6F). Single-stranded RNA
is easily oxidized so as to protect genomic DNA from damage*' and subsequent mutations

through imperfect repair pathways.*?

2.3.7 Impact of RNA 8-0x0-G damage on target gene expression

A gene panel consisting of mesenchymal and EMT markers were selected to determine
the impact of mMRNA oxidative damage (Figure 2.6G; see Table 2.1 for primers used for the RT-
gPCR). Total RNA was purified from Hs578T cells from standard culture (control) or after LED
exposure (18.5 J), or after UV exposure (18.5 J) or after H.O, treatment. mMRNA was reverse
transcribed with anchored poly(dT) primers and cDNA was amplified with gene specific primers
(Table 2.1) by gPCR with 2-3 replicates per gene. All genes were referenced to the housekeeping
gene GAPDH and reported as 22, where AC; is C¢®" - CAPPH, No interfering amplification was
observed in RT controls for all genes and samples (data not shown). However, mRNA expression
was similar in all three treatments suggesting that, 8-oxo-G damage observed in total RNA, did
not alter the mRNA expression of the selected gene panel. Collectively, visible LED exposure did
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not affect mMRNA expression or cause oxidative DNA damage, whereas UV irradiation induced
DNA 8-oxo-G damage. Such DNA damage could cause false positives for clinical analysis,

especially at the single cell level common to CTCs.

2.3.8 Impact of attached Ab ligands on mRNA expression

Molecular level changes due to the attachment of Ab ligands on cell surface after photo-
release was evaluated by profiling mRNA expression of photo released cells. Total RNA was
extracted from photo released cells and RT reaction was performed with primers of seven stress
genes (Table 2.1 for primer sequences). cDNA was synthesized and qPCR was conducted to
analyze mRNA expression (Figure 2.7). All data were normalized to the house keeping gene

GADPH as mentioned above.

We observed similar mRNA expression profiles in photo-released cells and control cells
(p = 0.1-0.9, r=0.99). The results suggest that, monoclonal Ab attachment on cell surface as a

ligand could not alter the mRNA expression of target genes under these experimental conditions.
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Figure 2.7. RT-gPCR was used to analyze mRNA expression changes occurred due to the presence
of Ab ligands on cell surface after photo release. MRNA expression profiles of 7 genes were compared
in control SKBR3 cells and photo released cells (For CK19, n=5 and for other genes n=6). The gene
panel consists of stress genes and EMT markers. ((https://doi.org/10.1039/C9CCQ09598E) —
Reproduced by permission of The Royal Society of Chemistry)
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2.3.9 Flow cytometry analysis of antigen expression in cell lines and correlation to
release efficiency

For the affinity-enriched cell lines, we analyzed antigen expression versus isotype controls
by flow cytometry (Figure 2.8A). MCF7 had the highest expression of EpCAM (125X 1gG) with
lower expression of EpCAM in the SKBR3 cell line (20X). For enrichment anti-EpCAM antibodies
were used for enriching MCF7 and SKBR3 cell lines, while anti-FAPa antibodies were used for
enriching the Hs578T cells. Release efficiencies were 88 +£10%, 94 +4%, and 91 +4% for the
MCF7, SKBR3, and Hs578T cell lines, respectively. We observed minimal correlation between
antigen expression and release efficiency (Figure 2.8B). Therefore, the rate of release does not
seem to depend on the number of Ab-antigen interactions. We previously encountered results
which indicated that when using the enzymatically cleavable oligonucleotide linker,** longer
incubation times with USER enzyme were required to achieve equivalent release efficiency for

cells with higher antigen expression levels.'*
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Figure 2.8. (A) Three cell lines (Hs578T, SKBR3, and MCF7) were tested for antigen expression by
flow cytometry. Cells were labeled with FITC-conjugated IgG control Abs and their corresponding FITC-
labeled primary Ab, anti-FAPa or anti-EpCAM. Labeled cells were analyzed with a BD Accuri C6 Plus
flow cytometer. (B) Relative antigen expressions were obtained by flow cytometry data and correlated
(r = -0.81) with release efficiency. ((https://doi.org/10.1039/C9CC09598E) — Reproduced by
permission of The Royal Society of Chemistry)
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2.3.10 EV isolation and release

Lastly, we tested the PC linker for EV catch and release. Our group recently affinity enriched
CD8(+) EVs as a liquid biopsy marker to diagnose AIS. We relied on the dU linker strategy to
release EVs,*® but the 60 min enzymatic reaction increased total assay time, approaching the
~4.5 h therapeutic time window. Thus, we investigated the use of the PC linker to reduce

processing time for releasing AlS-associated EVs.

We immobilized the PC linker and anti-CD8 Abs to a UV/O3s-COC microfluidic device
specifically-designed to enrich EVs with high efficiency.*® The expression of CD8 antigen in
MOLT-3 cells was reported as 13.5%, thus the MOLT-3 cell line was used as model for these
studies.* CD8(+) EVs were affinity enriched from MOLT-3 conditioned media and photo-released
for NTA and TEM analysis. From the MOLT-3 conditioned media, we enriched 8.2 +0.2 x 10’
nanoparticles (NPs) with an EV size of ~136 nm, similar to TEM imaging (Figure 2.9A, B). EV
release was again rapid; 82 £6% of NPs were released after 1 min LED exposure, and 91 +5%
were released with 2 min LED exposure (Figure 2.5D). Thus, the PC linker is well suited to reduce

the AIS assay workflow by >58 min compared to an enzymatic release strategy.

2.3.11 RT-ddPCR of MOLT-3 derived EV-mRNA after LED exposure

EVs from MOLT-3 cells were PEG precipitated, resuspended in PBS, and exposed to LED
irradiation for 2 min or not (control). Afterwards, the EVs were lysed via Trizol, and EV-RNA was
extracted and quantified. We probed a panel of 8 genes by RT-ddPCR (primer sequences in
Table 2.2). The mRNA panel profiled in Figure 2.9C consists of genes whose activities are
dysregulated as a result of AIS (PLBD1, FOS, MMP9, CA4 and VCAN). IL8 is a stress gene and
CD81 and CD8 genes are EV specific markers. We did not observe any effect of LED exposure

on RT-ddPCR results for this EV-mRNA panel (Figure 2.9C).
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Figure 2.9. EVs affinity-enrichment (anti-CD8 mAbs). The EVs were enriched from MOLT-3
conditioned media and released by LED exposure from the EV enrichment microfluidic device. The
released EVs were subjected to NTA (A), TEM (B), and ddPCR (C) analyses. The ddPCR was carried
out on 8 genes. Among them, five genes (PLBD1, FOS, MMP9, CA4 and VCAN) are known to be
dysregulated as a result of an ischemic stroke (AlIS) event. See Table S3 for the sequences of the
primers used for the ddPCR. ((https://doi.org/10.1039/C9CC09598E) — Reproduced by permission of

The Royal Society of Chemistry)

2.4 Conclusions

We successfully demonstrated our PC linker for the “catch and release” of clinically-
relevant liquid biopsy markers (CTCs and EVs) that are affinity-enriched using two-step EDC/NHS
coupling chemistry. The PC linker is easily adaptable for any affinity agent bearing a primary
amine, such as antibodies and aptamers. Also, it can be adapted to different microfluidic devices
and clinical applications. Most importantly, our PC linker was able to release enriched liquid

biopsy markers efficiently (>90%) and rapidly (2 min) with a blue LED (400-450 nm). Targeting
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AIS takes full advantage of the PC linker’s rapid release to reduce assay time for diagnostic tests
that possess short therapeutic time windows. This reagent-less release method is inexpensive
and well suited for clinical settings because it obviates the need for thermally mediated enzymatic
reactions. While ambient light can cause photocleavage, once the enrichment device has been
loaded with the affinity agent using the PC linker, the device can be wrapped in a rubylith film to

protect the integrity of the PC linker (see Figure 2.4A).

We demonstrated the anti-interference ability of PC linker by achieving a high cell recovery
(>70%) from a complex matrix such as blood. We also showed a high cell viability and culturing
for released CTC surrogates. Unlike UV exposure, our PC linker cleaved in response to visible
light and did not affect DNA integrity (no appreciable 8-ox-G damage). The oxidative RNA damage
observed due to the blue light exposure, did not alter the mRNA expression profiles of enriched
biomarkers. We also showed that, remaining Ab ligand on cell surface after photo-release did not
affect molecular profiling of selected gene panel. These promising results warrant future
investigations to improve the PC linker performance, such as incorporating a PEG spacer to

increase Ab accessibility, overall Ab loading capacity, and marker recovery.
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Chapter 3 - Integrated modular microfluidic system (SMART-Chip) for
the comprehensive analysis of circulating tumor cells (CTCs)

This chapter is based on the publication:

Thilanga N. Pahattuge., lan Freed., Mateusz L. Hupert., Swarnagowri Vaidyanathan., Katie
Childers., Malgorzata A. Witek., Kumuditha Rathnayake., Daniel Park., Anup Kasi., Mazin F Al-
Kasspooles., Michael C. Murphy and Steven A. Soper “System Modularity Chip for Analysis of
Rare Targets (SMART-Chip): Liquid Biopsy Samples” (ACS Sens. 2021 May 3. doi:
10.1021/acssensors.0c02728. Epub ahead of print. PMID: 33938745.)

3.1 Introduction

Liquid biopsies are generating significant interests 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 (i.e., precision medicine).*2 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 (EVSs). Liquid biopsies are especially
useful when anatomically inaccessible organs are diseased making it difficult to secure a solid
tissue biopsy (i.e., brain, lungs, or pancreas). For example, we have shown that CTCs can be
enriched in sufficient numbers to monitor response to therapy in patients with pancreatic ductal
adenocarcinoma (PDAC) using enumeration and molecular data from epithelial and
mesenchymal type CTCs.® Not only can liquid biopsy markers be used to monitor response to
therapy, they can also be used to screen for disease recurrence, stratify patients so they receive

proper therapy, and even diagnose the disease at an early stage of onset.**

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 disease onset. The analysis pipeline depends on whether

one is interested in just the enumeration of the particular liquid biopsy marker and/or the
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acquisition of molecular information from the markers, such as determining the mutational status
of disease-associated genes. 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 (i.e., CD45, pan-cytokeratins and
DAPI) to differentiate the CTCs from white blood cells that may appear in the enriched fraction.
For molecular analysis of the enriched markers, the steps required are particular to a specific
molecular assay for example sequencing, fluorescence in situ hybridization (FISH), mutation
detection or mutation scanning. Due to the low abundance of liquid biopsy markers (CTCs in
patients’ blood can range from 1 — 1,000 CTCs per mL),%’ marker loss or contamination caused
by manual handling during 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,®® dielectrophoresis,'® acoustic waves,'*? size-
based filtration,*?*® or immunoaffinity methods.***® Unfortunately, the enrichment microfluidic is
typically the only step that the chip performs with the requirement that the cells be off-loaded for
further processing. 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.
Integration of microfluidic devices to form lab-on-a-chip systems is an attractive approach to

address the aforementioned issues.
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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 uses centrifugal forces to manipulate fluids.'”-?? Potential challenges are
related to complex fabrication methods,? and limited space that restricts the number and type of
operational steps that can be integrated into the system.?*2 In a monolithic configuration, multiple
functional units are situated on a single wafer.?62° Therefore, modifications or changes in the
processing steps require redesigning the entire system, which can increase cost and limit the
application portfolio of the system.®* A modular configuration consists of a set of task-specific
modules integrated together using a fluidic motherboard.?-* The ability to be reconfigured along
with reduced sample-processing time, low-cost, and portability have made modular microfluidic

systems attractive for clinical assays, such as those targeted for liquid biopsies.*”

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 biopsies secured from clinical samples using CTCs as an
example. Three task-specific modules were incorporated into the system and consisted of a CTC
enrichment module, impedance module, and imaging module. The SMART-Chip could perform
the following steps: (i) Process a clinical sample for the surface affinity selection of CTCs, but
enrichment modules for cfDNA3°or EVs* can be envisioned as well; (ii) release the enriched
biomarkers rapidly using a photocleavable (PC) linker;*! (iii) count the released cells using a label-
free impedance sensor that also determined cell viability; and (iv) immunophenotype the enriched

CTCs.*?

The CTC enrichment module consisted of an array of high aspect ratio sinusoidally-shaped
microchannels arranged in a z-configuration.* Due to the sinusoidal shape of the selection
channels and their dimensions, high cell recovery (>90%) has been reported with exquisite purity

(>85%).** The impedance module counted unlabeled single cells passing through a pair of
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orthogonally positioned electrodes with respect to the microfluidic channel while being able to
assess their viability based on the polarity of the impedance signal. The imaging module was
used to physically trap the enriched cells against pore structures, stain, and image the cells for
phenotypic identification.#>  The modules were connected to a fluidic motherboard with
interconnects while valving structures present on the motherboard were programmed to direct the

fluids precisely through the microchannels to automate sample processing.

We previously reported a microfluidic system for the enrichment of CTCs directly from a
patient’s blood sample and their subsequent immunophenotyping.*® In that example, a series of
microfluidic chips were connected in series 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 valving structures
on a fluidic motherboard to control fluidic operation and thus, minimize the need for operator

intervention during the assay.

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

applications in which the SMART-Chip can be used.
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3.2 Experimental
3.2.1 Reagents and materials

COC (cyclic olefin copolymer) substrates (6013S-04) and COC cover plates (5013S-04, 250
pm) were purchased from TOPAS advanced polymers GmbH (Germany). Poly(methyl
methacrylate), PMMA, substrates were obtained from SABIC polymershapes (Raleigh, NC) and
cover plates (250 um) were purchased from Goodfellow (Oakdale, PA). Pt wires (75 um diameter)
were secured from Sigma Aldrich (St. Louis, MO) and gold-plated electrical contacts
(09670008576) were purchased from Harting (Germany). PEEK tubing was obtained from IDEX
Health & Science (Oak Harbor, WA). PEEK tubing interfaced to the motherboard were connected
to syringe pumps (New Era, Farmingdale, NY) using Inner-Lok™ union capillary connectors
(Polymicro Technologies) and barbed socket Luer Lock™ fittings (3/32” ID, McMaster-Carr).
Solenoid valves (M1533724VDC) and a 12-station manifold (150M12) were purchased from
Humphrey Products (Kalamazoo, MI) and PDMS membranes (HT6240, 250 um) were secured

from Standard Rubber Products Co. (Elk Grove Village, IL).

Chemical reagents used in this study included: Micro 90® (Cole-Palmer, Vernon Hills, IL),
isopropyl alcohol (IPA), 1-ethyl-3-[3- dimethylaminopropyl] carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), anhydrous acetonitrile (ACN), anhydrous triethyl amine (TEA; Sigma-
Aldrich), phosphate buffered saline (PBS, pH 7.4), bovine serum albumin (BSA), 2-(4-
morpholino)-ethane sulfonic acid (MES), nuclease free water (Fisher Scientific), and 1 M Tris pH
7.4 (KD Medical, Inc, Columbia, MD). Tris-glycine (TG) pH 8.3 was obtained from Bio-Rad
(Hercules, CA). Hoechst 33342 and LIVE/DEAD™ Cell Imaging Kit were secured from Life

Technologies.

The SKBR3 cell line was obtained from the American Type Culture Collection (ATCC). Culture
reagents included fetal bovine serum (FBS, Performance, Gibco), McCoy’s 5A (Corning), Trypsin

(Sigma-Aldrich), and 25 cm? tissue culture flasks (Fisher Scientific). Mouse anti-human
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EpCAM/TROP-1 (clone 158210, 1 mg/mL), human EpCAM/TROP1 Alexa Fluor® 488-conjugated
antibody (clone 158206), Mouse IgG 2B Alexa Fluor® 488-conjugated Isotype control (clone
133303) were from R&D Systems. Anti-CD45-FITC (Clone 2D1, 0.2 mg/mL) was purchased from
eBiosciences (San Diego, CA) and Anti-Pan-Cytokeratin-Cy3 antibody (clone AE1/AE3, 0.2
mg/mL) was from Affymetrix Inc. (San Diego, CA). Blocking and washing buffers were filtered (0.2

pum, PTFE, Fisher Scientific) just prior to use.

3.2.2 Cell culture and antigen expression analysis

SKBR3 cells were cultured in 1xMccoy’s 5A supplemented with 10% FBS at 37°C with 5%
atmospheric CO,. The cells were detached using trypsin, centrifuged at 300 g for 5 min and

resuspended in ice cold PBS before use.

Cells were washed with ice cold PBS three times and conjugated primary antibody (Alexa
Fluor 488, h-EpCAM) was added (5-10 pl/108 cells) to the suspension. The cell suspension was
incubated in the dark for 30 min at room temperature following mixing. Unbound Abs were
removed by washing the cells with 0.1% BSA/PBS three times. After each washing step, the cells
were centrifuged (300 g, 5 min), removal of the supernatant, and resuspended in buffer. Cells
were filtered using non-sterile CellTrics® filters (30 um, Sysmex America, Inc, Lincolnshire, IL)
and analyzed by flow cytometry (BD Accuri C6). Isotype Ab (Alexa Fluor 488, IgG 2B) was used

as the control.

3.2.3 Fabrication of the modules and fluidic motherboard

The microfluidic components were manufactured via direct milling, hot embossing, and PDMS
casting. The fluidic motherboard was directly milled in PMMA using a Kern Evo high-precision
micromilling machine (Kern Microtechnik GmbH, Germany) and FeatureCAM was used for the
CNC programming. The CTC selection module and impedance module were prepared by hot

embossing. Metal masters for hot embossing were prepared by micromilling a brass plate using
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high precision micromilling (KERN 44, KERN Micro- und Feinwerktechnik GmbH & Co0.KG;
Murnau, Germany) with carbide bits (Performance Micro Tool) and the hot embossing was
performed with a HEX03 embossing machine (Jenoptik GmbH). Hot embossing of the CTC
selection module was performed in COC at 155°C with a 30 kN force applied for 120 s. Hot
embossing of the impedance module in PMMA was conducted at 140°C with a force of 20 kN
applied for 630 s. Embossed modules were diced with a bandsaw and cleaned by rinsing with
10% micro 90, IPA, and nano-pure water, and finally dried at 60°C for 30 min. Cover plates (254

pm) were cut, cleaned, and dried.

3.2.3.1 CTC selection module

When assembling the CTC selection module, the cleaned modules and cover plates
(COC) were exposed to UV/Oz for 13 min (22 mW-cm2, A = 254 nm) and then, the UV/O3; exposed
surface of the cover plate was placed on top of the hot embossed substrate. This assembly was
placed between two borosilicate glass plates and clipped together followed by thermal fusion

bonding at 134°C for 1 h.

3.2.3.2 Impedance module

This module was assembled by placing platinum (Pt) electrodes (d = 75 um) into electrode
holding channels embaossed into the substrate and UV/O3 irradiating the cover plate and substrate
(PMMA) for 10 min (22 mW-cm2, A = 254 nm) with the electrodes in place. The module was finally
assembled by placing the cover plate on top of the microchannels and thermal fusion bonding at

101°C for 15 min.

3.2.3.3 Imaging module

Reliefs for casting the imaging module consisted of an SU-8 photoresist on a Si wafer support

and prepared using standard lithographic procedures. Two optical masks were used for
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fabrication of the dual height relief structures.** An approximately 4 pm thick layer of SU-8 2005
photoresist was spun onto a Si wafer and after pre-exposure baking at 95°C for 3 min, the
photoresist was exposed to UV radiation (MA6/BA6 Mask Aligner, Karl Suss; Germany) through
an optical mask to produce the structures that would ultimately define the CTC retaining pores.
After a post exposure bake at 95°C for 3 min, a second layer of SU-8 2050, 65 um thick, was
spun onto the top of the first photoresist layer. Following a pre-exposure bake at 95°C for 10 min,
the second layer of photoresist was exposed to UV radiation using a different photomask to
produce structures that would ultimately become the inlet and outlet fluidic channels. Active
alignment was used during the second exposure step in order to assure proper alignment
between the two SU-8 layers. A post exposure bake was performed using a temperature ramping
procedure (25°C - 95°C at 7°/min, 95°C for 6 min and 95°C - 25°C at 1°/min) to minimize thermal
stress in the SU-8 structures and improve adhesion to the Si wafer. Microstructures were then

developed using SU-8 developer to form reliefs for PDMS casting.

Sylgard 184 (Dow Corning) was used for the imaging module. Following the manufacturer’s
procedure, a mixture containing 10:1 (w/w) PDMS prepolymer and curing agent was thoroughly
stirred and degassed under vacuum, poured over the SU-8 microstructures, and into a custom-
built retaining reservoir and cured at 75°C for 5 h in a natural convection oven on a leveled
platform. After removal from the casting master, single imaging modules were diced from the cast
PDMS and inlet and outlet holes were punched into the substrate. The PDMS modules were then
cleaned and dried and bonded to pre-cut glass slides following a 1 min exposure to O, plasma

(90 W, 20 sccm Oy) in a reactor (Diener Electronic, GmbH + Co KG; Germany).

3.2.4 Surface attachment of mAbs using photo-cleavable (PC) linkers

PC linker and mAb immobilization were recently reported by our group.** Briefly, COC cell

selection modules were UV/O; activated (22 mW-cm2, 13 min) and EDC (20 mg/mL) / NHS (2
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mg/mL) treated for 25 min at room temperature using dry ACN. The solution was removed from
the module by passing air, and PC linker (0.53 mM) dissolved in dry ACN and TEA was infused
into the modules. After 2 h of incubation at room temperature, the solution was replaced by
passing air through the module. Then, 100 mM Tris (pH 7.4) was introduced into the module and
incubated for 30 min at room temperature. Next, Tris buffer was replaced by passing air and the
EDC/NHS reaction was performed again. After incubation, the EDC/NHS solution was replaced
with mADb (anti-EpCAM, 1 mg/mL) dissolved in PBS (pH 7.4) that was introduced into the module.
The module was incubated for 2 h at room temperature or overnight at 4°C. Prior to sample
infusion, the module was rinsed with 2 mL of 0.5% BSA/PBS at 50 pL/min to remove any unbound

mAbs and minimize non-specific binding of sample components to the module’s walls.

3.2.5 Microfabrication of the membrane valve and characterization

Fabrication of the membrane valves was reported previously.*” Briefly, the fluidic
microchannels and pneumatic control channels (w x h, 760 um x 180 um) were directly milled
(Nomad 883, Torrance, CA) in two different PMMA substrates. The fluidic microchannel substrate
also had the valve seats (400 pm) while the pneumatic control channels contained the
displacement chambers (radius = 1400 um). The two PMMA pieces were cleaned and dried.
Channel measurements were made by using a VK-X 3D laser scanning confocal microscope
(Keyence). The PMMA substrate with the fluidic microchannels and PDMS membrane (HT6240,
250 um) were UV/Os3 treated (22 mW-cm) for 10 min. Next, the UV/O3; exposed surfaces of the
PDMS membrane was placed on top of the UV/Os exposed PMMA fluidic microchannel surface
and they were conformally bonded together. The PMMA/PDMS assembly was again UV/O3
activated for 10 min along with the pneumatic control PMMA layer. The pneumatic control layer
was placed on top of the PDMS membrane and pressure was applied (165 psi) using a PHI
Precision Press (TS-21-H-C (4A)-5, City of Industry, CA) after properly aligning the fluidic and
pneumatic control layers. PEEK tubing (1/16”) was attached to make the final device.

102



Valve characterization was accomplished by measuring the outlet flow rate by varying forward
fluidic pressures at valve-open and valve-closed states. The inlet of the valve was connected to
a pressure sensor (15 psi) and to a fluidic channel (dye solution), which was connected to a
compressed N2 gas tank. The flow rate was measured by weighing the amount of dye solution
flowed through the device in a given time interval. Valve operation was controlled by providing a
vacuum (to open the valve) or pressure (to close the valve) through the pneumatic control layer.
Flow rates were measured at valve-open states (-50 kPa valve open pressure) and two valve-

closed states (25 kPa or 35 kPa valve closing pressures).

3.2.6 Relationship between impedance signal polarity and cell viability

SKBR3 cells were suspended in 1x TG buffer and incubated for 1 h at room temperature.
The cells were hydrodynamically introduced into the impedance module at 30 pl/min (200 ul) while
recording the impedance signals. The cells flown through the impedance module were collected
into a 96 well plate and centrifuged at 300 g for 5 min. The supernatant was removed and ice-
cold PBS was added. The cells were stained using a Live/dead cell kit (Life Technologies) and
incubated for 15 min at room temperature. Cells were observed using a Zeiss Axiovert 200 M
microscope with a 10X objective (0.3 NA, Plan NeoFluar), an XBO 75 W lamp, FITC and Cy3 filter
set (Omega Optical), a Cascade 1K EMCCD camera (Photometrics), and a MAC 5000 stage (Ludl
Electronic Products). All of the microscope components were computer-controlled via Micro-
Manager. Calcein and Ethidium homodimer stained cells were counted and compared with the

impedance signals.

3.2.7 Cell retention in imaging module

SKBR3 cells were stained with Calcein and incubated at room temperature for 15 min.
Imaging modules that had 7,200 pores (4, 6 and 8 um pore size) were rinsed with 0.5%BSA/PBS
at 20 pL/min (500 pL). Cells were diluted (~2 cells/pL) with PBS and hydrodynamically introduced
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into the imaging module at 20 uL/min (100 pL) while collecting the effluent into a 96 well plate.
The imaging module was rinsed with 0.5%BSA/PBS at 20 pL/min (100 pL) while collecting the
washing buffer into the same well and observed using a Zeiss Axiovert 200 M microscope using
the FITC filter cube of the epifluorescence microscope. The cells retained in the imaging module

and 96 well plate were then counted.

3.2.8 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 in PMMA) and a membrane layer consisting of a
PDMS elastomer. The fluidic layer contained the fluidic network and valve seats (11 total valves
in the system) as well as conical connecting ports for the 3 modules. The pneumatic control layer
also contained displacement chambers. The elastomeric PDMS membrane layer was placed
between the two PMMA substrates (see Figure 3.1A). 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 using a 3° bit (d = 0.045”). 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/Os activated (22 mW-cm?) 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/Os; modified and aligned to the UV/O; activated PMMA
pneumatic control layer. The PMMA/PDMS/PMMA assembly was then subjected to pressure (165
psi) using a PHI Precision Press (model TS-21-H-C (4A)-5, City of Industry, CA) to facilitate

compression bonding between the three layers (Figure 3.1B).

The CTC selection module, impedance module, and imaging module were connected to the

motherboard (see Figure 3.1C) using semi-rigid Tefzel™ tubing.3* PEEK tubing (OD = 1/32” and
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1/16”) 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)
using polyethylene tubing. The SCS contained 11 solenoids (3/2way, Humphrey, M1533724VDC)
connected to a manifold (Humphrey, 150M12) 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. Valve

operation was controlled by graphical user interface software developed via Visual studio.

3.2.9 Device 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, Hoechst 33342 (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 pL/min) prior to blood infusion. Stained cells were spiked into
healthy blood and hydrodynamically introduced (1 mL, 25 pL/min) into the CTC selection module
that was surface decorated with anti-EpCAM monoclonal antibodies via a photocleavable (PC)
linker.#* Following blood infusion, the module was rinsed with 1 mL of 0.5% BSA/PBS (50 pL/min)
to remove any non-specifically bound material. Next, 1x Tris Glycine (TG) buffer (pH 8.3, 0.1 mL)
was infused into the cell selection module at 20 uL/min. Blood and the wash buffers were directed
to waste using the appropriate open/closed status of the PDMS membrane valves. The CTC
selection module was exposed to blue light (34 +4 mW/cm?, 400 — 450 nm) for 2 min (18.5 J) to
release the affinity selected SKBR3 cells and swept into subsequent modules using the

appropriate open/closed status of the on-system membrane valves.
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Following blue-light exposure, 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 and processed using in-house built electronics.*

After the impedance module, the enriched cells were directed into the imaging module where
they were physically trapped against pore structures. Trapped cells were stained using different
fluorescently labeled markers as reported previously.* Briefly, the imaging module was flooded
(20 pL/ min) with 0.5% BSA/PBS (0.1 mL) to replace the TG buffer used for impedance counting
of the enriched cells. Anti-human CD45-FITC (2.5 pg/mL, 0.1 mL) was introduced into the device
(10 pL/min) and incubated for 15 min. After washing with 0.5% BSA/PBS, 2% PFA/PBS (0.1 mL)
was infused (15 pL/min) through the device and incubated for 10 min to allow for cell fixation.
Then, the cells were permeabilized by introducing 0.1 mL of 0.1% Triton X-100/PBS (15 uL/min).
The imaging module was then rinsed with 0.5% BSA/PBS (0.1 mL, 20 upL/min). Anti-pan-
cytokeratin-Cy3 antibodies (5 pg/mL, 0.1 mL) were infused (10 pL/min) into the imaging module
and incubated for 30 min. The module was finally rinsed with 0.5% BSA/PBS (0.1 mL, 20 pL/min)

prior to imaging.

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).

3.2.10 Processing patients blood samples

Patient samples were secured from KUMC according to the institution’s IRB protocol.

Written informed consent was obtained from the patient before enroliment. Blood samples were
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collected into Vacuette® K3EDTA (Greiner) tubes containing the anticoagulant EDTA and 50

ug/mL eptifibatide*® and processed in the SMART-Chip on the second day after blood withdrawal.

3.3 Results and Discussion

A picture of the SMART-Chip is shown in Figure 3.1. It contains three task-specific modules
that affinity selected CTCs using antibodies attached to the walls of the sinusoidal channels via a
PC linker and their subsequent release from the capture surface using blue light, single-cell
impedance sensing, and immunophenotyping. 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/O; 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 micro-milling the fluidic and pneumatic control channels into the substrate.
In the following sections, a description of the design and performance of the fluidic motherboard

and task-specific modules are provided.

3.3.1 Fluidic motherboard

The fluidic motherboard performed the following functions: (i) Serve as 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 3.1A). The fluidic network layer (i)
was made from PMMA (3 mm thick) and also contained the valve seats. The pneumatic layer (iii),

which was also made from PMMA, contained control lines and displacement chambers for valve
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Figure 3.1. The design and assembly of the SMART-Chip. (A) Both sides of a PDMS membrane layer
(i) and PMMA layers that contained micro-features (i — fluidic layer and iii — pneumatic control layer)
were UV/Ozstreated for 10 min (22 mW/cm?). The PDMS membrane was sandwiched between the two
PMMA layers. The micro-features (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 fully assembled SMART-Chip including
the 3 task-specific modules that were integrated to the motherboard using Tefzel™ tubing. (Reprinted
with permission from (https://doi.org/10.1021/acssensors.0c02728). Copyright (2021) American
Chemical Society)

actuation. Finally, the middle layer (ii) was made from a PDMS elastomer and served as the

membrane (250 pm thick) for the 11 valves situated on the motherboard. The three layers were
assembled after modifying their surfaces with UV/Os.4” The UV/Os activation caused photo-
oxidation of the PMMA and PDMS resulting in a hydrophilic surface. Thus, the three layers were

bonded together non-covalently.

Modules were connected to the fluidic motherboard (Figure 3.1B-C) using interconnects,
which consisted of conical receiving ports in the motherboard and modules (Figure 3.2A-B) and
a small piece of Tefzel™ tubing. The receiving ports were milled into the motherboard from its top
side and was hot embossed into the modules. The conical receiving ports had a top diameter of
1.70 mm, bottom diameter of 1.44 mm, and depth of 2.2 mm (Figure 3.2B). Assembly involved
inserting the Tefzel™ tubes into the receiving ports on the motherboard, aligning the module, and
pressing the two parts together (Figure 3.2C). During the compression step, the semi-rigid
connecting tube conformed to the conically shaped ports and provided a tight seal with minimal

unswept volume (measured value ~20 nL, which was <1% of the total interconnect volume).3*
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Permanent connection between the two pieces was provided by using an adhesive (Figure 3.2D).
We successfully tested these interconnects to pressures up to 3 MPa without leakage. This type
of interconnect is also self-aligning and did not require additional alignment features for proper
placement of the modules on the motherboard, which simplified cartridge design and facilitated

assembly.

The top side of the motherboard contained ports for connection of the motherboard to syringe

B ; C

* ‘ 4| Module
—1.706 mm—

Motherboard

2.2 mm

‘ = — -—
CTC selection module

—1.444 mm-—

Figure 3.2. Task-specific module integration to the fluidic motherboard. (A) Conical receiving ports
were milled from the back of the fluidic channel layer of the motherboard, where individual modules
were connected (* marks the position of these ports on the motherboard). (B) The conical port had a
top diameter of 1.706 mm and bottom diameter of 1.444 mm. Port depth was 2.2 mm for a 3.175 mm
(1/8”) thick substrate. (C) Schematic representation of fluidic interconnects for attaching modules to
the motherboard. Conical receiving ports were molded into the modules. (D) Semi-rigid Tefzel™ tubing
(1) was permanently bonded with an adhesive to make a leak-free connection with minimal unswept
volume. The image was taken when processing a blood sample through the system. (Reprinted with
permission from (https://doi.org/10.1021/acssensors.0c02728). Copyright (2021) American
Chemical Society)

pumps for fluidic operation. The bottom side of the motherboard also contained ports for tubing
that connected the motherboard to the solenoids, which served to activate the valves and used a
computer-controlled solenoid system. The valves incorporated into the SMART-Chip were
normally closed and we could also apply additional pneumatic closing pressure to keep the valve
closed under high volume flow rates.*” Applying vacuum to the control layer changed the position
of the PDMS membrane to open the valve (Figure 3.3A). We prepared a single valve unit (Figure
3.3B) using direct milling into a PMMA substrate and evaluated its performance by measuring the

outlet flow rate at different forward pressures. Different forward pressures were provided by
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connecting the valve inlet to a gas tank and then monitoring flow through the valve using a dye-
seeded solution (Figure 3.3C). The valve was operated under two different pneumatic closing
pressures, 25 kPa 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 3.3D). At 35

kPa pneumatic closing pressure, the valve was able to hold the forward fluidic pressure up to 60

kPa without leakage (Figure 3.3E).
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Figure 3.3. PMMA/PDMS/PMMA valve characterization. (A) The valve was normally closed. It was
assembled by placing a UV/Ostreated PDMS membrane (254 um) between two UV/O3 treated PMMA
substrates that had fluidic and pneumatic channels. The valve can be opened by applying a vacuum
through the pneumatic layer. (B) Pressure was applied to three layers to facilitate bonding and PEEK
tubing was attached to make the final valve assembly. The scale bar is equivalent to 400 um. (C)
Schematic diagram of the valve characterization setup. The inlet of the valve was connected to a gas
tank (N2) via a dye solution filled tube and a pressure sensor. Outlet flow rate was measured by
providing different forward pressures with a constant pressure (close-valve) or vacuum (open-valve)
applied through the pneumatic control channels. (D) At 25 kPa pneumatic pressure (closed valve), the
valve started leaking at 40 kPa forward pressure (n = 3). (E) When the pneumatic pressure was
increased up to 35 kPa (closed valve), the valve started leaking at 60 kPa forward pressure (n = 3).

(Reprinted with permission from (https://doi.org/10.1021/acssensors.0c02728). Copyright (2021)
American Chemical Society)

3.3.2 CTC selection module

People have developed different microfluidic devices for the affinity selection of CTCs. Silicone

CTC chip,* GEDI device,* herringbone chip,® silicone nano pillar chip® are few of them. Poor
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purities associated with these methods are problematic especially in assays that analyzing the

genomic material.

The CTC selection module that we used in this study has been reported previously by our
group and consists of an array of sinusoidal microchannels (150 um depth; 25 um width, 30 mm
length, aspect ratio = 6) that can process whole blood with a throughput of 1.5 mL/h using the 50
channel version (Figure 3.4A).** However, we have also made a 320-channel version of this
device, which can process ~10 mL of whole blood in 1 h.* The attractive nature of this design is
that it can process whole blood directly yielding high recovery of CTCs with high purity.*® The
sinusoidal channel geometry and channel width was found to maximize CTC recovery compared
to a straight channel with the same effective length.*® The selection module was hot embossed in
COC because this material has excellent optical properties that enables efficient UV/O3 activation
of the high aspect ratio microchannels for high loads of antibody onto the activated channels using
the PC linker*® as well as high transmissivity in the blue region of the electromagnetic spectrum

to allow for efficient CTC release.**

An array of 50 sinusoidal microchannels were organized in the so-called z-configuration. In
this arrangement, inlet and outlet channels were positioned orthogonal to the sinusoidal
microchannel 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.** >3 Uniformity of the flow depends upon the proper design
of the inlet/outlet channels (Figure 3.4B).>* COMSOL simulations showed that tapered inlet/outlet
channels provided uniform cell translational velocity within the sinusoidal channels compared to

non-tapered inlet/outlet channels even for devices with >250 channels.*®
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COMSOL simulations showed that a cell travelling 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 3.4C), which increased the probability of antigen-antibody interaction. The centrifugal
force acting on a 16 um diameter cell at a velocity of 3 mm/s, travelling through a curvilinear
channel having a radius of curvature of 125 pm (at the midline) was calculated to be 0.162 pN.>®
Even such a small centrifugal force caused the cell to be pushed towards the wall, which would
increase its interaction probability with the surface-bound capture antibodies. Moreover, as the
cell travels through alternating curves, the net centrifugal force acting on the translating cell
resulted in a net centrifugal force being directed toward the channel walls. However, the lift forces
generated by the channel walls directed the cells away from the wall. The two opposing forces,
centrifugal and lift forces, resulted in a net drift toward the sinusoidal channel wall due to the

higher centrifugal force created by the sinusoidal channel geometry (Figure 3.4D).

CTCs are affinity selected using the appropriate antibody, such as anti-EpCAM antibodies.
UV/Os treatment can generate surface-confined carboxylic acid groups that can be subsequently
reacted with primary amine containing entities using an EDC/NHS reaction. This generates a
highly stable amide bond between the surface and amine-containing entities.>*>" We utilized
EDC/NHS chemistry to covalently attach antibodies to the CTC selection module’s surfaces using
a Coumarin-based heterobifunctional PC linker (Figure 3.4E). The anti-EpCAM-PC linker strategy
can select CTCs with high recovery (>95% for MCF-7 cells) and high purity (>85%).* 4 The
affinity-selected CTCs were released for downstream analysis rapidly (2 min) and efficiently

> 0 exposing the selection module to blue light (Amax = nm, 4 m cm™). ISIDle
(>90%) by exposing the selecti dule to blue light (Amax = 412 nm, 32 +4 mW cm).*! Visibl
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Figure 3.4. CTC selection module with high aspect ratio sinusoidal microchannels (aspect ratio = 6).
(A) 3D design of the CTC selection module, which had 50 sinusoidal microchannels that were 150 pm
deep and 25 um wide. The effective length of the selection channels were 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 (n
= 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 travelled 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 yz direction.
(COMSOL simulations — Swarnagowri Vaidyanathan) (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. (Reprinted with permission from
(https://doi.org/10.1021/acssensors.0c02728). Copyright (2021) American Chemical Society)

blue light as opposed to UV-light was used to minimize any damage to the nucleic acids contained

within a CTC.5859

3.3.3 Impedance sensor module

Impedance sensing can be used as a label-free strategy for the detection of single cells

with high efficiency.** The impedance sensor module consisted of a single fluidic channel (75 pm
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depth, 50 um width and 1 cm in length) and two Pt electrodes placed into microchannels (75 um
depth, 80 um width and 0.8 cm length) positioned orthogonally to the fluidic channel (Figure
3.5A). A pair of Pt electrodes (~75 um diameter) were inserted into the electrode microchannels
and then a cover plate was thermally fusion bonded to the substrate containing the two electrodes,
which allowed the plastic to seal around the electrodes resulting in no leakage. Single cells were
then hydrodynamically flowed past the electrode pair that had imposed on it a voltage waveform
with a characteristic frequency, in our case 40 kHz. Electrical contacts connected to the Pt
electrodes shuttled the electrical signals to the detector electronics. 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;%-%1

nd3,

AR = (pc-Pm) A2,

where AR is the change in resistance between the electrode pair, p. is the resistivity of the cell,
pm IS the resistivity of the medium, d. is the cell diameter, and A, is the area of the electrodes.
The signal measured by the impedance sensor is proportional to the resistance of the medium
between the pair of electrodes. When no cell was present between the electrodes, the signal was
proportional to the resistance of the buffer, which defines the baseline for the measurements.
Every cell that has an intact cell membrane and passing between the electrodes displaces a finite
volume of the buffer solution. 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, the internal
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Figure 3.5. 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 an ~50 um distance. The scale bar is equivalent to 100 um. (B) Cells with an intact
membrane have a higher resistance (Rcen) than the buffer (Rsol) and AR > 0 and the detector produced
a positive signal. When the membrane was compromised, Rceil < Rsol, making AR < 0. This gave a
negative polarity signal. (C) SKBR3 cells that had an intact cell membrane gave positive polarity
impedance signals (red circles) while compromised cells yielded negative polarity 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 (r = 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 voltage waveform
frequency of 40 KHz. (Reprinted with permission from (https://doi.org/10.1021/acssensors.0c02728).
Copyright (2021) American Chemical Society)

composition of the cell contributes to a lower resistivity than the buffer alone. Thus, the impedance

signal had a negative polarity (Figure 3.5B).

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 3.5C). The cells were recovered

following their passage through the impedance module and their viability was evaluated using

well-known cell viability fluorescent markers, ethidium homodimer 1 (Eth-HD1) and Calcein-AM.

Eth-HD1 is membrane impermeable and stains the nucleus of cells only if they have a
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compromised cell membrane. Calcein-AM is a membrane permeable dye that is hydrolyzed into
fluorescent calcein by intracellular active esterases, which occurs in viable cells. The results
obtained from the impedance sensing and staining methods were compared with the results
shown in Figure 3.5D. The percentage of Eth-HD1 stained cells were similar to the percentage
of impedance negative signals with a Pearson correlation of 0.93 (n = 3) and the percentage of
calcein stained cells were similar to the percentage of impedance positive signals with a Pearson
correlation of 0.93 (n = 3). A Pearson correlation of 0.99 (n = 3) was obtained between the
impedance signals and the total number of cells analyzed. Due to this strong correlation,
impedance sensing can be used as a label free strategy to count individual cells while at the same

time assess their viability.

Figure 3.6. Imaging module. (A) 3D image of a single bed imaging module populated with cell retaining
pores. Cell suspension coming from the inlet (red arrow) of the imaging module entered into the outlet
channels through the pores (faded arrows) while trapping 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 pL/min using the imaging
module with 4 um x 3.5 um pore structures. Cells were retained near the pore structures. The image
was taken using a 40X microscope objective. Scale bar is 15 um. (Reprinted with permission from
(https://doi.org/10.1021/acssensors.0c02728). Copyright (2021) American Chemical Society)
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3.3.4 Imaging module

The imaging module*? was comprised of two interleaving feed channels interconnected using
an array of smaller channels positioned orthogonal to the feed channels (Figure 3.6A). 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 “trap” 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
O./plasma treatment that can be used to bond the glass cover slip to the PDMS substrate. CTCs
released from the selection module travelled 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 pan-cytokeratins) and
immunophenotyped for identification of the CTCs. 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 (i.e., near pore structures).

Imaging modules with 8 beds possessed 80,000 pores and has been reported previously for
immunophenotyping and FISH analysis of cells enriched from leukemia and multiple myeloma
diseases, but was used as a standalone unit.*> 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
employing 2,400 and 7,200 containment pores (Figure 3.7A) were used in this study. Modules
were produced in PDMS via casting from lithographically prepared Si wafers that had patterned
on it SU-8 microstructures at two different levels (Figure 3.6B). After inlet/outlet holes were
punched out, the PDMS substrate was permanently bonded to a glass cover slip after Oz/plasma
treatment (90 W for 1 min) to form the enclosed imaging module, which could be interconnected

to the fluidic motherboard.
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Figure 3.7. Efficiency of cell retention in the imaging module. (A) General design of the imaging module
populated with 2,400 (narrow) and 7,200 (wide) cell retaining pores. (B) Cell retention efficiencies of 4,
6 and 8 um pore sized imaging modules. Retention efficiencies were calculated using the number of
cells retained in the imaging module and the number of cells in the effluent (n = 3). (C) SKBR3 cells
passing through the 6 um pore imaging module. The scale bar represents 15 um. (Reprinted with
permission from (https://doi.org/10.1021/acssensors.0c02728). Copyright (2021) American
Chemical Society)

To establish the optimum design of the imaging module for CTC retention, we tested pore
structures with 4, 6, or 8 um widths and a fixed pore height of 3.5 um at 20 pL/min flow rate. Live
SKBR3 cells could be trapped by the pores of 4 um width (Figure 3.6C) with an efficiency of 98.4
+2.8% (n = 3). Six and 8 pum 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 (Figure 3.7B). SKBR3 cells are ~12
um in diameter®? and the cells can escape from larger pores (8 and 6 um, Figure 3.7C) due to
the deformability of the cell caused by the fluidic pressure.®*Due to the higher efficiency of CTC
containment, we used a pore size of 4 um for the imaging modules in this study. In our study,
CTC affinity selection and CTC specific release provided highly purified CTC isolates in the
imaging module (0-3 white blood cell contaminants in 2 mL of whole blood processed). Thus, the
imaging module can be populated with pores of 4 um in width to ensure retention of nearly all of
the CTCs released from the CTC selection module, but at the same time eliminate possible
interferences from white blood cells because they showed very poor containment at the 4 pm

pore sizes (data not shown).
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3.3.5 Valve Control Steps

Major valve control steps associated with the SMART-Chip when processing a liquid
biopsy sample for CTCs are pictured in Figure 3.8. The liquid biopsy sample, in this case whole
blood, entered into the cell isolation module with the effluent directed towards the waste reservoir
(Figure 3.8A). BSA/PBS was then shuttled into the cell isolation module and finally towards the
waste reservoir (Figure 3.8B). After the post selection wash, the cell isolation module was
exposed to blue light, which photoreleased the enriched cells, and the released cells were
directed through the impedance and imaging modules by hydrodynamically introducing Tris
glycine buffer through the SMART-Chip (Figure 3.8C). The retained cells within the imaging
module were then stained and immunophenotyped (Figure 3.8D). Valves were computed
controlled to open/close appropriately during all of these processing steps for precise fluidic

operation in an automated fashion.
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Figure 3.8. Major valve control steps of the SMART-Chip. (A) Whole blood processing, (B) post-
selection wash with 0.5%BSA/PBS, (C) impedance cell counting and (D) immunophenotyping the cells
trapped in the imaging module. (Reprinted with permission from
(https://doi.org/10.1021/acssensors.0c02728). Copyright (2021) American Chemical Society)
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3.3.6 Operation of the SMART-Chip

Next, we evaluated the system’s ability to process whole blood spiked with CTCs. SKBR3
cells that have a high expression of cell surface EpCAM antigens (Figure 3.9A) were used as a
model for the CTCs to initially evaluate the operational capabilities of the SMART-Chip. We
guantified the cellular EpCAM expression by comparing their fluorescence signatures to Antibody
Binding Capacity beads; SKBR3 cells had 1,454,052 of EpCAM receptors on their surfaces. Cells
were spiked into healthy donor blood and the SMART-Chip was used to isolate, count, assess
viability, and immunophenotype the cells. The PC linker was used to immobilize anti-EpCAM
monoclonal antibodies to the cell selection module’s surfaces to allow for enrichment of
EpCAM(+) CTCs. Modules were rinsed with 0.5% BSA/PBS prior to sample infusion in order to

prevent non-specific cell adsorption.

SKBR3 cells were stained with a nuclear dye (Hoechst 33342) and were spiked into a healthy
donor blood sample. The blood sample was then hydrodynamically introduced into the cell
selection module at 2 mm/s linear velocity. Non-specifically adsorbed materials were then
removed by washing the cell selection module with 0.5% BSA/PBS at 4 mm/s. 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 compared to MCF-
7 is due to differences in the EpCAM expression level between these two cell lines).** Affinity
enriched SKBR3 cells (Figure 3.9B) were then photoreleased 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 3.9C). Cells were physically trapped in the imaging module against the pore structures
while the buffer solution passed to waste. Cells were then stained with anti-CD45 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
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imaging module (Hoechst 33342(+), FITC-CD45(-) and Cy3-pan-CK(+), Figure 3.9D). We did not
observe any white blood cells (CD45(+) and pan-CK(-)) within the imaging module. In addition,
we did not observe any Hoechst 33342(+) cells in the fluidic paths of the motherboard or at the
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Figure 3.9. SKBR3 cells were affinity selected and photoreleased for enumeration, viability
assessment, and immunophenotypic identification. (A) SKBR3 cells were tested for surface EpCAM
expression by flow cytometry. Cells were labeled with FITC-conjugated primary antibody and
comparison to the results of FITC-labeled isotype control. (B) Hoechst-stained SKBR3 cells were
affinity selected in the CTC selection module by Anti-EpCAM monoclonal antibodies immobilized to the
module’s walls using the PC linker. (C) Photoreleased SKBR3 cells were directed towards the imaging
module while recording impedance signals. Part of the impedance trace was displayed. (D) SKBR3
cells were physically trapped in the imaging module against the pore structures and immunostained
using anti-CD45-FITC and anti-pan-CK-Cy3. Images were taken using a 40X objective. (Reprinted with
permission from (https://doi.org/10.1021/acssensors.0c02728). Copyright (2021) American
Chemical Society)
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interconnects as well. This implied that the SKBR3 cells were not trapped in or adhered to the
fluidic network of the motherboard, minimizing target cell loss during the analysis steps carried

out by the SMART-Chip.

3.3.7 CTCs from clinical samples

We isolated and enumerated CTCs from the blood of a patient diagnosed with metastatic
colorectal cancer (CRC) using the SMART-Chip. The patient’s disease was confirmed via

Computed Tomography (CT) a week before CTC analysis and prior to surgery and chemotherapy.
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Since the first diagnosis, the patient’s blood serum was tested for carcinoembryonic antigen
(CEA), a tumor marker predicting treatment response and survival;%* CEA levels in this patient’s

serum was normal (0.7 -1.0 ng/mL), with a value of 0.9 ng/mL. While an elevated serum CEA (>3
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Figure 3.10. Impedance counting and identification of CTCs by immunophenotyping. The CTCs were
enriched from a blood sampled secured from a metastatic colorectal cancer patient. Photoreleased
CTCs were directed through the impedance module and imaging module. (A) A section of the
impedance signal trace collected while CTCs were transported through the impedance module.
Impedance signals were extracted when the signal-to-noise ratio exceeded 7. All extracted signals (7)
were positive in polarity. (B — D) CTCs contained within the imaging module were stained on-chip with
a panel of markers: Hoechst 33342-DAPI (40 pg/mL), anti-CD45-FITC (2.5 pg/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; and (D) a
white blood cell. The images were taken using a 40X objective. Scale bars in the images are 15 um.
(Reprinted with permission from (https://doi.org/10.1021/acssensors.0c02728). Copyright (2021)
American Chemical Society)

ng/mL) are found in up to 47% of CRC patients,5* for this patient, who was a “non-secretor” of

CEA, this test was not informative and unfortunately provided no predictive or diagnostic value.
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The affinity enriched CTCs were photoreleased for cell counting and immunophenotypic
identification. We were able to identify 7 impedance signals in total (part of the impedance signal
trace is shown in Figure 3.10A) and 9 CTCs after immunophenotyping; this number falls within
the range of CTCs we have enriched from metastatic CRC patients using anti-EpCAM mAbs.3 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.®> We processed 2 mL
of blood in this experiment and 3 WBCs were observed following immunophenotyping. The high
purity observed in this study is not surprising because we process blood at 40 dynes per cm?
shear rates that removes most WBCs non-specifically bound to the wall of the CTC selection
module and also, after photocleavage those cells would remain bound to the channel wall. 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.** > We observed individual CTCs (Figure 3.10B)
and micro-clusters of CTCs (Figure 3.10C). CTC micro-clusters are recognized as important
prognostic markers in cancer because their molecular characterization offers insights into
mechanisms of treatment resistance and increased metastatic potential.>% We also observed
only a few WBC contaminants in the imaging module (Figure 3.10D). A healthy blood sample

was processed as a control for this experiment and no CTCs were identified.

We processed two other blood samples obtained from a CRC patient and a PDAC (Pancreatic
ductal adenocarcinoma) patient to evaluate the clinical utility of the system further. In blood
sample collected from CRC patient we detected 4 CTCs and all were determined non-viable
based on impedance sensor. The CTC test was performed 6 months following the Hiperthermic
Intraperitoneal Chemotherapy (HIPEC) procedure administered to patient following the
cytoreductive surgery in order to eliminate residual cancer cells from the abdominal cavity. For
the same patient before the cytoreductive surgery and HIPEC, we detected 5 times higher burden

of CTC (19 cells) in blood, with 85% of CTCs being viable. Three weeks following surgery and
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HIPEC, there was a significant switch in CTC viability, as 85% of detected CTCs was identified
as dead. In metastatic PDAC patient, we detected 6 CTCs in the imaging module and 7
impedance signals. Among them, 4 signals were positive and three signals were negative in
polarity, suggesting compromised viability of ~40% of CTCs. For this patient, CTC analysis was

performed at the baseline, before enrolling patient into a clinical trial.

3.4 Conclusions

In this study, we reported on an integrated and 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 immunophenotypic identification
of the enriched cells. The three task specific modules integrated into the system included: (i) CTC
selection module; (ii) 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 as well as 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 cfDNA® or EVs.%°

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
with no obervable loss of rare cells due to unswept volumes or non-specific 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 in this case was whole blood. We observed 112 SKBR3 cells in the

imaging module and the impedance module detected 110 positive polarity signals (100% cell
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viability). We also tested the clinical utility of the SMART-Chip by processing blood samples
obtained from CRC and PDAC patients. We found high purity in the rare cell isolate (0-3 WBCs
per mL of blood). Blood samples were processed at a throughput of 1.5 mL/h, but the throughput
can be vastly improved by using a 320 channel version of the CTC selection device (10 mL/h)
without sacrificing the analytical figures-of-merit.*> Another attractive feature of the SMART-Chip
is that the individual modules can be used as standalone units without requiring any modifications.

The SMART-Chip and its modular format provided several advantages compared to a non-
integrated liquid biopsy processing approach: (1) The system was made from plastics using
micro-replication so that all components could be produced in a high production mode and at low-
cost to make it appropriate for in vitro diagnostics that requires disposable devices. Even the
membrane valves were all plastic including the PDMS membrane, the pneumatic control layer,
and the fluidic layer both of which were made from PMMA. (2) Full process automation of the
assay with no requirement of transferring sample from one device to another. For example, our
manual method for CTC processing of a blood-based liquid biopsy 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 nano-coulter counter.6”-%8 (4) The modular approach enables the ability to
select the substrate material and fabrication modality to better suite 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
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molecular processing instead of immunophenotyping. While we performed cell processing in this
example, we can add a module to the integrated system to carry out a variety of molecular assays,
such as determining the presence of disease-associated DNA mutations.®® (6) The ability to
reduce the CTC assay time. In this case, manual processing of CTCs in our hands required ~8
h** and using the SMART-Chip the processing time was 3.5 h.

We should note that in our past work using a plastic-based modular microfluidic system, the
challenge was the polycarbonate membrane layer used, which resulted in poor yield rates
(process yield rate <20% for 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 compared to PDMS, and the limited
number of times the polycarbonate valves could be acutated (<10 compared to 77 herein). The
low process yield rate of the polycarbonate valves is that the small elongation of break of
polycarbonate compared to PDMS required a very small distance placed between the valve seat
and the membrane, which in many case stuck together when assemblying the system making
them non-functional.

We are now directing our efforts toward employing injection molding as the micro-replication
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.%%7° We are also in the process of replacing the PDMS membrane layer for valving with an
elastomeric COC (eCOC, Topas® Elastomer E-140, Topas Advanced Polymers, Germany) due
to the fact that it can be injection molded and its extended hydrophilic surface characateristics
compared to PDMS after UV/Os treatment. In addition, we are developing plastic modules that
can provide molecular information from the enriched targets to not only provide phenotyping

information, but also information on nucleic acids packaged into the rare cells.
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Chapter 4 — Affinity selection and enumeration of SARS-CoV-2 viral
particles from saliva using microfluidics for COVID-19 detection

4.1 Introduction

Since its emergence in December 2019, Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2) remains uncontrollable with an increase of approximately 400,000 diagnosed
patients globally per day.? The disease has a basic reproductive number (Ro) of 2.2-2.5 and can
spread rapidly through direct person-to-person contact resulting in high infectivity.*> The major
symptoms include severe pneumonia, fever, cough, fatigue, and pain in the digestive system.® By
the end of February 2021, the pandemic has caused more than 119 million confirmed cases and

2.6 million deaths worldwide.

Coronaviruses are a family of enveloped viruses with the size of ~125 nm in diameter 7°
and consist of a single, positive-stranded RNA (26-32 kb) as the genetic material.2%!! Six human
coronaviruses have been identified previously (HCoV-NL63, HCoV-229E, HCoV-OC43, HCoV-
HKU1, SARS-CoV-1, and MERS-CoV), and SARS-CoV-2 is the seventh coronavirus known to
cause infections in humans.'?> The RNA genome encodes ten genes to produce 26 proteins,*3
including four structural proteins; spike (S), nucleocapsid (N), envelope (E), and membrane (M).%4
The S protein plays a vital role in binding to ACE2 (angiotensin-converting enzyme 2) receptors
and subsequent viral entry into a host cell. N protein is essential for RNA synthesis, and E and M
proteins are transmembrane proteins and necessary for the assembly, budding, and envelope

formation of the virus.1516

Testing has been viewed as an important tool for the control of disease spreading.
Common tests for COVID-19 include molecular tests that interrogate the RNA genome of SARS-
CoV-2, which requires RNA extraction and purification, reverse transcription (RT) to generate
complementary DNA (cDNA) from target genes (viral N, E, and S with human RNA dependent

RNA polymerase (RdRp) as a control), amplification by the polymerase chain reaction (PCR), and
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reading a fluorescent signal. The lower threshold values (Ct) indicate a positive diagnostic result.
RT-gPCR is the current gold standard for the etiological detection of SARS-CoV-2 7 but requires
highly trained operators, 2-3 h of assay turnaround time, and multiple reagents to carry out the

test.

Rapid testing is vital for disease management since it enables the ability to screen many
patients, begin the treatments immediately, and identify asymptomatic carriers to prevent further
disease spread by encouraging them to isolate. The Food and Drug Administration (FDA) has
approved six PCR-based tests with some appropriate for POCT.%®21  The temperature cycling
typically required in PCR can be replaced by loop-mediated isothermal amplification using a
strand displacement DNA polymerase.? 2> The CRISPR/Cas system has recently been deployed
for virus detection?. The combination of CRISPR/Casl13a with isothermal amplification was
recently reported to detect SARS-CoV-2 through an FDA emergency use authorization (EUA).%
24 RT-gPCR requires sensitive and, in some cases costly reagents, such as enzymes and
fluorescent reporters.?> Other challenges include errors in sample collection, variability between

different commercially-available extraction kits of RNA, and PCR inhibitors in the sample.®

To address some of the challenges associated with RT-qPCR, rapid serological tests,
either antibody- or antigen-based, have appeared. These tests can target the S or N proteins.?
28 Cartridge-based lateral flow assays have received FDA approval through a EUA.% 293! As of
November 13, 2020, FDA has approved more than 50 antibody tests.®2 However, antibody tests
have inferior limits-of-detection compared to RT-qgPCR and increased false-negative results.3*34

Besides, these tests require sensitive reagents, such as antibodies and/or fluorescent reporters.

Identifying infected individuals, even those that are asymptomatic is necessary to prevent
disease spreading, especially within vulnerable populations.® Different types of testing needs
(i.e., screening versus clinical) are being recognized for monitoring COVID-19 in communities. A
screening test, especially those that are simple enough to be carried out at home, would allow for
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early detection of individuals so that prompt quarantine procedures could be implemented to
facilitate containment (Figure 4.1). Whether screening or clinical testing, no test currently
available can distinguish between infectious and non-infectious individuals. Those that are
infectious are considered to be “active” spreaders of viral particles (VPs). As seen in Figure 4.1,
there are certain times during the viral load profile where individuals are infectious, and PCR-
based tests may provide a positive result on even post-infectious individuals because it cannot
distinguish between genomic RNA encapsulated within the VP and free RNA resulting from RNA
shedding. Also, serological tests only inform the individual that infection did occur. To provide
some numbers with the temporal dynamics of viral load for SARS-CoV-2, He et al. determined
that in 94 patients, infectivity started 12.3 days (mean) before symptom onset but declined rapidly

7 days after symptom onset and peaked 2 days before and 1 day after symptom onset.3®

O Negative test
O Positive test

Viral Load

=l0=i=io 0= i= 0 o t=1= Ol RN (= = =i = e Low analytic sensitivity
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Figure 4.1. Hypothetical viral load as a function of disease progression and different testing strategies.
(Reproduced with permission from Ref 35 (DOI: 10.1056/NEJMp2025631). Copyright Massachusetts
Medical Society)

Affinity selection of biologicals offers attractive operational characteristics, including the
ability to precisely select targets with high purity from various biological samples. Monoclonal
antibodies are most often used for affinity selection of targets. However, some antibodies
generated for SARS-CoV (i.e., mAb CR3022 and pAb) bind SARS-CoV-2 with moderate affinity
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resulting in low specificity.3” Other antibody clones directed against the SARS-CoV receptor-
binding domain (RBD) do not bind SARS-CoV-2 at all, despite relatively high degrees of structural
RBD homology.®® Aptamers are viewed as an attractive alternative to antibodies due to their ease
of selection, high stability even at room temperature, and the ability to place functional groups
within their structures for surface attachment. A DNA aptamer targeting the S protein in the SARS-
CoV-2 viral envelope has been reported (Kq = 5.8 nM).! Different variant of SARS-CoV-2 were
reported, B.1.1.7 (UK variant), B.1.351 (South African variant), and P.1 (Brazil variant). Some
variants are more contagious and spread more quickly (ex- B.1.1.7 variant) than the wild-type.
The DNA aptamer hydrogen bonds with the Thr 500, GIn 506, and Asn 437 of SARS-CoV-2 spike
protein.* These hot spot residues were not mutated in the above variants, but the adjacent Asn
501 was mutated to Tyr (N501Y). If this mutation does not change the RBD conformation, we

expect to observe the same binding affinity of the aptamer towards the variants.

This study developed a rapid and reagent-less technology that can selectively enrich
SARS-CoV-2 viral particles by processing a clinical sample (saliva, throat, or nasal swab) and
enumerate the viral load using a label-free technique after releasing them from the affinity-
selection surface. The system contains two individual task devices, an affinity selection device
and a nano coulter counter (nCC) device. The affinity selection device has seven parallel beds
that comprise 1.5 million pillars providing a high surface area. This module was used for the affinity
selection of extracellular vesicles (EVs) from liquid biopsy samples.*® DNA aptamer targeting the
spike protein (S protein) in the SARS-CoV-2 viral envelope was used as the affinity agent.! The
aptamer was immobilized onto the device surface via a Coumarin-based photocleavable (PC)
linker using EDC/NHS chemistry.*° After the affinity enrichment, the isolated viral particles can be
released from the device surface by exposing the device to blue light (400-450 nm). The nano
coulter counter that consists of a narrow constriction (~ 350 nm) can electrically detect single

particles passing through the nanopore.***? Collectively, this system can be used as a rapid

136



screening tool to determine the number of viral particles present in a patient’s sample in <20 min.
Because the technology results were based on detecting VPs possessing an intact S protein, our
technology can provide information on patients with active disease and, with frequent testing,
provide early containment minimizing community spread of COVID-19. Finally, the selected and

released SARS-CoV-2 VPs could also be subjected to RT-qPCR.

The devices were made from plastics and fabricated by injection molding and
nanoimprinting. Low-cost device production is an essential factor in allowing them to be used as
disposables. The analytical figures of merits were demonstrated by using heat-inactivated SARS-
CoV-2, and Respiratory Syncytial Virus (RSV) viral particles spiked into healthy saliva specimens.

The clinical utility of the system was validated by a blind study of 20 clinical samples.

4.2 Experimental
4.2.1 Materials and methods

Reagent grade IPA (isopropyl alcohol), 1-ethyl-3-[3-dimethylamino- propyl] carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), anhydrous acetonitrile (ACN), anhydrous
dimethylformamide (DMF), anhydrous dichloromethane (DCM), anhydrous triethylamine (TEA),
nuclease-free water, (Fisher Scientific), Virkon S (Dupont), 1 M Tris pH 7.4 (KD Medical); bovine
serum albumin (BSA), Polyvinylpyrrolidone, 40 kDa (PVP-40), and polyethylene glycol (PEG)
were secured from Sigma-Aldrich. Phosphate buffered saline (PBS, pH = 7.4), was purchased
from Gibco laboratories. Universal PCR supermix was obtained from Bio-Rad. Other reagents
included TapeStation supplies (Agilent), Zymo Viral RNA isolation kit (Zymo Research),
ProtoScript 1l First Strand cDNA Synthesis Kit (New England BioLabs). Aptamers, primers, and
probes were purchased from Integrated DNA Technologies. Silicon <100> wafers were
purchased from University Wafers (Boston, MA). Impact modified (IM) and non-impact modified

(NIM) PMMA substrates were purchased from ePlastics (San Diego, CA) and Good Fellow
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(Berwyn, PA), respectively. UV curable polyurethane (PUA) resin was purchased from Chansung

Sheet Co. Ltd. (Chuncheognam-do, Korea).

Syringe pumps were purchased from New Era, and microfluidic devices were connected
using inner-Lok™ union capillary connectors (Polymicro Technologies) and barbed socket Luer

Lock™ fittings (3/32" ID, McMaster-Carr).

4.2.2 Model virus particles (VPs) for determining the assay’s analytical figures-of-merits
For determining the analytical figures-of-merit of the VP selection chip and the nCC, heat-
inactivated SARS-CoV-2 (ATCC, VR-1986HK) was used. SARS-CoV-2 VPs were inactivated at
65°C for 30 min and is therefore unable to replicate. Human Respiratory Syncytial Virus (HRSV,
strain A2, ATCC, VR-1540) was also used in these studies to demonstrate the programmability of
the VP selection chip to isolate other VPs. An aptamer specific to HRSV has been used in these
studies.® HCoV OC43 (ATCC, VR-1558), HCoV 229E (ATCC, VR-740), and HRSV were used

for the specificity studies of SARS-CoV-2 aptamer-modified VP selection chips.

4.2.3 VP selection chip fabrication
The VP selection chips used in these studies were fabricated in cyclic olefin polymer

(COP) via injection molding (Stratec, Austria) using a mold insert made via UV-LIGA.*

4.2.4 Aptamers for SARS-CoV-2 selection

DNA aptamers used in our assay were designed against the SARS-CoV-2 Spike (S)
protein. Yanling et al.** used ACE2 competition and a machine learning screening algorithm to
develop the aptamer. The most stable secondary structure of the 51 nt SARS-CoV-2 aptamer is
shown in Figure 4.2A with thermodynamic properties shown in Figure 4.2B. The Kq of the
aptamer has been reported to be 5.8 nM, which is smaller than the reported K4 of ACE2 and the

SARS-CoV-2 S protein (34.6 nM).3® DNA aptamers were modified with a 5° C12 amino linker and
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a 3 inverted dT (Figure 4.2C). All sequences of the aptamers used in this study are listed in

Table 4.1.

Table 4.1. Sequences of the aptamers used in the study. 3

Aptamer Target

Virus Name DNA Aptamer Sequence 5’-3’

Proteins
CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAA G GGCGTTAATGGACA
SARS.Cov.a K,=5.8 0.8 M
{‘ﬁg;cﬁn‘fcﬁaﬁ:':;) S (spike) ATCCAGAGTGACGCAGCATTTCATCGGGTCCAAAAGG
GGCTGCTCGGGATTGCGGATATGGACACGT
Ks=19.9 £ 2.6 nM
Human respiratory syncytial TAG GGA AGA GAA GGA CAT ATG AT AGT GCG GTG AGC CGT CGG ACA TAC AAA
virus (RSV) type A2 glycoprotein (G) TAC TT GAC TAG TAC ATG ACC ACT TGA
ATCC® VR-1540™ Ks= 30 nM
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Figure 4.2. (A) Structure of the aptamer for SARS-CoV-2.! (Reproduced with permission from Ref 1
(https://doi.org/10.1021/acs.analchem.0c01394). Copyright (2020) American Chemical Society) (B)
Thermodynamics showing the Gibbs free energy, enthalpy, and entropy for the most stable secondary
structure of the 51 nt SARS-CoV-2 aptamer. (C) Functional groups employed within the aptamer
structure to allow for covalent attachment to the activated plastic surface (5’ end with C12 linker and
primary amine) and stabilization of the aptamer (3’ end with inverted dT residue).

4.2.5 Purity and cleavage of the PC (photocleavable) linker

Detailed synthetic routes and characterization of the PC linker are described elsewhere.°
We verified the purity and cleavage of the PC linker before the experiments. The synthesized PC
linker was dissolved in PBS (~2.0 uM) and exposed to blue light (400-450 nm, 34 +4 mW/cm?).
Samples were collected after 0, 2, and 10 min of light irradiation and the products produced by
irradiation were analyzed by UPLC/HRMS (Waters Acquity UPLC with a photodiode array UV
detector and an LCT Premiere TOF mass spectrometer). Two pL of the irradiated PC linker was
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injected into a Waters Acquity Atlantis T3 column (2.1 x 50 mm, 1.7 um particle size), and the
separation was performed at a flow rate of 0.6 mL/min. The gradient was run over 3.0 min and
consisted of water and acetonitrile (95:5 to 0:100 with 0.05% TFA). The detection wavelength was

set at 247 nm.

4.2.6 PC linker-aptamer surface immobilization

Immobilization of the affinity agent using the PC linker was reported previously by our
group.®° Briefly, the UV/Os-activated and thermal fusion-bonded COP devices were wrapped in a
protective Rubylith® film (Ulano) to prevent the photocleavage of the PC linker due to ambient
light. EDC (20 mg/mL) and NHS (2 mg/mL) dissolved in dry ACN were infused into the device
and incubated for 25 min at room temperature. Excess reagents were displaced by infusing the
air, and PC linker (0.57 mM dissolved in dry ACN and 1.14 mM TEA) was introduced into the
device. The devices were incubated at room temperature for 2 h. After the incubation, the excess
reagents were removed from the device surface, and 100 mM Tris (pH 7.4) was introduced into
the device to saturate unreacted NHS esters. After 30 min of incubation at room temperature, the
air was infused into the device to remove the excess Tris buffer, and EDC/NHS reaction was
performed in dry ACN to activate the -COOH group of the PC linker. Aptamer (40 uM) dissolved
in PBS (pH 7.4) was infused into the device and incubated 2 h at room temperature or overnight
at 4°C. Devices were rinsed with nuclease-free water (50 L) and excess solvent or buffer before
changing the infusion solvent/solution as a preventative measure against salt precipitation. The

devices were washed with 0.5%BSA, 1%PVP prior to sample infusion.

4.2.7 LED light exposure system

LED light (M420L3, ThorLabs) producing light from 385—-470 nm (Amax = 412 nm) was used
in these experiments as the light source for the photo-cleavage. The LED light was coupled with
a 400 nm long-pass filter (Edmund Optics) to avoid the UV-A region of the emission spectrum.
The LED was mounted into a polished aluminum chamber, and devices were kept beneath the
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LED at a 24 mm distance. LED illuminated a 90 mm diameter spot at this distance. The light was

triggered using an analog LED driver (Thorlabs) and a custom electronic timer.

4.2.8 Saliva samples
About 2 mL of saliva from consenting adults was collected to a plastic tube without
stabilizer according to an approved IRB protocol. The collected saliva was then divided into 200

pL aliquots and stored at -80°C until further analysis.

4.2.9 Healthy donor and COVID-19 patient testing

Healthy donors were tested by Sinochips Diagnostics (Kansas City, KS). Two hundred pL
of saliva was eluted into 50 pL using the MagMAX™ Viral/Pathogen Nucleic Acid Isolation Kit
(Applied Biosystems, Cat A42352) and the KingFisher Flex system (Thermo Scientific). The
eluate (5 pL) was evaluated with the COVID-19 Nucleic Acid RT-PCR Test (ZhuHai Sinochips
Bioscience Co., Ltd, EUA201020) on an Applied Biosystems™ ABI 7500 Fast Dx Real-Time PCR
system with SDS Software v.1.4.1. COVID-19 patients were tested in the KUMC Laboratory upon
admission to the hospital. The clinical testing was performed using Cepheid Xpress SARS-CoV-
2 with a sample collected via a nasopharyngeal swab, according to the manufacturer protocol
under an FDA EUA. Samples were sent to the University of Kansas for testing in a blinded fashion.
These samples were selected by a study coordinator and thus, do not represent the positivity rate

of COVID-19 testing.

4.2.10 Sample processing

Saliva samples were hydrodynamically driven through the VP selection chip using a
syringe pump (New Era Pump Systems, Inc., Farmingdale, NY USA) and a 1 mL tuberculin
syringe fitted with a capillary connector (Inner-Lok™ union capillary connectors (Polymicro
Technologies) and barbed socket Luer Lock™ fittings (3/32” ID, McMaster-Carr). Samples were

infused into the device at varying volumetric flow rates (20 -100 uyL/min). Following sample
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introduction, the VP selection chip was rinsed with PBS at 50 uL/min. All buffer solutions were
filtered through a 0.45 ym polypropylene filter (Thermo Scientific) prior to use. VPs were released
in PBS in ~30 pL. Approximately 1/2 of the eluent was analyzed using RT-qPCR, and the

remaining portion was processed using the nCC.

4.2.11 RT-gPCR*

*All RT-gPCR experiments were performed by Sachindra Gamage and Katie Childers in
our lab.

Table 4.2. Primer and probe sequences used in the study.

Virus Name,

Reversed Primer 5’- 3’ Forward Primer 5'- 3’ Probe FAM-5’- 3’-BHQ1
Gene Name
HRSV, F gene CTTTTGATCTTGTTCACTTCTCCTTCT TTGGATCTGCAATCGCCA TGGCACTGCTGTATCTAAGGTCCTGCACT
g N1 TCTGGTTACTGCCAGTTGAATCTG GACCCCAAAATCAGCGAAAT ACCCCGCATTACGTTTGGTGGACC
°
3 N2 GCGCGACATTCCGAAGAA TTACAAACATTGGCCGCAAA ACAATTTGCCCCCAGCGCTTCAG
'
% RNAse GAGCGGCTGTCTCCACAAGT AGATTTGGACCTGCGAGCG TTCTGACCTGAAGGCTCTGCGCG
HCoV OC43 AATGTAAAGATGGCCGCGTATT ATGTTAGGCCGATAATTGAGGACTAT CATACTCTGACGGTCACAAT
HCoV 229E CCAACACGGTTGTGACAGTGA TTCCGACGTGCTCGAACTTT TCCTGAGGTCAATGCA

RT-gPCR was used as the standard method for assay optimization and validation. For
this, samples were first subjected to RNA extraction using a Zymo viral RNA extraction kit
following the manufacturer’s protocol. Purified total RNA was eluted in ~10 pL of nuclease-free
water, and profiles of extracted total RNA were analyzed and quantified using gel electrophoresis
(Agilent 2200 HSRNA TapeStation). Following purification, total RNA was immediately used for
cDNA synthesis (5 pL for each RT(+) and RT(-) reactions in 50 uL total volume). cDNA for all viral
species was synthesized via reverse transcription (RT) with random primers using ProtoScript Il
First Strand cDNA Synthesis Kit according to the manufacturer’s instructions. RT(-) control
reactions were performed in the absence of the RT enzyme. The thermal program consisted of
25°C (5 min), 42°C for 1 h followed by an enzyme inactivation step of 80°C for 5 min. gPCR

consisted of 4 uL of cDNA in a 20 pL reaction volume with 0.5 uM forward and reverse primers
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and 0.125 uM probe (see Table 4.2 for the relevant sequences of primers and probes). The PCR
thermal cycles for SARS-CoV-2 consisted of the CDC recommended protocol, which consisted
of an initial denaturation step at 95°C for 3 min followed by 50 cycles of the following: 95°C for 3

s, 55°C for 30 s, and 72°C for 40 s.

RT-gPCR for HCoV OC43 and HCoV 229E were carried out using the following conditions:
PCR activation at 95°C for 3 min and 50 cycles of amplification (15 s at 95°C and 1 min at 60°C).
A summary of the gPCR figures-of-merit is shown in Table 4.3. Using HCoV 229E RT-qPCR, viral
RNA copies ranging from 200 to 2 x 10° per reaction mixture were detected, corresponding to

10 to 10* viral genome equivalents per mL.

Table 4.3. RT-qPCR figures of merit for the detection and quantification of different VPs.

Dynamic range tested

Virus Name Linear regression
(gRNA copies)

N1:y =-3.086x + 41.688 (R = 0.997)
SARS-CoV-2 N1 and N2: 12 x10° — 0.8x10°

N2: y = -3.069x + 40.901 (R? = 0.997)

HRSV 12 x10°-1.1 x10° y =-3.788x + 41.048 (R*= 0.996)

HCoV OC43 16 x10° — 0.4x10° y =-3.6048x + 41.956 (R* = 0.998)
HCoV 229E 16 x10° — 0.4x10° y =-3.8881x + 42.865 (R* = 0.996)

4.2.12 Nanoparticle tracking analysis (NTA)

VPs were analyzed via NTA (Nanosight NT 2.3). The samples were diluted 20x and
vortexed prior to analysis. The instrument parameters used for the analysis consisted of: (i)
Camera shutter 1206; (ii) camera gain 366; and (iii) capture duration 60 s. Five videos were taken
for each sample at 25°C. The flow cell of the Nanosight instrument was washed 5 times with PBS
in between sample analyses. During the final wash with PBS, a video was monitored to check if
there were any particles left in the flow cell. If particles were detected, washing was continued

until no particles were seen.
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Figure 4.3. (A) Fabrication of nCC chip. The nCC included access microchannels fabricated via
optical lithography with wet etching and nanostructures fabricated using focused-ion beam milling
(step 1). Step 2 shows the resin stamp produced from the Si wafer using a UV curable polyurethane
(PUA) resin that was placed on a PET sheet coated with a NOA72 adhesive. Step 3 shows the pattern
of the PUA resin stamp imprinted into a plastic substrate. Step 4 presents the substrate and cover
plate treated with Oz plasma for the thermal fusion bonding step (i.e., assembly step). (B) Sealing test
with 1 uM Rhodamine B (emission wavelength 532 nm and exposure of 100 ms) (Figure courtesy-
Uditha Athapattu).

4.2.13 Fabrication of the nano-Coulter counter (nCC)*

*Fabrication of the nCC was performed by Uditha Athapattu in our group.

A schematic of the fabrication process for the nCC is presented in Figure 4.3. The access
microchannels were fabricated in a Si wafer using conventional photolithography. Briefly, AZ1518
resist was spin-coated onto a Si wafer using a spin coater at 3,000 rpm for 30 s. The wafer was
soft baked at 100°C for 10 min and allowed to cool until the wafer reached room temperature. A
dark-field mask was placed on a mask aligner, and the wafer was exposed to UV light (365 nm)
for 4 s through the mask. The wafer was then developed in MIF 300 for 20 s, rinsed with DI water,
and dried with nitrogen. The wafer was inspected using an optical microscope to ensure that the
patterns were transferred entirely. Wet etching of the Si wafer was done using 40% KOH with 5%
IPA v/v at 70°C until the required depth (5 — 6 ym) was achieved. Then, the chromium layer was
etched using a chromium etchant (step 1, Figure 4.3A). The cross channels and in-plane pores
of the nCC were fabricated in the Si wafer using focused ion beam (FIB) milling with Ga ions. The
structures were milled using a 48 pA beam current and a dwell time to achieve a 200 nm x 200
nm x 100 nm (w x d x I) in-plane nanopore. Resin stamps were produced from the Si master by
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UV curing of a PUA resin for 3 min placed on a PET plate coated with a NOA72 adhesive (step
2, Figure 4.3A). Next, the structures on the resin stamp were thermally imprinted into PMMA or
COP substrates using NIL (nanoimprint lithography; Nanonex 2500), which consisted of an air
cushion thermal imprinting process (step 3, Figure 4.3A). nCC devices were thermally imprinted
at 130°C and 300 psi for 5 min. A COC 8007 cover plate and the substrate were treated with O,
plasma for 2 min (50 W) and then thermal fusion-bonded using NIL at 72°C and 110 psi for 15
min (steps 4 and 5, Figure 4.3A). Following nCC assembly, randomly selected devices were

subjected to a sealing test using Rhodamine B seeding (Figure 4.3B).

4.2.14 Clinical sample testing

We received 10 saliva samples from volunteers that were asymptomatic and subsequently
tested to assure they were indeed COVID-19 negative (these samples were confirmed to be
COVID-19 negative by RT-gPCR). The 10 positive samples were randomly selected from
symptomatic individuals that were admitted to the KU Medical Center hospital. Upon admission,
a nasopharyngeal sample was collected, and the samples were subjected to RT-gPCR to confirm
they were indeed COVID-19 positive. These 20 samples were blinded and shipped to the testing
laboratory on the KU-Lawrence campus. All samples were stored at -80°C until required for
measurements. Saliva samples were passed through the VP selection chips (200 uL), blue-light
released from the chip following selection (~30 uL), and subjected either to nCC counting or RT-

gPCR.
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4.3 Results and Discussion
4.3.1 VP selection chip and blue light release

The VP selection chip contained 7 beds connected in parallel with perpendicular inlet and
outlet channels arranged in a z-configuration. The device possessed ~1.5 million diamond-
shaped pillars (10 pm x 10 um, 10 um spacing), providing a 38.6 cm? surface area (Figure 4.4A-
C). Figure 4.5A provides a rapid scanning confocal image of a selection bed and the dimensional
features of the pillars contained in one of the seven selection beds.The pillar number along with
a small inter-pillar spacing allowed for high recovery of VPs and a high dynamic range, but with a
small form factor. This chip was made from COP (cyclic olefin polymer) via injection molding to
allow for high-scale production at low cost. Small distances between the pillars reduced diffusional
distances and allowed for high recovery at high sample processing rates to keep the assay
turnaround time short. Previously, this device was used for the affinity (antibody) selection of

extracellular vesicles.®®

A S Bonded chip ) b Characteristic VP- MAP
OLM (@ . ) Bed Dimensions (Ixw xd) 23 mm x 3.6 mm x 50 ym
Molded chip base \\ ; ¢ Number of Pillars 1,475,712
o=@ \ (5} Pillar Dimensions 10pm x10 pm
Inter-pillar Spacing 10 ym
|
Moldodicaver Chip foot print: . - Internal Surface Area 38.5cm?
° .o =, 42mmx 38 mm ¢ Internal Volume of the Chip 30.0pL
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Figure 4.4. (A) Micrographs of the chip, cover plate and bonded VP selection chip. (B) SEMs of some
of the beds in the VP selection device. Shown is the fluidic feed network into several beds and then, a
high-resolution SEM of one bed with its micropillars. (C) Summary of the physical characteristics of the
VP selection chip. (D) Scheme demonstrating covalent attachment of the aptamer via PC linker to the
UV/Os activated surface of the plastic chip. Also shown is the stable secondary structure of the 51 nt
SARS-CoV-2 aptamer.
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Figure 4.5. (A) Image of a part of the VP selection chip. (B) Profile of the post height and inter-post
spacing in the microfluidic chip presented in (A).

In the current research, we employed a DNA aptamer targeting the S protein in the SARS-
CoV-2 viral envelope as the affinity agent (Kq = 5.8 nM).! Owing to a lack of 2'-OH groups, DNAs
are more resistant to endonucleases compared to an RNA aptamer, and thus, more stable in
biological fluids. Because aptamers are chemically synthesized, they can be modified, and these
modifications render them stable with a little batch-to-batch variation.*> Modification of DNA
aptamers (i.e., 3’ or 5’ - internucleotide linkage, the so-called inverted dT (deoxy-thymidine),*
phosphorothioate modified nucleotides) makes them stable in the presence of 3’ exonucleases.
For example, protective effects of 3’-inverted dT residues demonstrated an aptamer to the SARS-
CoV/SARS-CoV-2 that could be incubated in serum for extended periods of time and showed no
chemical degradation.*”*8 44 Addition of an amino linker to the 5’ or 3’-end of the aptamer and
PEGylation can extend half-life in plasma.*’

For the covalent attachment of the aptamer to the VP selection chip’s surface, we used a
photocleavable (PC) 7-amino coumarin linker (Figure 4.4D).*° The PC linker is unique in its
structure; it contains an amino and carboxy termini (i.e., amino acid) to allow for two EDC/NHS
reactions to: (i) Covalently attach the linker to a carboxylated surface; and (ii) attach the aptamer

containing a primary amine functionality at its 5’ end.*® We evaluated the purity and the photo-
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cleavage of the PC linker (Figure 4.6A) via UPLC-MS. The intact PC linker (1) was present 81.2%

before the light exposure and decreased with the irradiation time. After 2 min of light exposure,
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Figure 4.6. (A) PC linker photolysis reaction. (B) Ultra-high performance liquid chromatography (UPLC)
signatures of the initial compound (1) and its photo lysis products (2) after exposing to 0, 2, and 10 min
blue light (400-450 nm).

the chromatographic peak for the intact linker disappeared. Major photolysis product (2) was
detected at the 4.2% level at the beginning and increased to 68% upon light irradiation (Figure
4.6B).

The optical transmittance of COP (cyclic olefin polymer) and COC (cyclic olefin
copolymer) polymers were evaluated using UV-vis spectroscopy to ensure that sufficient amounts
of blue light penetrated the microfluidic cover plate and substrate to provide sufficient levels of
photolysis of the PC linker to release the VPs efficiently. Figures 4.7A and 4.7B show the
absorbance and transmittance spectra of COP and COC polymers. The COC and COP
transmittance was ~90% at the peak LED emission wavelength. The spectral distribution of the
LED used in these experiments was 400 — 450 nm (Amax = 412 nm), and overlapped with the PC

linker’s absorption minimum. While the 1% PVP/0.5% BSA solution used to block the microfluidic
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Figure 4.7. (A) UV-Vis absorption spectra for typical COC and COP plates (2 mm thick) and (B) the
corresponding transmittance spectra. LED output light range is shown as a reference. (C) Absorbance
of a 1% PVP/0.5% BSA solution and PBS buffer in the UV-Vis range. In this case, the PVP/BSA solution
was placed in a 1 cm length cuvette to obtain the absorption spectrum.
chip surface to prevent non-specific adsorption showed some absorption over the spectral
distribution of the blue-LED (Figure 4.7C), it was not used for the wash and release of VPs and

the amount of absorption anticipated for a monolayer of PVP/BSA on the chip surface would be

negligible compared to the conditions used to acquire the spectrum shown in Figure 4.7C.

We evaluated different blocking agents to minimize non-specific VP adsorption to the surface
of the VP selection chip that was activated with UV/Os light (see Figure 4.8A). A 1%
polyvinylpyrrolidone (PVP) and 0.5% bovine serum albumin (BSA) mixture added to PBS showed
the lowest levels of non-specific adsorption; 1.4% of VPs non-specifically binding to the VP
selection chip’s surface, which was similar to the 2% PEG solution. However, we noticed that the
2% PEG solution was more viscous than the PVP/BSA solution, which can affect the recovery of
the VPs because the recovery is dependent on diffusion. Based on these results, we chose

PVP/BSA as a blocking agent for the aptamer-modified surface prior to VP infusion.
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Figure 4.8. (A) summary of the evaluation of the efficiency of blocking agents in prevention of non-
specific adsorption of VP to the surface. (B) Box plots presenting SARS-CoV-2 and HRSV non-specific
binding to HRSV and SARS-CoV-2 aptamers, respectively and efficiency of the isolation of VPs from
buffer and saliva at their specific aptamers bound to the affinity bed, at different linear velocities of
sample processing. (C) Summary of the recovery of different VPs to the VP selection chip using
different aptamers.

SARS-CoV-2 VPs, which were heat-inactivated, were seeded into PBS buffer and healthy
donor saliva and infused through the VP selection chip. VPs were quantified via RT-gPCR from
the starting solution and the chip eluent following VP photo-release. Primer sequences are listed
in Table 4.2, and RT-gPCR figures-of-merit are shown in Table 4.3). We determined the efficiency
for samples processed at different volumetric flow rates (5-20 pL/min; see Figure 4.8B). The
seeding levels varied between 1 x 10® copies/mL and 1 x 10° copies/mL to represent VP load in
clinical samples.*® Non-specific binding (i.e., VP cross-reactivity) was tested with the HRSV,
human coronavirus 229E (HCoC 229E), and Betacoronavirus 1 (HCoV OC43). Non-specific
binding as evaluated by recovery was determined to be 1.9 £ 0.9 (n = 6) for SARS-CoV-2 on the
HRSV aptamer and 1.5 £1.6 (n = 7) for HRSV on the SARS-CoV-2 aptamer chip (Figure 4.8C).
Recovery of HCoC 229E and HCoV OC43 using the SARS-CoV-2 aptamer was found to be 0.7%
and 3.5%, respectively. We should note that these human coronaviruses were not heat-

inactivated, as was the case for the SARS-CoV-2 VPs.
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The highest average recovery of VPs was observed at 0.8 mm/s (20 yL/min) linear velocity.
We observed that as the linear velocity of the infused sample increased, the recovery of the VPs
decreased, which is predictable due to the diffusion-controlled process that determines recovery.
The recovery from saliva at 20 pL/min volumetric rates was determined to be 39.4% for heat-
inactivated SARS-CoV-2. The recovery of the VPs from saliva was not statistically different from
that found when the heat-inactivated SARS-CoV-2 was suspended in PBS (Figure 4.8B). We
suspect that heat inactivation of SARS-CoV-2 could have changed the aptamer binding affinity to
the epitope it was directed against in the S protein and thus affect the recovery.

We performed an experiment to determine the recovery of SARS-CoV-2 particles using our
VP selection chip that was not subjected to heat inactivation. This was accomplished using a
saliva sample that was positive for COVID-19 and found to have SARS-CoV-2 patrticles present
within it. Because the number of VPs was not known in the sample, we used a self-referencing
method that has been reported by our group.®® For this determination, three VP selection chips
were connected in series, and a positive COVID-19 saliva sample was flowed through the chips

at 20 pL/min. Then, each chip in the series was quantified using RT-gPCR. For these
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Figure 4.9. NTA of SARS-CoV-2 heat inactivated virus before and after selection using the pillared VP
selection microchip. The mean diameter of the VPs in the stock and following release were 133.1 +16.2
nm and 138.1 £27.16 nm, respectively.
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determinations, we found that the recovery of non-heat inactivated SARS-CoV-2 using our
aptamer chip was 94.3% (n = 2).

We next evaluated the PC-release efficiency of the aptamer selected VPs. Release efficiency
was calculated as the ratio of released VPs at 2 min with respect to all VPs released after 8 min
of blue light exposure. The release efficiency was determined to be 87.9 £9.1 (n = 8) for SARS-
CoV-2 after 2 min exposure to the blue light with an energy of 18.5 J (412 nm, 32 +4 mW/cm?).
The size distribution of the photo-released SARS-CoV-2 viral particles was compared with the

stock viral particles and observed a similar size distribution (Figure 4.9).

4.3.2 Nano coulter counter device

The in-plane nCC device (Figure 4.10A) utilized some unique characteristics that made it
appropriate for high throughput counting of single VPs including (i) Five nCC sensors placed in
parallel to increase counting throughput; (ii) the device was fabricated in plastic using a top-down
replication process making each pore of the sensor adopt an in-plane configuration (i.e., each
pore was in the same plane as the fluidic network of the chip). In addition, RPS was used for
label-free counting of the selected and released VPs. Figure 4.10B shows the equivalent RPS
circuit for a single nCC sensor, where Rnc is the resistance of the access microchannel, R is the
resistance of the connecting channel, Ry, is the resistance of the in-plane nanopore, and Ry is
the resistance of the nanoparticle. The resistance of the electrolyte in the device is considered as
a series connection in the circuit. Whenever the VP is traveling through the in-plane nanopore,
the particle forms a parallel resistor with the nanopore resistance. We modeled via COMSOL a
nanopore as a fluidic constriction through which VPs can pass and produce unique electrical
signatures. When a VP occupies the nanopore, buffer ions are displaced, and the nanopore’s
resistivity transiently changes and causes a detectable current transient event.>*>® Simulations
aimed to gauge the feasibility (SNR) for enumerating 30-150 nm VPs within 50-200 nm nanopores
were carried out. Detectable current transient events were generated for all VPs if nanopores
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Figure 4.10. Nanopores for resistive pulse sensing of VPs. (A) SEM image of the nCC (200 nm effective
diameter. (B) Equivalent sensing circuit for the nano-coulter counter, where Rmc is the resistance of the
microchannel, Rnc is the resistance of nanochannel, Rnp is the resistance of the in-plane nanopore, and
Rnp is the resistance of the nanoparticle. (C) Simulations of nanopore-based VPs sensing. (Figure
courtesy — Zheng Zhao)

were appropriately sized, and current spikes scaled cubically with VP size (Figure 4.10C).
Recorded peak amplitudes and widths can be used to determine the transit time of the VPs within
the sensing element. The pore size (~350 nm effective diameter) was predicated on optimizing
the amplitude of the RPS signal with respect to the SARS-CoV-2 patrticle size as determined using
nanopatrticle tracking analysis (NTA), which indicated an average diameter of ~138 nm with a

mode of 128 nm (see Figure 4.9 for NTA analysis).

4.3.3 nCC calibration curve*

*Zheng Zhao in our group performed this experiment.

Heat inactivated SARS-CoV-2 VPs at a concentration of 3 x 10° particles/ mL were serially
diluted in PBS to establish a calibration curve (Figure 4.11). Five pul of each sample was
introduced into the nCC chip. Figure 4.11A shows transient current responses for the heat-
inactivated SARS-CoV-2 particles suspended in 1x PBS. Based on 5x standard deviation in the
open pore trace, we established a threshold level for enumeration of the VPs at >99.99%

confidence level. Current transient traces for heat-inactivated SARS-CoV-2 VPs traveling through
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the pores are shown in Figure 4.11B (concentrated) and Figure 4.11C (diluted). Figure 4.11D is
shown the calibration plot for the SARS-CoV-2 particles and yielded an adjusted R? of 0.979 over
a VP concentration range of 1 x 10° to 3 x 10° VPs per mL. From this calibration plot, we estimated

a concentration limit-of-detection of 1 x 10° VPs per mL.
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Figure 4.11. nCC transient current traces for (A) no particles (background) (B) concentrated particles,
and (C) diluted patrticle concentrations. (D) Calibration of the nCC for the concentrations of SARS-CoV-
2 particles ranging between 1.2x 108 /mL and 3x 108 /mL (Figure courtesy — Zheng Zhao).

4.3.4 SARS-CoV-2 analysis from saliva samples

We collected 20 saliva samples through an IRB-approved protocol at the University of Kansas
Medical Center. Each sample was tested in an approved COVID-19 testing center using RT-
gPCR (CDC-approved protocol). The remaining sample was then shipped to the University of
Kansas and stored at -80°C until required for testing. To evaluate the ability to distinguish between
those with active disease versus non-active disease (active disease is defined here as a sample
containing VPs with intact S proteins), we followed the scheme shown in Figure 4.12. The saliva
samples were processed using the VP selection chip (total sample volume = 200 uL), and the

flow-through of the VP selection chip was subjected to RT-qPCR analysis. Following washing of
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the VP selection chip with buffer, the chip was subjected to blue-light release of the selected VPs,

the effluent was then used for nCC counting as well as subjected to RT-gPCR. The results are

summarized in Table 4.4.

Column 2

200 pL Saliva Sample

Nasopharyngeal Sample - .
Directly run through Chip

Tested at Diagnosis
(Sinochips Diagnostics)

(~20 pL enrichment volume)

l Column 4

Affinity Selection of SARS- - Flow Through consists of
CoV-2 Viral Particles Free RNA Primarily

Wash Chip and Release of .
Viral Particles from Chip

|

Lysis and Solid
Phase Extraction of
Total RNA

l

RT-gPCR

Viral Particles Only
(no free RNA)
Figure 4.12. Experimental design for testing the 20 clinical samples received for this study. Matched

nasopharyngeal and saliva samples were secured for each of the 20 patients through an IRB-approved
protocol at the University of Kansas Medical Center.

This assay cannot distinguish
between Free RNA and active
Viral Particles

Columns 3and 5

As seenin Table 4.4, the samples deemed “not detected” by RT-gPCR in the approved testing
laboratory agreed 100% with our results secured following chip selection of the SARS-CoV-2 VPs
and testing of either the effluent or flow-through by RT-qPCR (clinical specificity = 100%). In the
case of the 10 positive COVID-19 samples (as determined by the certified laboratory), only 5
samples were detected to be positive by released fraction RT-qPCR. Nine out of 10 samples were
detected as positive by flow-through RT-gPCR. These results suggest that, the photo-cleavable
fraction contains active viral particles and flow-through samples contains free gRNA. A positive

RT-gPCR result here would indicate patients with no-active disease (i.e., non-infectious).
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To assure that no residual RNA fragments were present in the photocleavable fraction
containing active viral particles, we did a control experiment in which gRNA from SARS-CoV-2
particles were sent through the VP selection chip, washed the chip with PBS and then subjected
to blue-light photocleavage. This fraction was subjected to RT-qPCR. The gRNA contamination

was <0.3% in the fraction.

Table 4.4. Summary of results for 20 saliva samples secured from anonymous donors. The first column
of RT-gPCR results was performed in an approved COVID-19 testing laboratory. The second column
of RT-qPCR results were secured using 5 pL of the photo-released fraction (35 pL total released
volume) from the selection chip. The third column of RT-gPCR data were obtained from flowthrough
samples. nCC data is not obtained yet.

SARS-CoV-2 gRNA of Viral Particles™*

Sinochips Diagnostics: g k s . A Flow Through from microfluidic SARS-CoV-2 Affinity
Sample ID SARS-CoV-2 gRNA presence in Eelicaing mlc?nﬂdu::'l:aa;:nw Sl affinity selection chip Selection, Release and
= by 3 i = = | =
saliva (real time RT-PCR) (via real time RT-PCR)** (via real time RT-PCR) nccC
1 Not detected Not detected Not detected
4 Mot detected Not detected Mot detected
5 Not detected Not detected Not detected
T Not detected Not detected Not detected
8 Not detected Not detected Not detected
10 Not detected Mot detected Not detected
13 Mot detected Mot detected Mot detected
14 Not detected Not detected Not detected
16 Not detected Not detected Not detected
19 Not detected Not detected Not detected
2 Positive Positive, 2.6 x10? Posilive
3 Positive Positive, 8.7 x10* Positive
11 Positive Positive, 2.4 x10° Positive
12 Positive Positive, 6.3 x10° Positive
15 Positive Positive, 1.5 x10° Positive
9 Positive Not detected Not detected Not Detected
6 Positive Mot detected Positive (8.4x10° gRNA/mL)
17 Positive Not detected Positive (2.6x10% gRMA/mL)
18 Positive Not detected Positive (6.8x10° gRNA/ML)
20 Positive Not detected Positive (4.9x10° gRNA/mL)
6+2 Positive Positive Positive
11418 Positive Positive Positive

*Healthy donors test performed by Sinochips diagnostics with 0.2 mL saliva sample. COVID-19 positive
individual’s status confirmed using Cepheid Xpress SARS-CoV-2 test from a nasopharyngeal swab.

** ~200 uL of saliva processed on an aptamer modified microfluidic device for SARS-CoV-2 VP selection. VP
releases and tested in real-time RT-qPCR.

*** RT-qPCR: N1 and/or N2: virus nucleocapsid (N) gene fragments targeted for specific detection of SARS-CoV-
2.

4.4 Discussion

A recent survey of the general public, scientists, engineers, and health professionals (83-
person study) highlighted several important high-level needs for new COVID-19 sensor
technologies:®* (i) Development of a point-of-care (instant) screening test for COVID-19; (ii) detect

how infectious a person with the virus is; (iii) develop a non-invasive, quick, cheap, and effective
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test that people can do themselves; and (iv) identify who needs COVID-19 testing in people with
chronic conditions.

While RT-gPCR and serological tests have been the cornerstone of COVID-19 testing, they
are challenged by some prevailing issues, the most notable of which are the sensitive reagents
that require a cold-storage chain, the need for fluorescence detection in most cases, and the
inability to distinguish between those with active disease and those without. Recent reports have
suggested that RT-gPCR might overestimate the number of people actively spreading disease.>®
The inability to distinguish between these active and non-active spreaders results from the fact
that RNA extraction procedures do not differentiate between RNA derived from active virus
particles or from viral genomic fragments resulting from continuous viral RNA shedding.

The importance of the ability to discriminate between active and non-active individuals is
paramount because it can determine the length of time in isolation (defined as separating those
diagnosed with COVID-19 from those not infected) or planning mass quarantines (defined as
separating or restricting the movement of those who have the potential to be exposed). For
example, current recommendations for length of isolation for those diagnosed via RT-gPCR is 10-
14 days after symptom onset or 72 h symptom-free, whichever is longer. In either case, extended
isolation and/or quarantine by individuals can have dramatic socio-economic consequences, such
as post-traumatic stress symptoms arising from financial loss, stigma, suicide, boredom, and
infection fears.%® In addition, extended isolation/quarantine can have detrimental effects on non-
COVID-19 related diseases, such as cardiovascular disease due to changes in lifestyle.>” Also, a
population-based study performed in the UK indicated that due to delayed diagnostics, four
cancer type deaths (breast, colorectal, lung, and esophageal) over a 5-y period would increase
up to 9.6%, 16.6%, 5.3%, and 6.0% for breast, colorectal, lung and esophageal cancers,
respectively.® Clearly, reducing isolation or quarantine times would improve the outcome for non-

COVID-19 mortalities as well as reduce socio-economic iSsues.
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Patients can show long-term positive RT-qPCR results due to persistent viral RNA shedding
long after infectivity has ceased.%*%2 For example, of 378 patients diagnosed with COVID-19,
many showed that the median duration of SARS-CoV-2 RNA appearance was 53.5 d with the
longest duration determined to be 83 d.® This same study determined that SARS-CoV-2 IgM and
IgG antibodies were persistently high 56 d post-infection. Persistent occurrence of SARS-CoV-2
RNA has also been associated with reverse transcribed and subsequent integration into the
human genome.>® A recent report on the temporal dynamics of viral shedding and transmissibility
of COVID-19 indicated that 44% of transmission occurred in a pre-symptomatic stage of the viral
load profile (see Figure 4.1).%¢

While viral infectivity can be deduced from culturing, its extensive workflow and long result
turnaround time as well as the need for BSL-3 facilities makes this approach intractable for
determining infectivity. A recent report indicated that the use of RT-gPCR with Ct <24 and
symptom onset <8 d indicated a correlation with infectivity as determined by viral culture (odds
ratio = 0.64),%3 but issues with this approach is that the test still depends on the use of sensitive
reagents and the fact that determining exact symptom onset would be difficult to determine in
many patients, especially those that are asymptomatic.

We outlined a unique technology that addresses the aforementioned challenges and is based
on the ability to affinity select SARS CoV-2 particles from clinical samples and enumerate them
in a label-free manner. The technology consisted of two fluidic devices, including an affinity
selection microfluidic and nCC chips. The design and performance criteria of the VP selection
and nCC chips were: (i) short processing time (<20 min); (ii) large dynamic range to accommodate
the range of VPs that can be found in samples (500 — 108 VPs per mL);?’ (iii) manufactured at
high production rates, low cost, and with tight compliance for screening applications that demand
disposable devices; (iv) small form factor to fit into a handheld instrument for potential at-home
testing (38 x 42 mm); and (v) reagent-free operation with a stable affinity agent for long term
storage that can allow for stockpiling the disposable for future pandemics to allow for rapid
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mobilization. The important attributes of our sensor technology satisfy 3/4 needs highlighted from
the 83-person survey noted above.>*

While antibodies have been widely used for the affinity selection of biological targets,
aptamers as recognition elements offer several valuable qualities. For example, aptamer selection
from DNA libraries is a controlled in vitro process designed to select sequences that bind to a
target of interest while discarding sequences that bind to negative targets. Indeed, the aptamer
used in our sensor technology showed a recovery value for non-heat inactivated SARS-CoV-2 of
94.3% with minimal binding affinity to other human coronaviruses (see Figure 4.8C). In addition,
monoclonal antibody development can take up to a year, while aptamers can be developed in a
much shorter time period due to the in vitro selection process, meaning that for new pandemics,
new aptamers can be selected quickly for rapid wide-scale testing. Aptamers exhibit notable
affinity to their targets with Kq ranging from the high pM to low nM range.%* Finally, DNA aptamers
are exceptionally stable and can be stored for extended periods of time without cold storage. In
our case, once the aptamer was covalently attached to the surface of the VP selection chip, no
reagents were required to carry out the selection phase of the assay, except for common buffers,
such as PBS. This was facilitated by the fact that blue-light from an LED was used to release the
selected VPs from the chip eliminating the need for an additional reagent.*°

The data in Table 4 offers some interesting results and conclusions when compared to RT-
gPCR, which is currently the gold-standard for COVID-19 testing. For example, of the 10 samples
that were positive by conventional RT-qPCR, only 5 were found to be positive when the photo-
cleaved fraction was analyzed by RT-qPCR due to the fact that only active viral particles were
present in this effluent (see the experimental design in Figure 4.12), while inspection of the results
from the flow-through of this chip showed 9 samples to be positive by RT-gPCR. This indicated
that 5 of the 10 positive samples actually contained “active” VPs with an intact S protein and viral
capsid containing gRNA. The flow-through will contain primarily free RNA fragments, and the
photo-released fraction consists of intact viral particles and practically no free RNA (<0.3%). While
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we have demonstrated the ability to differentiate between those COVID-19 patients with and
without active VPs, we need to perform culturing experiments on the selected VPs to make sure
that we are actually detecting those that are infectious; this work is currently underway.

For COVID-19 testing, the CDC and WHO recommend collecting upper respiratory specimens
including nasopharyngeal (NP), oropharyngeal (OP), nasopharyngeal wash (NW), or anterior
nares (nasal swab). NP, OP, NW, and nasal swabs must be collected by healthcare personnel,
which carries a risk of potential healthcare worker infection.®®> However, self-collected samples,
such as saliva, can be performed with no or minimal supervision.®¢-%” Saliva samples for COVID-
19 testing have demonstrated comparable results to NP and OP samples.5%%% 8 For example, in
studies, which used RT-gPCR to determine viral load from saliva, a median viral load for first
testing was found to be 3.6 x 10° VPs per mL (range of 9.9 x 102 — 1.8 x 108 particles per mL).%°
Recently published work™ reports a 3.4% (n=7,332 paired samples) increase in positivity rate
using NP vs saliva specimens.

Compared to other designs, our nCC chip has several advantages: (i) Due to the positioning
of the nanopore sensing element within a fluidic network, the sample volume requirement is small
(5-10 uL); (ii) high-resolution electronic signal recordings can provide reliable and accurate
information of particle size (peak amplitude) and particle travel time (peak width) as well as particle
concentration (current transient peak frequency); (iii) dynamic range of 102 to 108 particles/mL
based on 100,000 Hz sampling frequency with 600 s recording time; (iv) the sensing mechanism
allows the nCC to be used for VP counting, but other nanopatrticles such as extracellular vesicles
can be counted as well; (v) 5 pores in parallel allows for high throughput counting and improve

the limit-of-detection.

4.5 Conclusion
Screening tests, such as those geared for at-home use, for SARS-CoV-2 infections can be an

essential tool for effective containment of COVID-19 because it allows for more frequent testing
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and provides rapid results as opposed to clinical testing that is performed less frequently because
it requires a centralized laboratory or other sites that can conduct POCT (see Figure 1). While
new at-home technologies that are based on PCR or antibodies are evolving, they are some
challenges such as the need for cold storage due to the use of sensitive reagents, which creates
problems with rolling out tests quickly to meet testing demands. An additional challenge with PCR
and antibody-based technologies is that they detect those that have COVID-19, but most likely
will not report on the active state of the disease-causing excessive isolation and/or quarantine.
To address these challenges, we presented a technology to identify those that have been
infected with SARS-CoV-2. Unique to our technology is the ability to select intact SARS-CoV-2
VPs from the sample and perform label-free counting of the VPs following selection and blue-light

release of the intact VPs. We envision our technology for immediate use by first-contact
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Figure 4.13. Conceptual drawings of SARS-CoV-2 chip (A) and handheld instrument (B) for at-home
testing. The integrated chip is comprised of 3 layers containing the VP selection chip, the nCC chip,
and the cover plate with electrical connectors. All three layers are made from a thermoplastic to allow
for injection molding. Shown in the lower panel is the integrated chip with connectors for sample input
(SI), buffer input for priming and washing the chip (Bl), waste (W) and viral particle collector chamber
(VPC). The handheld instrument contains pumps and microprocessor for fluid handling and data control
and acquisition for the nCC including a transient current amplifier circuitry. The handheld also contains
a blue LED for selected VP release. The size of the handheld is 120 mm (long) x 80 mm (wide).

healthcare professionals at the POC and then, due to the simplicity of the instrumentation and

ease of use, home-based testing. The microfluidic devices, which were made from thermoplastics,
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can be fabricated by injection molding, which is conducive to high-scale production at a low cost
appropriate for large-scale screening tests.

Our assay's analytical figures-of-merit provided high VP recovery, high throughput processing
capabilities for VP selection directly from a saliva sample, and an affinity agent that was
appropriate for selection with high specificity and appropriate for room temperature storage. This
was enabled by the high stability of nucleic acids compared to biological reagents required for
PCR and serological tests. In addition, we could rapidly detect single VPs using a nCC that
possessed 5 counters in parallel but could be further scaled. Taken together, these microfluidic
chips could process saliva samples to test for COVID-19 in <20 min.

To envision at-home testing using our SARS-CoV-2 assay, the chip operation and supporting
equipment need to be packaged into a handheld instrument with full sample processing
automation. To realize this, our team is currently working on a new integrated chip design and
handheld instrument as shown in Figures 4.13A and B, respectively. The chip measures 38 x 42
mm in size and consists of 3 layers, including a cover plate with electrical connections for the
nCC, a layer containing the VP selection step, and the final layer consisting of the fluidic network
for nCC enumeration of selected and subsequently released VPs via blue light. The integrated
chip, which is made entirely from plastics to allow for injection molding, fits into the handheld
instrument and contains a port that allows for sample introduction, which consists of saliva.
However, other samples can be inserted into the instrument as well.

Finally, what about the ability of our technology to detect variants of SARS-CoV-2, especially
because the aptamer being used for selection is directed against the receptor-binding domain
(RBD) of the spike protein?! These variants include the UK (B.1.1.7), South African (501Y.V2),
and Brazilian (B.1.1.28) lineages.”"® For example, the B.1.1.7 variant consists of 17 mutations,
of which 8 appear in the spike protein. In particular, the N501Y mutation affects the binding of the

spike protein to the ACE2 receptor. We are currently evaluating the ability of the 51-nt aptamer to
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recover variants from clinical samples. If they show poor binding affinity to these or other variants,

new aptamers can be explicitly selected for the variants in short time periods.
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Chapter 5 - Future Directions

5.1 Integrated modular microfluidic system for the diagnosis of acute ischemic
stroke (AIS)

5.1.1 Introduction
Stroke is the second-leading cause of death globally and the third leading cause of death
in the US.! Stroke accounts for 16% of all cardiovascular diseases, 2-4% of the healthcare
costs worldwide.? There are two types of strokes, acuteischemic stroke (AIS) (80-85%) and
hemorrhagic stroke (15-20%). In the current global COVID-19 pandemic, stroke onset can be
a consequence of infection; cases of large-vessel stroke were reported in patients diagnosed

with COVID-19.3

Acute ischemic stroke (AIS) is currently diagnosed by computed tomography (CT; clinical
sensitivity = 26%) or magnetic resonance imaging (MRI; clinical sensitivity = 83%), which
typically performs at the emergency center of the hospital. Recombinant tissue plasminogen
activator (rt-PA) is given to the patient as the treatment after the diagnosis. AIS treatment has
a narrow therapeutic time window (<4.5 h from AIS onset), and imaging techniques are
challenging since they cannot provide timely diagnosis essential for the AIS treatment. Due to
this limitation, the recombinant tissue plasminogen activator currently reaches <7% of AIS
patients only. Therefore, it is essential to have a rapid diagnostic assay platform that can use
in Point-of-Care Testing (POCT) for AlS diagnosis.

CDS8 (+) and CD15 (+) leukocytes contain specific MRNAs with altered expression in AIS
patients.* We have recently shown that mRNA expression changes in CD8 (+) extracellular
vesicles (EVs) can be used for AIS diagnosis.® Single-molecule laser-induced fluorescence
was used to achieve the required turnaround time for stroke diagnosis,? © but the hardware was
not accommodating highly multiplexed operation or potential POCT that would allow for more

timely diagnosis of stroke patients.
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Taking advantage of our previous modular systems, we are currently working on a fully
automated and modular fluidic microsystem to permit rapid AIS diagnosis. The fluidic cartridge
contains a module (EV-MAP) to affinity select CD8 (+) and CD15 (+) EVs (Figure 5.1), count
the EVs using a nano-Coulter Counter, lyse the EVs, reverse transcribe the mRNA into cDNAs
using biotinylated poly(dT) primers, a module for the solid-phase extraction of the biotinylated
cDNA, perform an spLDR (solid-phase ligase detection reaction), and evaluate the product
identity and quantity directly using TOF (time of flight) sensing. Modular integration will be
performed by introducing interconnects and alignment structures that provide high process

yield rates (>90%).
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Figure 5.1. Integrated modular microsystem for the mRNA expression profiling of EVs. Four task
specific modules, EV selection chip, n-CC chip, cDNA purification chip and a nano sensor chip were
integrated with a continuous flow thermal reactor to form the cartridge.

5.1.2 RNA markers for stroke

Biomarkers based on mRNA expression, especially in peripheral blood, are emerging
classes of stroke biomarkers with several advantages compared to protein biomarkers. When
compared to proteins, mRNA changes are induced more rapidly in response to an injury.
Microarrays were used to identify 22 genes that can be used to distinguish AIS from controls.”®
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Stroke-related mRNA expression changes in whole blood were verified in subsequent studies.®*?
MRNAs expression changes were observed in AIS patients with 66%, 87%, and 100% clinical
sensitivity after 2.4 h, 5 h and, 24 h of stroke onset, respectively.!! Sensitivity of the assay
increased with the higher appearance of stroke-related mRNAs in circulation.

Table 5.8. Transcript clusters for ischemic stroke in CD15 (+) and CD8 (+) cells. The clusters in the red
box are gene panels that will be used for the testing.

Source Transcripts s
P IQGAP1, SLC16A6, NPL, CD93, PYGL,PLBD1 4.41x104
.'g_ ADM, CKAP4, FOS, BST1 1.38x10°%
"% | ENTPD1, IL13RA1, LTA4H, S100P | 4.56 x10-2
% DUSP1, HIST2H2AA3, BCL6, PILRA, FCGR1A, TLR2 3.62x103
g LY96, S100A9, FPR1, S100A12, RNASE2, CCR7 85.7x103
o CA4, MMP9, NAIP 2.9x10°5
» IL13, APLP2, ENTPD1, ETS2, PYGL, DUSP1, KIAA, 1.71x105
= ADM, S100P, CD36
'(_") CYBB, BST1, CD93, NPL, IQGAP1 9.87x103
8 FOS, VCAN, PLBD1, MMP9, CA4 6.67 x104
© BCL6, SLC16, LTA4H, CKAP4, FPR1, FCGR1A 1.21x10°%

Stroke-related mMRNA expression changes can be derived from particular leukocyte
subsets that are activated due to an inflammatory response occurring during a stroke event.*> We
guantified mRNA expression in multiple leukocyte subsets for differentiating between stroke and
controls.'® The absolute expression of 41 stroke-related mRNA transcripts was measured in 6
major leukocyte subsets using HT RT-qPCR and hierarchical cluster analyses. CD15* neutrophils
and CD8* T lymphocytes were recognized as the major sources of mMRNA expression changes in
AIS with 14 and 16 genes up-regulated, respectively. Multiple clusters of transcripts were
identified that discriminated between AIS and controls, most notably in CD15* neutrophils and

CD8* T lymphocytes (Table 5.1).
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RT-gPCR is used in mRNA expression analysis, and it has a turnaround time (TAT) of <2
h.* However, RT-gPCR’s analytical sensitivity is subjected to change in the low transcript copy
number regime. Additionally, sample preparation, variation in reagents, primer design, and
operator skill affect the result accuracy.*® Droplet digital PCR (ddPCR) is used as a variant of RT-
gPCR for mRNA expression profiling.*®* Compared to RT-gPCR, ddPCR has excellent analytical
sensitivity in the low copy number regime. However, the limited multiplexing capabilities (~4

transcripts) and the complicated workflow in ddPCR and qPCR are challenging.

PCR-free techniques have been introduced to improve the analytical utility of mRNA
expression profiling.*%?” Some methods are based on single-molecule detection, SMD.*81° We
have reported an SMD assay combined with reverse transcription and the ligase detection
reaction (LDR) to count and quantify mRNA transcripts using single-pair FRET (spFRET).® These
PCR-free systems utilize fluorescence for readout. This requires multi-color excitation and
detection systems that can limit their multiplexing capacity. This project will develop a label-free
nanosensor that possesses high multiplexing capabilities with the near-real-time readout of cDNA

transcripts by obviating the previous limitations.

5.1.3 Integrated modular system for AIS diagnosis

An integrated modular microfluidic cartridge will be developed for the analysis of an EV
MRNA marker panel for the diagnosis of stroke in ~31 min. The modular design contains 4 task-
specific modules for EV isolation, label-free enumeration, spLDR, and counting and identification
of cDNA products. The fluidic motherboard has structures for cell lysis and continuous flow
reverse transcription (CF-RT). The fluidic cartridge is comprised of mixed-scale (hm — pm
structures) modules that can accept clinical samples and provide single-molecule sensitivity for
expression profiling mRNA transcripts sourced from EVs. The modules and motherboard are

made from thermoplastics allowing high-rate production using replication-based techniques,?°-??
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essential for in vitro diagnostics that require disposables. We use injection molding and

nanoimprint lithography (NIL) to fabricate micro and nanostructures, respectively.??

5.1.3.1 Selection of CD8 and CD15 EVs

We hypothesized that EVs released by CD8(+) T-cells and CD15 (+) leukocytes contain a
gene profile similar to the host cell after an inflammatory response and thus can be used to
diagnose AIS. We used EV micro-affinity purification (EV-MAP) device (Figure 5.2A) to isolate
EVs derived from activated CD8(+) T-cells via affinity enrichment.> EV-MAP device possesses a
high-density array of micropillars (~1.5 million) decorated with monoclonal antibodies (mAbs) to
target CD8(+) and CD15(+) EVs and could operate at high flow rates (20 pL/min). Each pillar is
10 um in height, 10 um in diameter, and 10 um inter-pillar spacing. The channel bed can
accommodate >10'* EV-like particles. Inlet and outlet channels have a Z-configuration and
contain baffle structures to prevent large particles enter into the channel bed. Disease-associated
EVs were recovered with high efficiency (~70%). Antibodies will be immobilized to the device
surface using the PC linker, and EVs will be photo-released from the affinity surface for particle

counting.?*

5.1.3.2 Counting EVs

Housekeeping genes will not be used for the analysis because they can be dysregulated
as a result of a stroke event.?® Therefore, mMRNA expression levels will be normalized to enriched
EV numbers. n-CC chip (Figure 5.2B) will be used for the label-free counting of photo-released
EVs. The device is made from thermoplastic via molding to allow for high-rate production. The n-
CC consists of two microchannels connected by a sub-micron bridge channel and a nanopore.
When a particle passes through the nanopore, it changes the resistance between the two
electrodes, and the resistance change gives a signal. Each electrical pulse corresponds to a

single EV passing
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Figure 5.2. EV selection module, n-CC module and nano-sensor module. (A) EV selection module
consists of 7 parallel beds that have ~1.5 million pillars. Inlet and outlet channels of the chip contains
baffle structures to prevent large particles enter into the channel bed. (B) n-CC module contains a nano-
pore bridging two microchannels. (C) Nano sensor module containing three parts, (i) Baffle structures
to deliver evenly distributed fluid flow, (ii) pillar array for spLDR, and (iii) nano flight tubes for TOF
measurements.

through the nanopore. The magnitude of the signal proportional to the EV size. The n-CC contains

a nanopore of 200 nm x 200 nm to achieve 100% detection efficiency.

5.1.3.3 Reverse transcription (RT) in a continuous flow (CF) reactor

CF reactor was employed in the motherboard for the RT reaction. The poly(dT) primer will
hybridize to the polyadenylated mRNA tail to generate cDNA with a biotin label at its 5" end. The
reverse transcriptase hydrolyzes the mRNA template after the reverse transcription releasing the
ss cDNA. The biotinylated cDNA is sent to the purification chip to purify from excess biotinylated
poly(dT) primers. The purification chip contains pillar structures and surface-bound stroke-specific
gene recognition sequences (called probes). Gene-specific cDNA will hybridize with the specific
probe while other biotinylated primers and RT reagents washed away. Thus, components that
may interfere with downstream processing will be removed. Hybridized cDNA targets will be

released from the probes by thermal melting.
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5.1.3.4 Nanosensor

Biotinylated cDNA targets are then be shuttled to the spLDR reactor in the nanosensor
and bound to the streptavidin-modified pillars (1 um diameter and 250 um interpillar space). The
nanosensor module consists of a fluid disperser with baffle structures for the uniform distribution
of the sample, pillar array for the spLDR reaction, and finally, nano-flight tubes for TOF
measurements (Figure 5.2C). spLDR reaction is performed using different length spLDR primers
for each transcript. There are 8 pillar arrays for the high throughput sample processing. The
spLDR products are thermally released and electrokinetically swept towards the nanopore (50 nm

x 50 nm) for identification and quantification based on their molecular-dependent TOF signatures.

5.1.3.5eCOC valves

For the SMART-Chip modular system, we used PMMA/PDMS/PMMA valving system for
the fluidic manipulation. While PDMS has been shown to be effective in these microfluidics valves,
PDMS has two major drawbacks that impede its use in future integrated systems. First, PDMS
requires casting. While the PDMS casting process is applicable within academic laboratories for
rapid, low-cost prototyping, the process is time consuming and requires hands-on manipulation
of materials.?®?” Ultimately, this does not lend itself well to transition to industrial, large scale, low-
cost manufacturing of point of care diagnostic tools. Second, the group has shown that PDMS
does not bond to materials with adequate glass transition temperatures necessary for running
PCR assays. For example, the valves made from PC/PDMS/PC and COC/PDMS/COC were
incapable of actuating effectively (data were not shown). In order to improve the valves’
manufacturability, alternative materials such as elastomeric COC (Topas® Elastomer E-140,
Topas Advanced Polymers, Germany) will be investigated. Elastomeric COC or eCOC is flexible
and inert with a Young’s Modulus of 68 MPa, >500% tensile strain at break, and a melting
temperature of 84°C. Most importantly, eCOC is capable of being injection molded with a series

of processing temperatures as specified by the manufacturer. Injection molding is low-cost,

174



efficient, and allows for large-scale production in comparison to PDMS casting.?-2° Initial studies
have found eCOC to have successful bonding with several thermoplastics. eCOC bonded to
PMMA, PC, and COC-6013 after 10 min UV/O3; exposure and to PMMA and PC after 1 min
Oxygen plasma treatment. Future efforts will focus on injection molding a 250 pum membrane from
eCOC to create and characterize novel valves made from the combination of the eCOC and

various thermoplastics.

5.2 Integrated modular microfluidic system for the fast detection of SARS-CoV-2
from saliva specimens

The virus isolation module and n-CC module will be integrated using superhydrophobic
seals. Superhydrophobic fluid interconnects use capillary forces to seal a connection between
two aligned through-holes with superhydrophobic surfaces separated by a fixed gap defined by
alignment structures.®*-32 We will use an n-CC molded substrate as a cover plate for the viral
particle selection module, as shown in Figure 5.3. The fluidic network of the n-CC will be enclosed
by a cover plate with patterned thin-film electrodes for electrical signal generation and data
collection. All pieces will be bonded together using an aligned, UV facilitated thermal fusion
bonding process. Micro-scale reservoirs and connectors made using CNC machining will be

bonded to the top cover to complete the fluidic cartridge.

Figure 5.3. Construction of the integrated chip for viral particle
isolation and label-free counting. n-CC molded substrate will
be used as the cover plate for the uSPE chip. The n-CC fluidic
network will be enclosed using a cover plate with patterned thin
film electrodes.
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