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Figure 3- Other tissue dissociation devices. A) A photograph of dissociation device for
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network, inlets for enzyme and culture medium and outlet[41] B) A photograph and drawing of the
microfluidic device for dissociation of brain tissue into viable single neurons featuring a
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Figure 4-Acoustofluidic devices for cell transfer to new buffer. (1)Exploded view of the
device(a), picture(b), and schematic view(c) of the device developed by Gu et al.[44].(2) Schematic
view(A), pressure field(B), and acoustic force(C) for the device developed by Adams et al.[45]........10
Figure 5- Schematic diagram of layered resonator. The layered resonator requires perfectly

matched reflection and matching(carrier) layers with high Q-value. ... 11
Figure 6- The first four solutions to equation for balance between impedance at the boundary with
the reflector and impedance looking into the refleCtor. ... 14

Figure 7- Schematic view of tissue dissociation process. First, the tissue is minced to 1mms3
pieces. Then, it is recirculated through the Minced Digestion Device (MTD) followed by one path
through the Integrated Dissociation/Filtration Device. After this process, the population of each cell
type and its viability will be assessed by flOW CYLOMELIY ... ssesssesssesssessssanes 16
Figure 8- Minced tissue digestion (MTD) device design. It consists of a tissue chamber in the
middle, upstream channels to agitate the tissue and downstream channels to prevent tissue pieces
from leaving (A) Exploded view of minced Digestion device (B) Chamber and channel dimensions
(C) Top and side view of fabricated minced Digestion dEVICE......c.enienmreneeeneeenmeeseesseessesessessssssesssssesees 21
Figure 9- Flow cytometry gating schemes. Cell suspensions obtained from tissue samples were
stained with the fluorescent probes and analyzed using flow cytometry. Acquired data was
compensated and assessed using a sequential gating scheme. Gate 1, based on FSC-A vs. SSC-A, was
used to exclude debris near the origin. Gate 2 was used to select single cells based on FSC-A vs. FSC-
H. Gate 3 distinguished leukocytes based on CD45-BV510 positive signal and TER119-AF647
negative signal and identified red blood cells based on TER119-AF647 positive signal and CD45-
BV510 negative signal. Gate 4 was applied to the CD45-, TER119- cell subset to identify epithelial
cells in kidney based on positive EpCAM-PE signal, to identify hepatocytes in liver samples based on
positive ASGPR1-PE signal, and to identify cardiomyocytes in heart samples based on positive
Troponin T-PE signal. Gate 5 was applied to the EpCAM- cell subset in kidney and tumor samples, to
the ASGPR1- cell subset in liver tissue, and to the Troponin T- cell subset in heart tissue to identify
endothelial cells based on positive CD31-AF488 signal. Finally, gate 6 was used to identify live cells
in epithelial, hepatocyte, cardiomyocyte, leukocyte, and endothelial cell subsets based on negative
7-AAD signal. Appropriate isotype controls were initially used to assess nonspecific background
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staining, and appropriate fluorescence minus one (FMO) controls were used to determine positivity
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Figure 10- Optimization of the platform for liver tissue. hepatocyte number (A) and viability (B)
when murine liver tissue was processed for 5, 15, and 60 minutes for control(gray), MTD device
only(blue) or MTD device plus 1 pass through the integrated device with 50 and 15 um filters (red).
Hepatocyte number (C) and viability (D) when murine liver tissue was processed for 15 and 30
minutes with different device configurations of MTD and IDF device. Control refers to tissue
processed with traditional method(gray), “Digestion only” refers to recirculation of enzyme
through the MTD device(blue), “Integrated (50)” refers to recirculation through MTD device
followed by one pass through the 50 pm filter(yellow), and “Integrated (50,15) refers to
recirculation of enzyme through the MTD device followed by one pass through the 50,15 pm

£ TcY o] (=10 1 PP 28
Figure 11- Studying different configurations of MTD and IDF devices. Liver was harvested,
minced, and evaluated with the minced digestion device alone, named “Digestion “and in
combination with the IDF device, named “Integrated”. Hepatocytes were identified and quantified
by flow cytometry. a) Comparison of Control, Digestion, and Integrated conditions. b) Hepatocyte
viability. The digestion device increased hepatocyte recovery at 15 min. c-f) Results using shorter
digestion times and a single pass with a dissociation/filtration device containing only the 50 um
filter. c) Epithelial cells d) Endothelial cells, e) Leukocytes. f) Population distributions obtained for
each processing condition. After only 5 min of microfluidic processing, four-fold more cells were
obtained than the 15 min control. Interval condition enhanced hepatocyte yield by ~2.5-fold
relative to the 60 min control and 15 min static conditions. Circles indicate values for experimental
replicates. For stacked plots, experimental replicates are indicated by circles at 15 min, squares at
30 min, and triangles at 60 min. Two-sided T test was used for statistical testing. Stars indicate p <
0.05 and double stars indicate p < 0.01 relative to the 60 min control. Crosshatches indicate p < 0.05
and double cross-hatches indicate p < 0.01 relative to the static condition at the same digestion
time. p values for all comparisons are presented in the Source Data file. ......ccouerrnecrirncrennenscseenecneenn. 30
Figure 12- Cell viability from final microfluidic platform studies using murine liver. a)
Hepatocyte viability remained ~90% for all conditions except the 60 min interval, which decreased
to ~85%. b) Endothelial cell and (c) leukocyte viabilities were generally between ~70% and 85%
and increased with device processing at the early time POiNtS. ... seesseessessesnnes 34
Figure 13- Optimization of device configuration in tissue platform using heart. Heart was
processed with the MTD device for specified time and passed through the IDF device with different
formats. Digestion device (MTD device only), Integrated 50 um (IDF device with 50 pm filter),
Integrated 50,15 um (IDF device with 50 and 15 pum filters) and control condition. a)
Cardiomyocyte cell count b) Cardiomyocyte viability. Control refers to tissue processed with
traditional method(red), “Digestion” refers to recirculation of enzyme through the MTD device,
“Integrated (50 um)” refers to recirculation through MTD device followed by one pass through the
50 pm filter, and “Integrated (50,15 pm) refers to recirculation of enzyme through the MTD device
followed by one pass through the 50,15 UM fIlterS. e ssesssess s sssessaas 34
Figure 14- Optimization of microfluidic platform for murine heart. Hearts were resected,
minced, processed with the microfluidic platform, and analyzed by flow cytometry. a)
Cardiomyocytes b) Endothelial cells, c) Leukocytes, d) Population distributions obtained for each
processing condition. Microfluidic processing in 15 minutes produced ~3-fold higher
Cardiomyocytes than the 60 min control. Interval condition produced optimal results again,
increasing by ~50% and ~3-fold relative to the 15 min static and 60 min control conditions,
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respectively. Circles indicate values for experimental replicates. For stacked plots, experimental
replicates are indicated by circles at 15 min, squares at 30 min, and triangles at 60 min. Two-sided
T test was used for statistical testing. Stars indicate p < 0.05 and double stars indicate p < 0.01
relative to the 60 min control. Cross-hatches indicate p < 0.05 and double cross-hatches indicate p <
0.01 relative to the static condition at the same digestion time. p values for all comparisons are
presented in the SOUIce Data file. ... s 36
Figure 15- Cell viability from final microfluidic platform studies using murine heart. (a)
Cardiomyocyte viability for device processed samples matched or exceeded controls. (b)
Endothelial cell and (c) leukocyte viability was generally >80% for device and control conditions.
Data are presented as mean values +/- SEM from at least three independent experiments. Circles
indicate values for experimental replicates. Two-sided T test was used for statistical testing. Stars
indicate p < 0.05 and double stars indicate p < 0.01 relative to the 60 min control. p-values for all
comparisons are presented in the Source Data file....... s ————————— 39
Figure 16- Schematic representation of the IDF device. Large aggregates containing high
extracellular matrix (ECM) content, such as digested tissue, are exposed to stepwise increases in
shear stress throughout the branching channel array as the width narrows from 1 mm to 125 pm.
Cell aggregates are held together via through cell-cell (dark orange perimeter) and cell-ECM (green
fibers) interactions. As ECM has been digested by collagenase, the channel array gradually reduces
aggregate size via hydrodynamics shear forces. The smallest channels and nylon mesh membranes
then break down the cell-cell interactions that hold together the smallest aggregates and clusters.
Channels, cell aggregates, and membrane pore sizes are not Shown to scale.......cconeenenecreeneeereenseeneens 47
Figure 17- Optimization of the branching channel array using cell aggregates. MCF-7 cells
were passed through the channels at different flow rates for either 10 or 20 passes. Results are
shown for (A) single cell yield, (B) aggregate yield, and (C) viability, which are all normalized to the
control that did not pass through the channels. Strong effects were observed for each metric above
40 ml/min, but higher pass number did not influence results. Data are presented as mean values
+/- SEM from at least three independent experiments. Two-sided T test was used for statistical
testing. Stars indicate p < 0.05 and double stars indicate p < 0.01 relative to the unprocessed
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Figure 18- Evaluation of different dissociation formats using cell aggregates. MCF-7 cells were
passed through the channel module 10 times and filter module once (10C,1F), both channel and
filter modules 10 times (10C+F), or the filter module 10 times (10F) at 40 ml/min. Results are
shown for (A) single cell yield, (B) aggregate yield, and (C) viability, which are all normalized to the
unprocessed control. Optimal results were observed at 40 ml/min using multiple filter module
passes. Data are presented as mean values +/- SEM from at least three independent experiments.
Two-sided T test was used for statistical testing. Stars indicate p < 0.05 and double stars indicate p
< 0.01 relative to the unprocessed control. Stars indicate p < 0.05 and double stars indicate p < 0.01
relative to the UNPIroCeSSEAd CONLIOL ... sees s s s ss s s snaas 52
Figure 19- Evaluation of dissociation formats using murine Kidney. Kidneys were harvested,
minced, and digested for the indicated time periods. Samples were then passed through the channel
module 10 times and filter module once (10C,1F), simultaneously through both modules 10 times
(10C+F), or sequentially through both modules 10 times (10C+10F) at 40 ml/min and resulting cell
suspensions were analyzed using flow cytometry. Controls were pipetted/vortexed and passed
through a cell strainer. Results are shown for viable and single (A) total cells, (B) EpCAM+ epithelial
cells, (C) endothelial cells, and (D) leukocytes. Optimal results were attained using the single filter
pass at each digestion time. Data are presented as mean values +/- SEM from at least three
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independent experiments. Two-sided T test was used for statistical testing. Stars indicate p < 0.05
and double stars indicate p < 0.01 relative to the control at the same digestion time...........ccoccnsrurneunne. 55
Figure 20- Cell viability from evaluation of dissociation formats using murine kidney A) total
cells B) epithelial C) endothelial D) leukocyte viability. Kidneys were harvested, minced, and
digested for the indicated time periods. Samples were then passed through the channel module 10
times and filter module once (10C,1F), simultaneously through both modules 10 times (10C+F), or
sequentially through both modules 10 times (10C+10F) at 40 ml/min and resulting cell
suspensions were analyzed using flow cytometry. Controls were pipetted/vortexed and passed
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Figure 21- Final optimization of murine kidney. Kidneys were harvested, minced, and digested
for the indicated time periods. Samples were then passed through the channel module for the
indicated number of times and filter module once (10C,1F) and resulting cell suspensions were
analyzed using flow cytometry. Controls were pipetted/vortexed and passed through a cell strainer.
Results are shown for viable and single (A) total cells, (B) EpCAM+ epithelial cells, (C) endothelial
cells, and (D) leukocytes. Similar epithelial yields were obtained after 20 min digestion time using
20 passes and 60 min digestion time using 10 passes. However, maximal endothelial and leukocyte
yields required 60 min digestion time and 10 passes. Data are presented as mean values +/- SEM
from at least three independent experiments. Two-sided T test was used for statistical testing. Stars
indicate p < 0.05 and double stars indicate p < 0.01 relative to the control at the same digestion

Figure 22- Cell viability for final optimization of murine kidney A) total cells B) epithelial C)
endothelial D) leukocyte viability at different number of passes and digestion times. Kidneys were
harvested, minced, and digested for the indicated time periods. Samples were then passed through
the channel module for the indicated number of times and filter module once (10C,1F) and
resulting cell suspensions were analyzed using flow cytometry. Controls were pipetted/vortexed
and passed through a cell strainer. Results are shown for viable and single (A) total cells, (B)
EpCAM+ epithelial cells, (C) endothelial cells, and (D) leukocytes. Similar epithelial yields were
obtained after 20 min digestion time using 20 passes and 60 min digestion time using 10 passes.
However, maximal endothelial and leukocyte yields required 60 min digestion time and 10 passes.
Data are presented as mean values +/- SEM from at least three independent experiments. Two-
sided T test was used for statistical testing. Stars indicate p < 0.05 and double stars indicate p < 0.01
relative to the control at the same digestion tIME. ... ssseenaes 62
Figure 23- Evaluation of different dissociation formats using cell aggregates. MCF-7 cells were
passed through the channels at 10 and 20 ml/min flow rates for either 0.5 or 2 minutes with
different formats of branching channel array and filter modules including: recirculation over
branching channel array for the specified period of time followed by one pass through filter, D+1F,
recirculation over both branching channel array and filter modules, (D+F), and recirculation over
filter module ,F. Results are shown for (A) single cell yield, (B) viability, and (C) aggregate yield
which are all normalized to the control that did not pass through the channels. Recirculation
happens through pulsatile flow provided by peristaltic pump. Data are presented as mean values
+/- SEM from at least three independent experiments. Two-sided T test was used for statistical
testing. Stars indicate p < 0.05 and double stars indicate p < 0.01 relative to the control,100%........ 76
Figure 24- Optimization of the branching channel array processing using cell aggregates.
MCF-7 cells were recirculated through the channel module with peristaltic pump for 1,2, and 4
minutes at flow rates of 10,20 and 30 ml/min. Next, the effluent went through the filter module
once. Results are shown for (A) single cell yield, (B) viability, and (C) aggregate yield, which are all



normalized to the unprocessed control. Data are presented as mean values +/- SEM from at least
three independent experiments. Two-sided T test was used for statistical testing. Stars indicate p <
0.05 and double stars indicate p < 0.01 relative to the control,100%.........cccuuermrmmemsrnmersmenmernmesnessssesssens 78
Figure 25- Optimization of recirculation time with Branching channel array. Kidneys were
harvested, minced, and digested for the indicated time periods (20 or 60 minutes). Samples were
then recirculated through the channel module for the indicated time followed by one pass through
the filter module. Results are shown for viable and single (A) total cells, (B) EpCAM+ epithelial cells,
(C) endothelial cells, and (D) leukocytes. Data are presented as mean values +/- SEM from at least
three independent experiments. Two-sided T test was used for statistical testing. Stars indicate p <
0.05 and double stars indicate p < 0.01 relative to the control at the same digestion time................... 80
Figure 26- Cell viability for optimization of recirculation time using murine kidney A) total
cells B) epithelial C) endothelial D) leukocyte viability at different recirculation times and digestion
times. Kidneys were harvested, minced, and digested for the indicated time periods. Samples were
then recirculated through the channel module for the indicated time followed by passing through
filter module once and resulting cell suspensions were analyzed using flow cytometry. Controls
were pipetted/vortexed and passed through a cell strainer. Data are presented as mean values +/-
SEM from at least three independent experiments. Two-sided T test was used for statistical testing.

Figure 27- Comparison of steady and pulsatile flow effect on IDF performance. Kidneys were
harvested, minced, and digested for the indicated time periods. Samples were then processed
through the channel module followed by one pass through the filter module. For the condition
named “Syringe pump”, samples were passed through the device with syringe pump (20 times for
20-minute digested sample and 10 times for 60 minute digested sample). This condition was
chosen based on optimum condition found in our previous paper. For other conditions, samples
were recirculated through the channel module for the specified period of time. Flow rate is 40
ml/min for all conditions unless it is mentioned differently. Resulting cell suspensions were
analyzed using flow cytometry. Controls were pipetted/vortexed and passed through a cell strainer.
Results are shown for viable and single (A) total cells, (B) EpCAM+ epithelial cells, (C) endothelial
cells, and (D) leukocytes. Optimal results were attained using the single filter pass at each digestion
time. Data are presented as mean values +/- SEM from at least three independent experiments.
Two-sided T test was used for statistical testing. Stars indicate p < 0.05 and double stars indicate p
< 0.01 relative to the control at the same digestion tiMe. ... ssesseesseeseeens 83
Figure 28- Cell viability for comparison of pulsatile and steady shear flow A) total cells B)
epithelial C) endothelial D) leukocyte viability at different conditions and digestion times. Kidneys
were harvested, minced, and digested for the indicated time periods. Samples were then processed
through the channel module followed by one pass through the filter module. For the condition
named “Syringe pump”, samples were passed through the device with syringe pump (20 times for
20-minute digested sample and 10 times for 60-minute digested sample). This condition was
chosen based on optimum condition found in our previous paper. For other conditions, samples
were recirculated through the channel module for the specified period of time. Flow rate is 40
ml/min for all conditions unless it is mentioned differently. Resulting cell suspensions were
analyzed using flow cytometry. Controls were pipetted/vortexed and passed through a cell strainer.
Data are presented as mean values +/- SEM from at least three independent experiments. Two-
sided T test was used for statistical testing. Stars indicate p < 0.05 and double stars indicate p < 0.01
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Figure 29- Studying the effect of flow rate on cell yield for the tissue dissociation platform
Kidneys were harvested, minced, and processed through the Digestion device with peristaltic
pump. Then, samples were passed through the channel module for 10 times with syringe pump.
Processing with peristaltic pump was done for different time intervals at different flow rates.
1,5,15-minute intervals for 60 ml/min flow rate. 5,15,30-minute intervals for 40 ml/min and
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Single cell analysis studies have dramatically increased in the past decade,
transforming our understanding of cellular heterogeneity in healthy and diseased tissues.
However, the dissociation of tissues as the first step in single cell analysis procedure
continues to introduce artifacts to the result. Conventional dissociation methods include
manual processing steps that make this process time consuming, laborious, and erroneous.
Cell aggregation causes underestimation of single cell concentration. Moreover, chemical,
and enzymatic treatments can damage cellular protein expression in long exposure times.
Therefore, it is crucial to develop a universal approach for single cell preparation with
minimum processing time. Microfluidic devices propose various options to make single cell
preparation, hands-free, accurate, and predictable. Our lab has developed a microfluidic

platform including Digestion, Dissociation, and Filtration devices for tissue dissociation to
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single cells to automate the single cell preparation while optimizing single cell yields and
maintaining cell viability. Each device has its standalone function whereas it can be
integrated with other devices in the platform. I optimize the processing conditions for the
dissociation of heat and liver tissue as two soft and rigid tissues to achieve highest viability
and cell yield. In the next step, dissociation of aggregates with the Integrated
Dissociation/Filtration (IDF) device is studied to understand the involved dissociation
mechanisms of each module and their connection with cell-cell and cell-ECM interactions to
improve cell yield for each cell type. This study will help us to optimize processing condition
toward higher cell yield while reducing the processing time. Then, the effect of pulsatile flow
versus the steady shear flow is studied on performance of IDF in tissue dissociation. Next,
Digestion device is added before IDF device to study the effect of flow rate on cell liberation
rate. Finally, a new device will be developed to be integrated with this platform. This device
will continuously separate cells from our platform with acoustic forces to increase the

overall efficiency in terms of cell yield and functionality.
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CHAPTER 1: Introduction

1.1. Single cell analysis

Traditional cell assays provide an average response of a cell population. However, it
cannot be representative of each cell inside the population because of cellular
heterogeneity[1]. It also prevents us from access to important information about a small
subpopulation of cells that may determine the behavior of the whole population[2]. For
example, in regenerative medicine, specific stem cell population in a tissue is of interest since
it is responsible for regeneration in response to injury [3].Full understanding of individual
cells and cell-to-cell variation in a population is important for precision medicine, too[4-6].
Single cell analysis will tackle these problems while it facilitates obtaining an insight into the
interaction between the environment and cellular activities[7]. Also, Recent cell atlasing
efforts, like the Human Cell Atlas Initiative, have also begun cataloguing cellular
heterogeneity in tissues and organs in order to assemble comprehensive cell reference maps.
These maps then serve as a basis for further research and for guiding disease diagnosis and
treatment[8-10]. Moreover, single cell analysis can identify the role of specific cell types and
their molecular events on development of diseases[1, 11-13]. As a result, over the past

several years, tissues are increasingly being analyzed at the single cell level.

Single cell analysis is a measurement of transcription, translation, regulatory, and
signaling events within individual cells at the molecular level[14]. It enables us to
understand how cell events link to the behavior of tissue, organs, and whole organism|[15].

Cell-based analysis platforms such as flow cytometry, mass cytometry, and single cell



sequencing are ideally positioned to assess cellular heterogeneity[16-18]. Flow cytometry
has been able to examine complex cellular systems using parameters like size, granularity
and fluorescent features of the cells derived from antibodies or dyes to analyze and
differentiate cells. Mass cytometry has leveraged the ability of cytometry by combining flow
cytometry and mass spectrometry and adding metal-conjugated antibodies to overcome
spectral limits of fluorescent proteins[19]. Flow cytometry and mass cytometry both
characterize cells in a high throughput manner using protein-specific antibodies and dyes
for up to ~50 parameters per cell, based on known surface or intracellular markers present
on cell types of interest. As an alternative, qPCR can be used for quantification of single cell
mRNA levels. It offers rapid and highly quantitative assay for single-cell gene expression in
the absence of specific antibodies. However, it also requires measurement of a pool of genes
which limits its potential for detection of new genes and proteins[20]. As a result, there has
been substantial focus on development of new methods for unbiased molecular profiling of
single cells based on next-generation sequencing. Next generation sequencing and recent
advances in single cell omics technologies have enabled the study of the genome,
transcriptome, epigenome, and proteome at the level of individual cells. Single cell RNA
sequencing (scRNA-seq) provides a particularly powerful method for unbiased grouping of
2 cell types and subpopulations, without prior knowledge of marker proteins or genes of
interest, and has led to discoveries of new cell types, cellular states, and cell-type specific
markers[21]. These technologies, however, all require single cell suspensions to analyze, and

are thus hindered by the difficulty of dissociating tissues to the single cell level.



1.2. Single cell preparation

To study biology at the resolution of single cell, different steps must be done including
tissue dissociation, cell sorting, isolation, lysis, and analysis. The first step toward single cell
analysis is breaking down the tissue to single cells. This process must disrupt extracellular
matrix (ECM) which holds the cells together in a 3D structure. Different tissues vary in ECM
composition and stiffness. Therefore, dissociation protocol should be optimized for each
specific tissue of interest. Optimization of this process is of high importance since any error
can propagate to the downstream assay and impact the data. It is vital to choose a process

for single cell preparation that ends up with cells as true representatives of their origin[14].

In conventional methods, mechanical and enzymatic processes are used for tissue
dissociation. The intact tissue is obtained via biopsy and then it is incubated with enzymes
such as collagenase to digest ECM. Exposure to chelating agents such as
Ethylenediaminetetraacetic acid (EDTA) disrupts cell junctions regulated by cadherin
proteins though binding to Ca?*. After chemical exposure, a cell suspension can be achieved
via mechanical agitation. A lot of studies have been done to optimize cell yield and viability
in these protocols for different tissues empirically by changing parameters like enzyme type
and concentration, incubation time and temperature, agitation methods, etc.[22-24]. It is
also important to know that these parameters need optimization for different tissue types

based on their clinical method of preservation[25].

This process is time and labor-consuming and increases the contamination risk,
operator error, and variability. Mechanical dissociation is usually done through repeated
pipetting which can be poorly controlled and results in variations among different samples
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in different laboratories. Furthermore, the digestion process may result in a loss of cell
surface protein expression which impacts the sorting via Fluorescent activated cell sorting
(FACS). It can also affect the gene expression and phenotype. In summary, the process of
single cell preparation is the greatest source of unwanted technical variations and errors in
single cell analysis[26]. Therefore, the method should be optimized to introduce the least
possible artifact[27]. The optimum protocol yields the highest number of viable cells in the
shortest duration with the least effect on cellular phenotype and expression[28]. Currently,
there are few commercially available tissue dissociation platforms. The GentleMACs system
by Miltenyi is one frequently referenced in literature. It consists of a disposable conical that
is filled with minced tissue and enzymatic solution, heated, and blended using a rotating
screw to generate shear forces to break apart tissue. This technology is a Rotor/stator
homogenizer which runs at 2700 rpm with a gap of 300-500 which will expose the tissue to
high level of shear of 310-45000 Pa which can damage the cells[29]. IncellPrep by IncellDx
is a system that uses rotating blades to mechanically break apart small pieces of tissue
without the use of enzymes. Also, tissue dissociation based on applying pestle array to grind
tissues against the side walls of standard microtiter plates have been developed[30].
However, these systems are costly (~$1000-$5000), only allow for semi-automated tissue
dissociation in poorly defined shear environments, and still require an additional cell
straining step before downstream single cell analyses. More importantly, this approach can
damage the cells and cause stress-induced genomic transcription. As a result, there remains
a critical need for technologies that can further standardize and automate the complete
dissociation of tissues into single cell suspensions. Microfluidics has emerged in this field

and shown good potential which will be discussed in the next section.



1.3. Microfluidics

Application of microfluidic devices has the potential to minimize unwanted variations
in tissue dissociation for single cell analysis[26, 31]. Small length scales and laminar flow in
microfluidics provide benefits like diffusion dominant transport, portability, disposability,
lower cost, automation, and precision. On the other hand, miniaturization of single cell
separation ends up with higher compatibility to downstream microfluidic steps and
increases the possibility of integration to one platform and less variability because of

operator error.

A)

Figure 1-Microfabricated devices for tissue dissociation. A) a chip comprised of an open tissue
chamber for whole tissue culture and dissociation. reproduced from [32]. B) dissociation grid
assembled into the silicon wafer. Reproduced from [33] c) schematic illustration of u-CDC for

neurosphere dissociation. Reproduced from [34]

Although microfluidic devices have been broadly studied in single cell analysis field
including cell purification, sorting, and lysis, little attention has been given to tissue
dissociation. Toward this goal, Hattersley et al. developed a microfluidic device for tissue
perfusion with collagenase (Figure 1A). Although this process minimizes the contamination

risk and results in a desirable yield, it lasts for about 2 hours, which is unsuitable for gene



expression analysis[32]. Another microfluidic device called Biogrid was introduced by
Wellman et al. for the dissociation of neurospheres (Figure 1 B). Neurospheres are
aggregates of neural stem and progenitor cells isolated from the embryonic and adult central
nervous system (CNS), grown in a suspension. Biogrid, an array of micrometer silicon knife
edges provided a non-enzymatic method for dissociation of neurospheres. However,
dissociation into single cells was not achieved[33]. Toward the same goal, Lin et al.
developed p-CDC containing a microchannel with arrayed micropillars (Figure 1 C).
However, cell viability and sphere reformation after p-CDC dissociation are lower than

chemical treatment[34].
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Figure 2- Picture, schematic and exploded view of the pressure lamination fabrication A)

Dissociation Device B) Digestion Device C) Filtration Device [35-37]

Qiu et al. introduced a microfluidic device for dissociation of tumor tissue for the first
time. The device channels narrow down in 5 steps from millimeters to hundreds of microns
while constriction and expansion along each channel called hydrodynamic micro-scalpels,
provide fluid jet for breaking down the tissue into single cells. It is shown that the cell yield
is significantly augmented while still maintaining viability. Furthermore, the processing time
goes down to ten minutes which is critically important for commercialization and retaining
cellular functionality[35]. It is also beneficial since shorter processing time will reduce the

risk of stress induced gene transcription which was mentioned in our recent work[38].

Upstream the Dissociation device, Digestion device is required where the tissue can
be loaded, and cell suspension will be collected from the output. This technology offers
higher cell yield compared to traditional method with significantly shorter processing time.
More importantly, it exposes cells to well defined laminar flow with shear stresses in range
of 50 Pa in opposite to commercially available systems like Miltenyi GentleMACS, for this
application[39]. One cm long tissue with a 1 mm diameter circular cross-section (Similar to
needle biopsy sample) is loaded into the tissue chamber on the device. A series of fluidic
channels upstream of the chamber provides the high-velocity fluid jet directed into the tissue
called “hydro-mincing”. Then, fluidic channels located downstream of the chamber act as a
sieve to retain the tissue and large aggregates while allowing single cells and enzyme to be
recirculated. This device applies pulsatile flow provided by a peristaltic pump to recirculate

the enzyme over the tissue embedded device[37].



Downstream the Dissociation device, the Filtration device has been designed to offer
a label-free, cost-effective, simple, and rapid approach for single cell filtration by embedding

one/two nylon mesh membranes into laser cut laminated devices[36, 40].

Inlet holes

A \ Rubber bung
\ 400 um channel

50 um filter

Outlet hole

Tissue dissociation
chamber

Filtration network

Figure 3- Other tissue dissociation devices. A) A photograph of dissociation device for dissociation
of endometrial tissue to isolate stem cells with a chamber for loading tissue, filtration network;, inlets
for enzyme and culture medium and outlet[41] B) A photograph and drawing of the microfluidic
device for dissociation of brain tissue into viable single neurons featuring a constriction at its

center[42].

It is worth mentioning that some attempts for development of tissue dissociation
microfluidic devices have been done in parallel with other groups. Al-Mofty et al proposed a
microfluidic platform for tissue dissociation in clinical applications which lacks
competitiveness in flow rate and efficiency compared to our platform. Also, the cell yield is
not enough for downstream single cell analysis[43]. Another group have proposed a

miniaturized platform for endometrial tissue to isolate endometrial stem cells suitable for



various stem cell-based therapies[41]. This study doesn’t provide quantitative results and

comparison with current manual methods. Another microfluidic device has been offered for

brain tissue dissociation under oscillatory flow field[42]. This technology needs a long-time

processing which is not favorable for single cell preparation.

While more studies are required for optimization of tissue dissociation platform, our

studies showed a necessity for continuous isolation of cells from the system. Our solution

was development of an acoustic device which can be integrated with other modules in our

platform. Since our final aim is proposing an acoustofluidic device for cell isolation, the final

section of the background will be dedicated to acoustofluidics.

1.4. Acoustofluidics
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Figure 4-Acoustofluidic devices for cell transfer to new buffer. (1)Exploded view of the device(a),
picture(b), and schematic view(c) of the device developed by Gu et al.[44].(2) Schematic view(A),

pressure field(B), and acoustic force(C) for the device developed by Adams et al.[45].

Acoustofluidics is the field of ultrasound handling of fluids and particles in
microfluidic systems. For frequencies less than 1.5 MHz, the sound wavelength in water
matches well with dimensions of microfluidic systems and results in the formation of
standing acoustic waves [46]. Acoustophoresis has been used for cell manipulation in cell
concentration, filtration, separation, and buffer exchange in a flow-through or batch mode
using bulk acoustic wave (BAW) or surface acoustic wave (SAW)[47, 48]. The methods rely
on the formation of standing acoustic waves and offer a powerful means for label-free
separation of cells in biology research, diagnostics, and clinical studies. BAW are defined as
compressional waves in a solid that propagate through the bulk materials whereas SAW
propagate along the surface of a materials. Although a lot of studies have been done on using
acoustic field for cell separation, they have not been practical due to relatively low sensitivity
and efficiency[49]. In a standing acoustic wave, particles populating the fluid are pushed

toward minimal acoustic radiation pressure region which are called pressure nodes.

For high throughput applications, BAW is preferred as compared to SAW due to
higher acoustic energy[50]. It leads to the capability of cell manipulation in a high flow rate
that can fulfill many biomedical applications. Therefore, our focus will be on BAW
technology. In BAW acoustophoresis, an ultrasonic standing wave is generated in a fluid-
filled channel by a bulk piezoelectric transducer. The piezoelectric transducer excites bulk

waves and resonance in channels within an acoustically hard material. Another
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consideration is that SAW devices are fabricated in soft materials since the wave propagates
into fluidic compartment via substrate with similar acoustic impedance such as PDMS.
However, BAW devices are made of rigid materials since the relies on reflection between
channel walls and hence it needs high Q-value materials like silicon or glass. On the other
hand, Challenges like fluid relocation because of poor impedance match between fluid and
device, challenges in the manipulation of small particles because of acoustic streaming,
perfect adhesion of layers, and difficulties in fabrication method are some barriers toward
the development of industrial applications of acoustofluidics[48]. Therefore, it is important
to consider these challenges in device design to achieve the final goal which is cell transfer

from one buffer to another.

Fluid Layer
Transducer

Reflector Layer
Carrier Layer /

Figure 5- Schematic diagram of layered resonator. The layered resonator requires perfectly matched

reflection and matching(carrier) layers with high Q-value.

First, different design principles are presented here. There is a range of acoustofluidic
device architectures including layered resonator which is composed of different layers with
specific roles to build the resonance (Figure 5). The transducer generates the sound, and the
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coupling layer transmits it into the system. The matching layer provides a barrier between
fluid and transducer. The fluid layer contains the liquid and cells/beads. The reflector layer
is responsible for reflecting the incoming wave back into the fluid layer giving rise to the
standing wave. The layered resonator is quite complex as the different layers required
precise control of thicknesses to achieve a strong resonator. As the main reflection occurs
between the air backed reflector layer and the transducer, some losses in supporting layers
with using materials like polymers can be acceptable. The attenuation in polymers can also

be a benefit as it leads to larger bandwidth for resonator[51].

Among the studies in the application of acoustofluidic for cell separation, we focused
on application of BAW. Adams et al. developed a broad channel high throughput BAW device
made of glass based on layered resonator principles[45]. However, their fabrication was
expensive and not applicable for point of care. Gu et al. introduced the first plastic BAW
device for the separation of platelets from whole blood with high throughput(Figure 4)[44].
This study gave us the inspiration to develop an acoustofluidic device for integration with
our microfluidic platform. This device design fulfilled the requirements for our purpose to
continuously isolate cells from enzyme at high flow rates. Dimensions of a layered resonator
can be selected based on model transfer impedance model described by Hill et al[52]. If we
assume a very high impedance at the transducer boundary, the fluid layer will resonate when
the impedance looking into the reflector matches the impedance at the boundary with

reflector[53].
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Where r is the impedance, k is the wavenumber, t is the thickness, r index refers to
reflector and f index refers to fluid. This criterion can be fulfilled at different ratios of
reflector thickness and channel heights. A quarter wave chamber with half wave reflector is
one of the solutions which has been used by Gu et al. as shown in Figure 6. This design was

chosen for our device, as well.
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Figure 6- The first four solutions to equation for balance between impedance at the boundary with

the reflector and impedance looking into the reflector.

The nearly identical specific acoustic impedances for plastic and water does not allow
localized resonances in the water domain that are decoupled from the solid domain, as is
usually the case in acoustically hard systems such as silicone-glass devices. Instead, the
acoustic fields in the two domains are strongly coupled, and given its large volume compared
to that of fluid, the solid domain largely determines the resonance behavior[54]. Moreover,
in plastic devices, rigid wall approximation is insufficient and hence, the selection of
operating frequency remains partially empirical. Therefore, frequency sweep around the
fundamental resonance frequency can be used for finding the optimum resonance [55-

57].This information provides the required background for development of acoustic device.

1.5. Structure of the dissertation

The remainder of the dissertation is organized as follows: In chapter 2, optimization
of our tissue dissociation microfluidic platform for heart and liver was done toward in order
to evaluate our platform for tissues with different stiffnesses. This study led to
understanding the significance of collecting the isolated cells in different time intervals
during the process. In chapter 3, the integrated dissociation and filtration (IDF) device was
explored in more depth for understanding the governing mechanisms of tissue dissociation
and cell line disaggregation with two integrated modules. This study led to shortening
digestion time and exposure to physiological temperature. Also, it was found that different
cell types have different responses to IDF processing. In chapter 4, the effect of pulsatile flow

versus steady shear flow on tissue dissociation and cell line disaggregation was studied. Most
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cell types show higher cell yield with steady shear flow provided by syringe pump although
endothelial cells showed higher cell yield in pulsatile flow. These findings reflect the unique
characteristics of each cell type and their ECM in tissue. After studying the IDF device with
different flow types, the platform including IDF, and Digestion device was studied at different
flow rates. It shows that we can reduce the processing time at higher flow rate with
comparable cell yield while it also demonstrates how cell liberation vary by flow rate and
cell type. In chapter 5, an acoustically driven microfluidic device was developed for
continuous elution of cells from the digestion device. This acoustofluidic device can be
integrated to the digestion device to transfer liberated cells to a parallel stream of buffer to
prevent over exposure of cells to stresses during the digestion process. This device
fabrication and proof of concept was done. Further studies will be continued. Chapter 6

summarizes the major outcomes of this dissertation and future directions.
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CHAPTER 2: Optimization of microfluidic dissociation

platform for heart and liver tissue

2.1. Introduction
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Figure 7- Schematic view of tissue dissociation process. First, the tissue is minced to 1mm3 pieces.
Then, it is recirculated through the Minced Digestion Device (MTD) followed by one path through the
Integrated Dissociation/Filtration Device. After this process, the population of each cell type and its

viability will be assessed by flow cytometry.

Traditional methods for dissociation of tissue into single cells are based on handling
digestion with enzyme, dissociation through pipetting up and down, and filtration steps
which are time-consuming and laborious while they cause a lot of lab-to-lab variations
stemming from the nuances in processing method and the operator skills. It is crucial to
minimize these variations in single cell preparation process to have reliable data for single

cell RNA sequencing. Typical workflow for generating single-cell data incorporate single-cell
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preparation, single cell isolation, library construction, and sequencing. Error in the first step
which is tissue dissociation to single cells will cause artifacts in final results which means
wasting a lot of time, effort, and cost[58]. Therefore, our group has developed a microfluidic
platform to operate single cell preparation process in a cheap, fast, and automated way. Our
platform is comprised of three parts including Digestion, Dissociation, and Filtration devices.
Each device is designed to be a substitute for one major step of the manual dissociation
process. Digestion device can substitute the mincing and enzymatic digestion process.
Dissociation device can be a replacement for pipetting up and down the digested tissue in
enzyme. Filtration device can be used instead of traditional filters. It has been shown that
these devices can shorten the tissue dissociation process, significantly. It optimizes the
mechanical and chemical stresses on tissue to maximize the cell yield while keeping the

viability in an acceptable range.

It is highly valuable to develop a universal platform for breaking down the tissue to
single cells that can be applied for different tissue types. Each tissue is a heterogeneous
population of cells attached with its unique ECM to carry out a specific function. Therefore,
it is crucial to factor in different tissue properties, characteristics of ECM and each cell type
functionality in optimization of tissue dissociation platform. Our platform has been used for
kidney and tumor before. Here, our goal is to optimize this platform for liver and heart tissue

(Figure 7).

Liver is the largest organ in the body and has functions including synthesis and
metabolism of carbohydrates, proteins and lipids, clearance of toxins and regulation of

immune responses[59]. Liver plays a major role in drug metabolism and therefore, in vitro
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screening of drugs against primary liver tissue is a critical component of preclinical testing.
There are at least four major types including hepatocytes, liver sinusoidal endothelial cells
(LSECs), Kupffer cells (KCs) and hepatic stellate cells (HSCs). Hepatocytes are aligned into
cellular plates separated by narrow sinusoids lined with endothelial cells. A gap called the
space of Disse is formed between the endothelium and hepatic plate in this structure,

allowing the immune response as well as other metabolic functions.

Hepatocytes account for approximately 80% of the liver mass with a diameter of 20-
30 micron. LSECs are second most abundant cell type in the liver, positioned between blood
and hepatocytes that permit the passive transport of solutes and regulate trafficking
between the blood supply and the hepatocytes. KCs constitute around 80% of the tissue
macrophages and about 15% of all liver cells. KCs are the first macrophage population to
encounter endotoxin (LPS) and antigens by expressing scavenger receptors such as CD163,
toll like receptors (TLRs) and Fc receptors[60]. HSCs comprise 5-8% of liver cells and reside

in Disse space.

It is desirable to recover all these cell types in dissociation process while retaining
their functionality. Our goal is to optimize our dissociation platform to recover these cell
types with highest yield and viability. In future, the cell functionality will be studied to ensure
that the dissociation process has the minimal effect on cellular phenotype. So, it can be
proved that our platform can be used for preparation of liver cells in liver modeling for drug
screening. It is worth mentioning that immortalized hepatocytes can be applied for toxicity
testing, but they display abnormal levels of liver-specific function, and they are not

necessarily a good representative of liver tissue for a specific patient. Therefore, primary
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hepatocytes recovered from liver tissue are considered the best choice for drug
evaluation[61]. While liver is a soft tissue with stiffness in range of 400-600 Pa based on
rheometry[62], , hepatocytes are well known to be fragile and thus liver presents a unique
challenge for dissociation process In another study stiffness of 150 Pa was reported for
normal liver by AFM[63]. The maximum shear stress in our Digestion device is 106 Pa based

on following equation.

T = 6Qn/h*w

So, tissue will be in the elastic region when exposed to shear in the Digestion device.
However, this will not be enough to ensure about the integrity of cell membrane and
phenotype. Since cells are detected based on proteins expressed on their surface in flow

cytometry, it can be a reliable method to ensure about retaining cell integrity.

It has been previously shown that at shear stresses above 0.2 Pa cells experience
phenotypical changes and at shear stresses above 0.5 Pa, cells start to die[64]. Therefore,
physiological shear stress used in perfusion culture systems is 0.2 Pa for hepatocytes[65-
67]. It should be emphasized that in these studies, cells were attached to a surface. The
maximum shear stress expressed by cells is approximately three times higher than free cell
in the same geometry[68]. To the best of our knowledge, there has been no study on effect
of maximum shear stress on free cells. It is crucial to ensure that our Digestion device is not
exposing cells to unsafe level of stress. Therefore, flow cytometry will be used to find the cell
yield based on the specific surface markers on cells to ensure that cell yield reflect population

of cells with intact surface proteins.
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The next step is evaluation of our platform for heart tissue. Heart is composed of
cardiomyocytes, fibroblasts, endothelial cells (ECs) and perivascular cells. Cardiomyocytes
occupy around 70-85% of the heart volume and they are essential for vascular supply,
providing the intracellular communication and homeostasis. Both myocytes and
nonmyocytes respond to physiological and pathological stress. Therefore, it is necessary to
dissociate the heart tissue while not promising their functionality[69]. It is crucial to
dissociate the heart tissue to its components and study them individually to understand
cellular signaling and functions for the final application in tissue regeneration. On the other
hand, heart failure is a leading cause of drug withdrawal from the market. Therefore,
liberation of cardiomyocytes from heart tissue is high of significance in drug development.
It is notable that cardiomyocytes have been shown to be highly sensitive to mechanical and
enzymatic dissociation techniques[70]. It highlights the importance of development of a
tissue processing method for isolation of cardiomyocytes with high cell yield and viability

without compromising cellular functionality.

In clinical studies of drugs, studying drug toxicity to liver and heart is crucial and
hence, our device should provide the highest cell yield, viability, and functionality that can
be used in the generation of tissue models, specifically for each patient to develop

personalized medicine. Our platform is going to be optimized toward this goal.

2.2. Materials and methods

2.2.1. Device design and fabrication
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Figure 8- Minced tissue digestion (MTD) device design. It consists of a tissue chamber in the
middle, upstream channels to agitate the tissue and downstream channels to prevent tissue pieces
from leaving (A) Exploded view of minced Digestion device (B) Chamber and channel dimensions (C)

Top and side view of fabricated minced Digestion device

The Minced tissue digestion (MTD) device was designed to process ~1mm3 pieces of
tissue into cellular suspensions that can be integrated with downstream Integrated
Dissociation and Filtration (IDF) device including branching channel array and filter
modules. The MTD device is composed of 3 primary components. The first component is a
luer input port centered directly above the tissue chamber. This port provides an access
point where minced tissue can be easily and quickly loaded into the tissue chamber and then
closed off with a stopcock during device operation. The second component is a ~5 mm x 5
mm tissue chamber, which retains the pieces of minced tissue while proteolytic enzyme
solution is pumped through the chamber. These chamber dimensions were designed to be

easily filled by loading tissue through the ~2.5 mm diameter input port above it. The
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chamber height is 1.5 mm, slightly larger than the pieces of tissue to prevent clogging. The
third and final component is a series of upstream and downstream fluidic channels. The
upstream channels were designed to focus the enzymatic solution into high velocity fluidic
jets directed at the pieces of tissue, agitating the pieces. The downstream channels function
as a sieve to prevent large pieces of tissue from leaving the chamber, while single cells and
small aggregates can exit the chamber for collection or further microfluidic processing.
Channel widths entering and leaving the tissue chamber were chosen to be 250 um. Channel
height is 300 um like the other devices. Channels were separated by 1 mm to allow reliable
fabrication by laser cutting and pressure lamination, and four channels could comfortably be
accommodated across the sides of the tissue chamber. The channel length is 4 mm to avoid
clogging. The device was fabricated using pressure lamination method which includes laser
cutting features in polymeric sheets and attach them together with pressure-sensitive
adhesive (PSA) under pressure (Figure 8). This device will be used in series with previously
discussed Integrated Dissociation/Filtration (IDF) device with 50 and 15 pum filters. This
platform has been optimized for kidney and tumor in our research group and we will focus

on optimization for liver and heart tissues.

2.2.2. Digestion process

B6] mice were euthanized with CO2 asphyxiation. Next, heart or liver tissue was
harvested and uniformly minced with a scalpel to ~1 mm3 pieces. For the control sample,
minced tissue samples were then digested while immersed in 0.25% collagenase type I in

microcentrifuge tubes on a shaking incubator at 37 °C under shaking for a specified period.
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Then, the suspension was pipetted repetitively to dissociate the cell aggregates,

mechanically. Finally, the suspension was filtered through a 100 pm filter.

For the device digestion process, MTD device was prepared by affixing 0.05” ID tubing
to the device inlet and outlet hose barbs. Then, the device was washed with PBS+ to reduce
cell binding to channel walls. Freshly dissected tissue was minced into 1 mm?3 pieces and
then loaded into the device through the luer input port and the channels were primed with
collagenase type I. In the next step, the enzyme filled tubing was connected to make a close
circuit between the device and peristaltic pump. Then, circulation of enzyme was done inside
an incubator at 37 °C at flow rate of 20 ml/min for specified time. After that, the cell
suspension was collected in a conical tube. Next, tubing was connected from the outlet of the
MTD device to the inlet of the IDF device. The crossflow outlet was closed off with a stopcock,
and sample was pumped at 20mL/min and collected from the integrated device effluent
outlet into a conical tube. Then, devices were washed with 2 mL PBS+ to flush out and collect
any remaining cells. For time interval collection condition, at the end of each time interval,
the effluent was collected, and the device was washed with 2 ml PBS+. Then, the device and
tubing were primed with collagenase solution and the outlet of the MTD device was
reconnected to the peristaltic pump for recirculation until the next interval collection.
Finally, cell suspensions were treated with 100 Units of DNase I for 10 min at 37°C and
washed by centrifugation into PBS+. Cell suspensions were then ready for flow cytometry

analysis.

2.2.3. Flow cytometry analysis
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Table 1- flow cytometry probe panel

Assay Antibody Fluorophore Positive cells
Clone Dilution (ng/mL) Tumor Liver Heart
EpCAM G8.8 7 PE N/A N/A Epithelial cells
TER-119 TER-119 5 AF647  AF647  AF647 Red blood cells
CD45 30-FN 5 (AF488) or 12.5 (BV510) BV510 BV510  BV510 Leukocytes
Viability N/A 3.33 (7-AAD) or 1:1000 (ZV) 7-AAD  7-AAD  Zombie Violet Dead cells
CD31 MEC13.3 8 AFA488 AF488 AF488 Endothelial cells
ASGPR1 8D7 10 N/A PE N/A Hepatocytes
Troponin T  REA400 0.15 N/A N/A PE Cardiomyocytes

Cell suspensions were analyzed using developed tissue-specific flow cytometry
panels (Table 1). For liver tissue, cell suspensions were stained with antibody cocktail based
on the flow cytometry panel for 30 minutes considering the manufacturer dilution ratio.
Samples were then washed twice using PBS/1%BSA and stained with the viability dye, 7-

AAD (BDB559925, Thermo Fischer) on ice for at least 10 minutes before flow cytometry.

Since Troponin T is an intracellular marker[71], so intracellular staining protocol was
required for heart tissue. First, cells were stained with Fixable viability Dye, Zombie Violet
(423114, Biolegend). After washing cells, fixation and permeabilization with Fix Buffer 1
(55787, BD Biosciences) was done for 20 minutes at 4 °C, protected from light. In the next
step, the cells were washed with 1X Perm/Wash buffer (554714, BD Biosciences) two times.
After that, cells were stained with pre-determined amount of antibody for 30 minutes at 4
°C protected from light. This step, staining for surface markers were done like the protocol
mentioned for liver. Finally, cells were washed with Perm/Wash buffer two times to start

flow cytometry.

Samples were analyzed on a flow cytometer (Novocyte 3000, ACEA Biosciences).

Flow cytometry data was compensated using single stained cell samples or compensation

24



beads. Gates encompassing the positive and negative subpopulations within each
compensation sample were inputted into Flow]Jo to automatically calculate the
compensation matrix. Appropriate isotypes were used to assess nonspecific background

staining with each antibody. Data was analyzed using a sequential gating scheme (

Figure 9). Gate 1 used FSC-A vs. SSC-A to exclude debris near the origin. Gate 2 used
FSC-A vs. FSC-H to select single cells. Gate 3 used CD45- BV510 vs. TER119-AF647 to
distinguish leukocytes (CD45+TER119-) and red blood cells (CD45-TER119+). Gate 4 was
applied to the CD45-TER119- subset and used PE channel to identify epithelial cells via
EpCAM (kidney and tumor), hepatocytes via ASGPR1 (liver), or cardiomyocytes via Troponin
T (heart). Gate 5 was applied to the EpCAM/ASGPR1/Troponin T negative cell subset and
used CD31-AF488 to identify endothelial cells. Finally, gate 6 used 7- AAD (kidney, tumor,

liver) or Zombie Violet (heart) to distinguish live and dead cells.
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Figure 9- Flow cytometry gating schemes. Cell suspensions obtained from tissue samples were
stained with the fluorescent probes and analyzed using flow cytometry. Acquired data was
compensated and assessed using a sequential gating scheme. Gate 1, based on FSC-A vs. SSC-A, was
used to exclude debris near the origin. Gate 2 was used to select single cells based on FSC-A vs. FSC-
H. Gate 3 distinguished leukocytes based on CD45-BV510 positive signal and TER119-AF647
negative signal and identified red blood cells based on TER119-AF647 positive signal and CD45-
BV510 negative signal. Gate 4 was applied to the CD45-, TER119- cell subset to identify epithelial
cells in kidney based on positive EpCAM-PE signal, to identify hepatocytes in liver samples based on
positive ASGPR1-PE signal, and to identify cardiomyocytes in heart samples based on positive
Troponin T-PE signal. Gate 5 was applied to the EpCAM- cell subset in kidney and tumor samples, to
the ASGPR1- cell subset in liver tissue, and to the Troponin T- cell subset in heart tissue to identify
endothelial cells based on positive CD31-AF488 signal. Finally, gate 6 was used to identify live cells
in epithelial, hepatocyte, cardiomyocyte, leukocyte, and endothelial cell subsets based on negative 7-
AAD signal. Appropriate isotype controls were initially used to assess nonspecific background
staining, and appropriate fluorescence minus one (FMO) controls were used to determine positivity

and set gates.

2.3. Results

2.3.1. Digestion platform optimization for liver tissue
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Figure 10- Optimization of the platform for liver tissue. hepatocyte number (A) and viability (B)
when murine liver tissue was processed for 5, 15, and 60 minutes for control(gray), MTD device
only(blue) or MTD device plus 1 pass through the integrated device with 50 and 15 pm filters (red).
Hepatocyte number (C) and viability (D) when murine liver tissue was processed for 15 and 30
minutes with different device configurations of MTD and IDF device. Control refers to tissue
processed with traditional method(gray), “Digestion only” refers to recirculation of enzyme through
the MTD device(blue), “Integrated (50)” refers to recirculation through MTD device followed by one
pass through the 50 pm filter(yellow), and “Integrated (50,15) refers to recirculation of enzyme

through the MTD device followed by one pass through the 50,15 pum filters(red).

Tissue processing was done with enzyme recirculation through MTD device,”
Digestion only” condition or MTD device followed by one pass through the IDF device,
“Integrated” condition for specified time. Flow cytometry was used to compare the number
of recovered cells from the device effluent with control condition. Four antibodies specific to
cell types in liver including erythrocyte, endothelial, hepatocyte and leukocyte cells were
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used. Hepatocyte count and viability was used to assess the device efficiency. Processing
tissue with MTD device only for 5 or 15 minutes has the same yield as 60 minutes digestion
in control condition (Figure 10A). In addition, viability is higher than 80% and close to
control conditions. Our platform is significantly reducing the processing time without losing
the yield or viability. It is of high importance for clinical applications. It can also reduce the
risk for stress induced genomic transcriptions. It is notable that number of recovered cells
will drop significantly when processing the tissue in MTD device for long times (60 minutes)
which shows that long term processing will damage the hepatocytes and decrease the cell
yield. Also, the cell yield is slightly lower when the MTD device processing is followed by
passing through the IDF device which can be because of large size of hepatocytes compared

to second filter in filtration module of IDF device.

In addition, the effect of passing effluent through the IDF device was studied. In
general, IDF device with 50-micron filter, “Integrated (50)” leads to higher cell yield and
viability compared to the IDF device with 50 and 15 um filters, Integrated (50,15) (Figure 10
C). Since hepatocytes have a diameter around 25-50 microns, it can be implied that filters of
the IDF device can damage the hepatocytes when their mesh size is smaller than cell
diameter. Therefore, IDF device with 50 pm filter only was used for the next experiment. IDF
device with 50 um filter has a positive effect in increasing the cell yield for shorter times.
Therefore, this version of IDF device was chosen for the next stage. In addition, cell viability
results confirm that IDF device negatively affects the cell viability. Also, passing the effluent
through IDF device with two filters causes lower viability than the IDF device with one 50
pum filter. Since IDF device would eliminate the need for cell straining, it was kept in series

with Digestion device in final platform but with 50 pm filter only.
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Figure 11- Studying different configurations of MTD and IDF devices. Liver was harvested,
minced, and evaluated with the minced digestion device alone, named “Digestion “and in combination
with the IDF device, named “Integrated”. Hepatocytes were identified and quantified by flow
cytometry. a) Comparison of Control, Digestion, and Integrated conditions. b) Hepatocyte viability.

The digestion device increased hepatocyte recovery at 15 min. c-f) Results using shorter digestion
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times and a single pass with a dissociation/filtration device containing only the 50 pm filter. c)
Epithelial cells d) Endothelial cells, e) Leukocytes. f) Population distributions obtained for each
processing condition. After only 5 min of microfluidic processing, four-fold more cells were obtained
than the 15 min control. Interval condition enhanced hepatocyte yield by ~2.5-fold relative to the 60
min control and 15 min static conditions. Circles indicate values for experimental replicates. For
stacked plots, experimental replicates are indicated by circles at 15 min, squares at 30 min, and
triangles at 60 min. Two-sided T test was used for statistical testing. Stars indicate p < 0.05 and
double stars indicate p < 0.01 relative to the 60 min control. Crosshatches indicate p < 0.05 and
double cross-hatches indicate p < 0.01 relative to the static condition at the same digestion time. p

values for all comparisons are presented in the Source Data file.

We used another operation method to improve the device efficiency in improvement
of cell yield and viability. Our studies directed us toward the hypothesis that long period of
circulation through MTD device could expose liberated cells to more hydrodynamic pressure
and damage the cells, irreversibly which leads to reduction of cell yield. To verify our
hypothesis, the effluent was removed from the device in specified time intervals and fresh
enzyme was loaded into the device for the next time interval. This condition is named as
Intervals and was designed to collect effluent at different time intervals including 1,5 and 15
minutes. This condition leads to significantly higher hepatocyte cell yield than the control
condition in the same period, 2400 versus 100 hepatocytes/mg tissue (15 minutes). The cell
count in one minute is higher than processing the tissue for 15 minutes in control condition
or with MTD device in static condition (Figure 11). Also, hepatocyte yield with Interval
operation for 15 minutes is 2.5 times higher than control condition in 60 minutes. Similar

response was observed for endothelial cells and leukocytes. Viability was always in
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acceptable region and did not change, dramatically (Figure 12). However, viability reduces
at longer times which highlights the importance of shorter tissue processing method. It
proves our hypothesis that long circulation time in MTD device will cause cell damage and
eventually lysis. Extraction of dissociated cells in short time intervals rises the cell yield and

reduces the potential cell damage.
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Figure 12- Cell viability from final microfluidic platform studies using murine liver. a)
Hepatocyte viability remained ~90% for all conditions except the 60 min interval, which decreased
to ~85%. b) Endothelial cell and (c) leukocyte viabilities were generally between ~70% and 85%

and increased with device processing at the early time points.

2.3.2. Digestion platform optimization for heart tissue

In the next step, evaluation of our platform efficiency in terms of cell yield and
viability was planned for heart tissue since its mechanical properties and functionality is
significantly different from liver. Heart tissue rigidity is significantly higher than liver.
Cardiomyocytes rigidity is 4 KPa and it's dynamic activity depends on matching with the
environment[72]. It is a valuable candidate for our dissociation platform optimization with

significantly different mechanical properties compared to liver.
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Figure 13- Optimization of device configuration in tissue platform using heart. Heart was
processed with the MTD device for specified time and passed through the IDF device with different
formats. Digestion device (MTD device only), Integrated 50 pm (IDF device with 50 pum filter),
Integrated 50,15 pm (IDF device with 50 and 15 pm filters) and control condition. a) Cardiomyocyte
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cell count b) Cardiomyocyte viability. Control refers to tissue processed with traditional
method(red), “Digestion” refers to recirculation of enzyme through the MTD device, “Integrated (50
um)” refers to recirculation through MTD device followed by one pass through the 50 pm filter, and
“Integrated (50,15 um) refers to recirculation of enzyme through the MTD device followed by one

pass through the 50,15 um filters.

To optimize our platform for heart tissue, different configurations of Digestion device
and IDF device were set up. Digestion device processing in 15 minutes and control
processing for 60 minutes show similar cell yield and viability. Digestion device significantly
decreases the processing time with slight difference when IDF device is used afterwards
(Figure 13). Cell viability is similar for all conditions. The IDF device will exclude the
traditional filtration step after digestion and the accompanied artifacts. Therefore, the

combination of Digestion device and IDF device was used for final evaluation of the platform.

Interval condition was used as described previously. It can be observed that collecting
device effluent in 1,5- and 15-minutes time intervals will improve cell yield. Differences
compared to liver tissue reflects the different mechanical properties of cell types in both
tissues. First, the cell yield in first time interval, 1 minute is significantly low. It can be implied
that heart ECM has higher rigidity, and it needs longer exposure to stress to loosen and
release the cells (Figure 14). Secondly, cardiomyocyte cell yield in interval condition is 5
times higher than 15 minutes operation with MTD device only in same period (15 minutes).
It is also notable that hepatocyte cell yield is 3 times higher than control condition in 60
minutes, as well. Therefore, our platform can significantly shorten the tissue dissociation

time. The results explain that although the heart tissue has higher stiffness than liver, they
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are still sensitive to long term exposure to stress. Therefore, elution of liberated cells will be

favorable for higher total cell yield.

Higher yield will be achieved for all cell types including cardiomyocytes, endothelial
cells, and leukocytes with Interval condition compared to the static condition for same
period. However, cell yield for endothelial cells and leukocytes is lower than 60 minutes

control condition. It can be a sign of the need for longer processing for liberation of these cell

types.
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Figure 14- Optimization of microfluidic platform for murine heart. Hearts were resected, minced,

processed with the microfluidic platform, and analyzed by flow cytometry. a) Cardiomyocytes b)
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Endothelial cells, c) Leukocytes, d) Population distributions obtained for each processing condition.
Microfluidic processing in 15 minutes produced ~3-fold higher Cardiomyocytes than the 60 min
control. Interval condition produced optimal results again, increasing by ~50% and ~3-fold relative
to the 15 min static and 60 min control conditions, respectively. Circles indicate values for
experimental replicates. For stacked plots, experimental replicates are indicated by circles at 15 min,
squares at 30 min, and triangles at 60 min. Two-sided T test was used for statistical testing. Stars
indicate p < 0.05 and double stars indicate p < 0.01 relative to the 60 min control. Cross-hatches
indicate p < 0.05 and double cross-hatches indicate p < 0.01 relative to the static condition at the

same digestion time. p values for all comparisons are presented in the Source Data file.

Since Troponin T is an intracellular marker, we used a fixable viability dye, Zombie
Violet, in place of 7-AAD. Viability results is in acceptable range of 80-90% and higher than
the control conditions for all cell types. However, it is important to study cellular

functionality for the recovered cells from digestion process.
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Figure 15- Cell viability from final microfluidic platform studies using murine heart. (a)
Cardiomyocyte viability for device processed samples matched or exceeded controls. (b) Endothelial
cell and (c) leukocyte viability was generally >80% for device and control conditions. Data are
presented as mean values +/- SEM from at least three independent experiments. Circles indicate
values for experimental replicates. Two-sided T test was used for statistical testing. Stars indicate p
< 0.05 and double stars indicate p < 0.01 relative to the 60 min control. p-values for all comparisons

are presented in the Source Data file.

2.4. Conclusion

A microfluidic tissue processing platform was presented to automate the tissue
dissociation workflow so that single cell suspensions are immediately ready for downstream
analysis or alternative use. This platform is comprised of a digestion device with features to
facilitate loading and processing of minced specimens, as well as a dissociation/ filter device
that was integrated. The minced tissue digestion device accelerated tissue breakdown and
produced significantly more single cells than traditional methods, while the integrated
dissociation/ filter device increased yield further, while also increasing reproducibility and
fully maintaining viability. Heart and liver tissue types was tested that exhibited a wide range
of properties. Cell yield and viability was evaluated for different cell types through flow
cytometry to ensure that total cell count is reflecting the functional cells with intact surface
proteins. We also introduced a processing scheme, interval operation, which allowed us to
extract single cells at different time points during microfluidic digestion. Interval condition
dramatically increases the cell yield for both heart and liver. Different cell types react
differently to interval operation since their sensitivity to shear stress is different. Hepatocyte

yield with interval operation is 2.5 times higher than static condition and 10 times higher
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than control condition in similar time frame. Cardiomyocyte yield with interval condition at
15 minutes is 2 times higher than static condition and 3 times higher than control condition
in 60 minutes. It reflects the sensitivity of cardiomyocytes and hepatocytes to long time
exposure to shear stresses while recirculating in the device. Heart failure is another leading
cause of drug withdrawal from the market, combining with liver failure to account for ~70%
of withdrawals[73]. Thus, there is robust interest in developing organ on chip technologies
for preclinical drug screening[74, 75]. It highlights the significance of continuous separation

of cells from the platform during the process though another module.
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CHAPTER 3: Optimization of different dissociation mechanisms

using the Integrated dissociation and filtration module

3.1. Introduction

Dissociation of aggregated particulates is a fundamental process in numerous
scientific fields including polymer suspensions [76], microbeads/nanoparticles [77], and
various cellular constructs in the life sciences [78]. Currently, the need for efficient
disaggregation is particularly strong to help enable powerful single cell analysis technologies
to be employed on tissue and organ samples [15, 79]. Traditional diagnostic methods
provide information about biological traits that have been averaged over an entire
population of heterogenous cells, which masks cell-to-cell variability and the presence of
rare cell populations [26]. This necessitates the analysis of individual cells, which can then
be evaluated globally to better understand normal function and diseased states [15].
Towards this goal, single cells must be liberated from tissues efficiently without changing
viability or activation state [28]. Cell aggregate dissociation is also needed for regenerative
medicine, as current methods can alter stem cell fate and viability [79, 80]. Therefore,
continued development and refinement of rapid and efficient methods for processing tissues
and cell aggregates into single cells is a major area of need in the biotechnology and medical

darenas.
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The traditional method for preparing single cells from tissue includes i) mincing to
reduce tissue size, ii) digesting with enzymes to break down the extracellular matrix and/or
cell-cell junctions, iii) mechanically dissociating to release cells, and iv) filtering to remove
remaining aggregates. Long chemical exposure times may cause transcriptional and/or
proteomic changes, and incomplete dissociation may enrich for specific cell types in the final
suspension [81-83]. More importantly, high levels of mechanical stress needed to release
cells from deep inside the aggregates can induce damage, and subsequently reduce cell yield
and/or viability. Hence, there is a critical need to develop methods that will provide well-
defined environmental factors including chemical exposure time and hydrodynamic shear
stress levels to uniformly release cells from aggregates with minimum damage. Microfluidic
systems can facilitate precise manipulation of cell aggregates to achieve high-throughput,
cost-effective, and tunable methods [84-86]. However, only a few systems have been
developed for dissociation of tissue and cellular aggregates [33-35, 43, 87]. Among these
efforts, our team has developed three different microfluidic devices that can perform the
entire dissociation process workflow including digestion, dissociation, and filtration [35, 36,
87]. We recently combined all three technologies into a platform and demonstrated
improved release of single cells from several tissue types [38]. For this work, we integrated
the branching channel dissociation and filter modules into a monolithic device, and since
both modules can contribute to break down of cellular aggregates, we now refer to this as
the Integrated Disaggregation and Filtration (IDF) device. Our initial study was focused
primarily on optimization of the first device component, the digestion device, and so the IDF
device was used only as a final polishing step. Notably, the IDF device was not used with

tissue that was digested in a traditional manner, which could be as format of high interest to
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some researchers due to operational simplicity. Finally, we believe that the IDF device could
serve as an ideal test bed for a controlled study into the role of mechanical forces on the
dissociation of tissue and cell aggregates. This is because the IDF device allows for variation
of processing parameters, such as flow rate and device pass number, as well as the mode of
dissociation via the microchannel array, the nylon mesh membranes, or both in concert.
Optimization of mechanical dissociation would maximize cell yield, as well as potentially
reduce proteolytic digestion time and compensate for differences between tissues in terms
of extracellular matrix (ECM) density, cell-cell adhesion strength, and secondary structures

such as vessels and ducts.

Here, we evaluate the IDF device with samples ranging from cell culture aggregates
to minimally digested tissue in an effort to better understand and optimize mechanical
dissociation. We first evaluate small, strongly cohesive aggregates produced from the MCF-
7 cell line and show that single cell recovery is maximal at flow rates greater than 40 ml/min
and that the filtration module exerts a greater effect than the branching channel array. In
fact, multiple passes through the filters produces the highest yield. We then employ minced
and digested murine kidney and observe that the primary dissociation mechanism shifts to
the branching channel array, with a single filter pass now producing the best results. Notably,
we find that the IDF device releases as many epithelial cells following minimal digestion (i.e.,
20 min) as a full digestion (i.e., 60 min), if device pass number is increased to compensate.
However, this result does not extend to endothelial cells, which appear to have a greater
reliance upon enzymatic digestion. This work confirms that the IDF device provides distinct

mechanisms for dissociation that depend on aggregate/tissue size, cell-ECM interactions,
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and cell-cell adhesion. Importantly, the IDF device increases single cell recovery for all

samples and cell subtypes, by at least 2-fold.

3.2. Materials and Methods

3.2.1. Device fabrication

The integrated disaggregation/filtration (IDF) device was fabricated by ALine, Inc.
(Rancho Dominguez, CA), as previously described [38]. Briefly, fluidic channels, vias, and
openings for fittings were laser cut on 250 pm thick polyethylene terephthalate (PET) layers.
Nylon mesh membranes were purchased from Amazon Small Parts (15 and 50 pm pore sizes;
Seattle, WA) as large sheets and were laser cut into 8.76 mm diameter circles. Then, the PET
layers and nylon mesh membranes were sandwiched between two additional layers of PET,
the top containing holes for placement of hose barbs. All layers are aligned and bonded with

pressure sensitive adhesive using pressure lamination.

3.2.2. Cell culture and tissue models

MCF-7 cells were purchased from ATCC (Manassas, VA) and cultured at 37°C and 5%
CO2 in tissue flasks containing DMEM media containing 10% FBS, non-essential amino acids,
1 mM sodium pyruvate, 2 mM L-glutamine, 100 pg mL-1 streptomycin, 100 U mL-1
penicillin, and 44 U L-1 Novolin R insulin (Thermo Fisher, Waltham, MA). Prior to
experiments, MCF-7 cell monolayers were briefly treated with trypsin-EDTA to release cells

as aggregates and washed with PBS containing 1% BSA (PBS+).
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For tissue dissociation studies, kidneys were harvested from freshly sacrificed
C57Bl/6] mice (Jackson Laboratory, Bar Harbor, ME) that were deemed waste from a
research study approved by the University of California, Irvine, Institutional Animal Care and
Use Committee (courtesy of Dr. Angela G. Fleischman). A scalpel was used to mince the tissue
into ~1 mm?3 pieces. Then, approximately 10 mg of minced tissue was placed within a conical
tube with 300 pl of 0.25% collagenase type [ (C9263, Sigma Aldrich, US). After digesting at
37°C in an incubator under gentle agitation by a rotating mixer for 20 to 60 min, 700 pl of
PBS+ was added to deactivate the enzyme. Controls were dissociated using conventional
methods comprised of repeated vertexing and pipetting to mechanically disrupt aggregates
and filtration with a cell strainer (35 um) to remove cell debris. All cell suspensions were
treated with 100 Units of DNase I (Roche, Indianapolis, IN) for 10 min at 37°C, washed, and

resuspended for further analysis.

3.2.3. Dissociation studies

Devices were prepared by affixing 1/32 in ID tubing (Nalgene, Rochester, NY) to the
hose barbs at both the inlet and outlet. Prior to use, devices were primed with PBS+ and
incubated for 15 minutes to prevent non-specific cell adhesion to the channel walls.
Aggregate and tissue models were passed through the microchannel array and/or nylon
mesh filter modules of the IDF device under different flow rates (20-60 ml/min) and/or
device pass numbers (5-20 passes) by a syringe pump. Finally, devices were flushed with 2

mL PBS* to wash out remaining cells and both device effluents were combined.

3.2.4. MCF-7 cell count and viability
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Cell suspensions from dissociated MCF-7 samples were analyzed for the number of
single cells and aggregates using a hemocytometer. Viability was also assessed using Trypan
blue stain. The single cell and aggregate counts for each dissociation condition were

normalized to the counts prior to device processing.

3.2.5. Flow cytometry

Kidney cell suspensions were evaluated for epithelial cells, endothelial cells,
leukocytes, and red blood cells by flow cytometry, as described [38]. Briefly, cells were
stained concurrently with 5 pg/mL anti-mouse CD45-AF488 (clone 30-F11, BioLegend, San
Diego, CA), 7 ug/mL EpCAM-PE (clone G8.8, BioLegend, San Diego, CA), and 5 ug/mL
TER119-AF647 (clone TER-119, BioLegend, San Diego, CA) monoclonal antibodies for 30
minutes. Samples were then washed twice using PBS+ by centrifugation, stained with 3.33
nug/mL viability dye 7-AAD (BD Biosciences, San Jose, CA) on ice for at least 10 minutes, and
analyzed on a Novocyte 3000 Flow Cytometer (ACEA Biosciences, San Diego, CA). Flow
cytometry data was compensated using compensation beads (Invitrogen, Waltham, MA).
Gates encompassing the positive and negative subpopulations within each compensation
sample were inputted into FlowJo (Flow]o, Ashland, OR) to automatically calculate the
compensation matrix. A sequential gating scheme was used to identify live and dead single
epithelial cells from leukocytes, red blood cells, non-cellular debris, and cellular aggregates.
Signal positivity was determined using appropriate Fluorescence Minus One (FMO) control.

All cell counts were normalized to the mass of tissue that was dissociated.
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3.3. Results and Discussion

3.3.1 IDF device features

Figure 16- Schematic representation of the IDF device. Large aggregates containing high
extracellular matrix (ECM) content, such as digested tissue, are exposed to stepwise increases in
shear stress throughout the branching channel array as the width narrows from 1 mm to 125 pm.
Cell aggregates are held together via through cell-cell (dark orange perimeter) and cell-ECM (green
fibers) interactions. As ECM has been digested by collagenase, the channel array gradually reduces
aggregate size via hydrodynamics shear forces. The smallest channels and nylon mesh membranes
then break down the cell-cell interactions that hold together the smallest aggregates and clusters.

Channels, cell aggregates, and membrane pore sizes are not shown to scale.

Figure 16 shows a schematic of the IDF device, as recently presented [38]. This device

combines our branching channel array and dual-filtration modules, which provides two
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distinct mechanisms for dissociation of cellular aggregates and/or digested tissue. The
branching channels gradually and uniformly dissociate cellular aggregates via exposure to
stepwise increases in shear stress as channels decrease in size from millimeters to hundreds
of microns and cross-sectional width is modulated to generate fluidic jets [35, 87]. We
anticipate that these shear stresses will release cells from the surface, without affecting those
that are deeper within an aggregate. Filters have been integrated into microfluidic devices
to provide high throughput cell manipulation for drug development studies and to reduce
clogging [88, 89]. Our filtration device utilizes two nylon mesh membranes for removal of
residual large aggregates, as well as increasing cell yield via dissociation [36]. We expect that
the dissociation mechanism is related to direct physical interaction with the nylon threads
or an alternative hydrodynamic effect. In either case, we anticipate that dissociation occurs
for aggregates and clusters that are on the size scale as the pores, which were 50 and 15 um
sizes for this device. The IDF was fabricated using a commercial lamination process, with
channel features laser micro-machined into hard plastic layers that were aligned and bonded
using pressure sensitive adhesive using pressure lamination. The goal of this study is to
perform a detailed examination of the different dissociation mechanisms offered by the
branching channel array and filtration modules, as a function of different operational
conditions and cell aggregate types. Efficiency of these mechanisms in dissociation of
aggregates based on intercellular interactions and adhesion forces for different cell types in

tissue will be explored.

3.3.2. Optimization of the branching channel array using MCF-7 cell aggregates
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Figure 17- Optimization of the branching channel array using cell aggregates. MCF-7 cells were
passed through the channels at different flow rates for either 10 or 20 passes. Results are shown for
(A) single cell yield, (B) aggregate yield, and (C) viability, which are all normalized to the control that

did not pass through the channels. Strong effects were observed for each metric above 40 ml/min,

but higher pass number did not influence results. Data are presented as mean values +/- SEM from
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at least three independent experiments. Two-sided T test was used for statistical testing. Stars

indicate p < 0.05 and double stars indicate p < 0.01 relative to the unprocessed control.

We began by investigating only the branching channel array, which has been
characterized in previous work using cell and tissue models, but under a limited set of
operating conditions. Specifically, samples were either applied using a syringe pump at 10.5
ml/min flow rate and actuated back and forth through the device for up to 10 passes [35, 87]
or using a peristaltic pump to recirculate up to 10 min at as high as 20 ml/min flow rate [38].
We have chosen to return to the syringe pump format, which can provide higher precision
and control. We did employ the IDF device for these studies, but sample exited from the first
outlet so as not to pass through the filters. We used the MCF-7 breast cancer cell line because
it provides a simple model containing smaller cell aggregates and clusters with a minimal
ECM [90, 91]. This will provide key insights into dissociation mechanisms within the smaller
channel sections, which would result from disrupting cell-cell adhesions, that will help shape
subsequent studies with larger tissue aggregates containing different cell types, higher ECM
interactions, and overall greater complexity. MCF-7 cell suspensions were passed though the
branching channel array using a syringe pump at flow rates ranging from 20 to 60 ml/min
for either 10 or 20 passes, which is a far broader range than previously investigated. Single
cell recovery was determined using a hemocytometer and is presented in Figure 17A after
normalization by the single cell count before device treatment. Single cells increased steadily
with flow rate up to ~150% at 60 ml/min before stabilizing, and all results were statistically
significant relative to the control at 40 and 60 ml/min flow rates. Increasing device pass
number did increase single cell number at all flow rates, but differences were marginal. Cell

aggregates were also quantified using the hemocytometer, defined as two cells or more, and
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normalized to the control value (Fig. 2B). As expected, aggregates decreased dramatically
with flow rate, and in this case with pass number as well. Although not represented in the
data, we also observed that most of the aggregates that remained after device processing
were composed of only 2 or 3 three cells, whereas the control had substantially larger
aggregates of more than 10 cells . These findings demonstrate that the microchannel array
reduced both aggregate number and size, which corroborates the single cell number
increases in Figure 17A for most conditions. However, we do note that the 20 and 30 ml/min
conditions exhibited a decrease in aggregates that was statistically significant without
generating more single cells. This may have been due to a secondary effect such as holdup
within the branching channel array. Alternatively, cell reaggregation may have played a role.
We generally assume reaggregation is unlikely since the buffer lacks divalent cations
necessary for most cell-cell adhesion molecules, but a contributing factor could be DNA
released from damaged cells that can cause cells to adhere together [92]. We also note that
reaggregation can be promoted under certain hydrodynamic conditions [93]. The channel
constrictions and expansions provide elongational and shear flows similar to previous
studies of colloidal aggregates [94]. Therefore, it can be concluded that reaggregation is
playing a role in lower flow rates which is reflected in higher aggregate percentage in low
flow rates. Cell viability was determined using Trypan blue stain, and results are shown in
Figure 17C. We observed a decrease in viability with both flow rate and pass number, from the
control value of ~90% to as low as 70%. This shows that some damage can be associated

with more aggressive dissociation conditions.

3.3.3. Assessment of MCF-7 aggregate dissociation using the nylon mesh

filters.
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passed through the channel module 10 times and filter module once (10C,1F), both channel and filter
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was used for statistical testing. Stars indicate p < 0.05 and double stars indicate p < 0.01 relative to
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the unprocessed control. Stars indicate p < 0.05 and double stars indicate p < 0.01 relative to the

unprocessed control.

Next, we evaluated the effect of filtration on dissociation of MCF-7 aggregates under
different operational configurations, including with and without the branching channel
array. Based on results from the previous section, we employed flow rates of 20, 40, and 60
ml/min. Moreover, we chose to limit pass number to 10, since 20 did not alter results
substantially. Finally, we selected three different device configurations: 1) 10 passes through
the channel array followed by 1 pass through the filters (10C,1F), 2) 10 passes
simultaneously through both the channel array and filters (10C+F), and 3) 10 passes through
the filters alone (10F). Results obtained for single cells, aggregates, and viability are
presented in Figure 18. Upon comparison of Figure 17A and Figure 18A, we found that a single
filtration offered no benefit to the branching channel array. In fact, the increase in single cell
recovery that was observed at higher flow rates was now lost, which may have been due to
greater sample holdup within the full IDF device. Passing sample through both devices in
series enhanced performance, resulting in statistically significant increases in single cell
recovery at 40 and 60 ml/min, with the latter approaching 2-fold. Interestingly, single cell
recovery was highest using the filtration module as a standalone treatment, exceeding 2-fold
increases at both 40 and 60 ml/min. The presence of aggregates was primarily dependent
on flow rate and not the device configuration (Figure 18B). However, aggregate values were
lower than when the branching channel array was used along (Figure 18B), particularly at the
higher flow rates. We note that enhanced removal of aggregates by the filters may have been
due to either dissociation or filtration effects. Viability also predominantly correlated with

flow rate (Figure 18C), although viability was lowest using multiple filtrations passes at 60
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ml/min. Taken together, the surprisingly strong performance of filtration alone was likely
heavily influenced by the simple MCF-7 model, with most aggregates starting at <100 pm
and held together primarily by strong cell-cell adhesions. The filtration module clearly
performed better on this sample type, which can be traced to the physical barrier and
optimal sizing of the sequential 50 and 15 pm mesh filters. The smallest feature size of the
branching channel array is much larger at 125 pm, although shear stresses generated by the
fluidic jets act on a smaller scale. Consequently, the channel dissociation mechanism does
not add substantially to the filter dissociation mechanism with this cell model, and thus
primarily detracted from cell recovery via losses from device hold-up and/or damage. In
sum, filtration is critical for dissociation of smaller aggregates and the 40 ml/min flow rate

provides the optimal balance between promoting dissociation and limiting damage.

3.3.4. Evaluation of disaggregation and filtration using digested kidney tissue

54



A B

300,000 O Control [0 10C+1F 50,000 *
x O 10c+F [ 10C + 10F ™ *
— 3
g 250000 i E 2 40,000 I 171
2 j_ =
* 200,000 l n g * *
£ % 30,000 *
¥ 150,000 ®
% & 20,000
¢ 100,000 w
= T
8 50,000 g 10000
o
s In
0 0
20 30 60 20 30 60
Digestion time (min) Digestion time (min)
C D
_ 6,000 2,000
Q@
@ l s l
0 =]
o l 3 1.500
E 4000 * e * l
5 g wl
2 * £ 1,000
S 8
W 2,000 ey
o [=]
g § 500
: ﬂ - ’_L‘
=
§ Il 0
20 30 60 20 30 60
Digestion time (min) Digestion time (min)

Figure 19- Evaluation of dissociation formats using murine kidney. Kidneys were harvested,
minced, and digested for the indicated time periods. Samples were then passed through the channel
module 10 times and filter module once (10C,1F), simultaneously through both modules 10 times
(10C+F), or sequentially through both modules 10 times (10C+10F) at 40 ml/min and resulting cell
suspensions were analyzed using flow cytometry. Controls were pipetted/vortexed and passed
through a cell strainer. Results are shown for viable and single (A) total cells, (B) EpCAM+ epithelial
cells, (C) endothelial cells, and (D) leukocytes. Optimal results were attained using the single filter

pass at each digestion time. Data are presented as mean values +/- SEM from at least three
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independent experiments. Two-sided T test was used for statistical testing. Stars indicate p < 0.05

and double stars indicate p < 0.01 relative to the control at the same digestion time.

Our next goal was to test the performance of the branching channel array and filters
for dissociation of murine kidney tissue that was digested for different periods of time.
Specifically, we chose to digest minced kidney with collagenase for 20, 30, or 60 min to
produce aggregates of varying size and ECM content. Collagenase cleaves collagen, the major
structural element of ECM that provides tensile strength and anchors cells [95, 96].
Therefore, collagenase digestion weakens cell-ECM interactions, facilitating isolation of
single cells via mechanical disaggregation, but while maintaining the surface membrane and
proteins intact [97]. Cell suspensions from digested tissue were loaded into the IDF device
for processing at 40 ml/min flow rate under one of three configurations: 1) 10 passes
through the channel array followed by 1 pass through filters (10C,1F), 2) 10 passes
simultaneously through both the channel array and filters (10C+F), and 3) 10 passes
sequentially through the channel array and filters (10C,10F). We chose not to test the filter
device alone since digested tissue was likely to require the branching channel array to first
reduce larger fragments down in size before encountering the filters, which would otherwise
be retained on the mesh membranes as expected for classical filtration. Flow cytometry was
then used to identify and enumerate epithelial cells, endothelial cells, and leukocytes based
on surface marker expression. Cell membrane proteins are vital for proper cell function and
survival by mediating interactions with environmental cues and other cells [98], but can be
affected by proteolytic digestion [99], and therefore expression is an important functional
metric. We also employed the viability stain 7-AAD. Live single cell counts are presented in

Figure 19 for total cells and the three cell subtypes detected. For total cells (Figure 19A), we
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found that cell yield was highest for the condition with only a single filtration device pass
(10C,1F). This result was surprising given the relatively poor performance seen for the MCF-
7 model, but it was consistent across all digestion time points. For the 20- and 30-min
digestion times, approximately 2-fold more single cells were recovered using the IDF device
under the single filtration format relative to the respective controls (~200,000 verses
~100,000 per mg), and these differences were statistically significant. For the 60 min
digestion time, single cells remained static, but the control increased to 150,000/mg, and the
difference was not statistically significant. The simultaneous processing condition (10C+F)
was similar to the control at the 20 min time point, but produced similar cell yields as the
single filtration case at both 30 and 60 min digestion times. The third and final condition,
with separate and sequential 10 passes treatment through each module (10C,10F), produced
the lowest yield for each digestion time, which were all comparable to the corresponding
controls. We conclude that these samples were over-processed, causing cell damage and
lower overall yields. Epithelial cell results were very similar to total cells, but with
substantially greater differences between the device conditions and controls (Fig. 4B), likely
due to the strong cell-cell adhesions holding epithelial cells together with each other.
Specifically, differences were in the range of 4- to 5-fold and were statistically significant for
both the single filtration (10C,1F) and dual processing (10 C+F) formats at the longer
digestion times. However, only the single filtration (10C, 1F) format was statistically
significant at the 20 min digestion time. We found that endothelial cell (Fig. 4C) and
leukocyte (Figure 19D) yields closely followed total cells. Viability data for each cell type is
presented in Figure 20, and show that epithelial and endothelial cells maintain viability

(>95%) even with IDF device processing. Leukocyte viability was lower at ~80%, but again
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was not affected by the IDF device. Taken together, these results suggest that shear forces
from the branching channel array plays a critical role in dissociation of minced and digested
kidney tissue regardless of the degree of digestion, particularly for strongly cohesive
epithelial cells. Although not directly tested, we presume that the single pass through the
filter device was beneficial, and at minimum ensured that a follow-up cell straining step was
not necessary. Based on our data, passage through the filter component more than one time,
either simultaneously or sequentially, would not be recommended for any cell type due to

limited benefit, or even detrimental effects, to cell yield and/or viability.
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Figure 20- Cell viability from evaluation of dissociation formats using murine kidney A) total

cells B) epithelial C) endothelial D) leukocyte viability. Kidneys were harvested, minced, and digested

for the indicated time periods. Samples were then passed through the channel module 10 times and

filter module once (10C,1F), simultaneously through both modules 10 times (10C+F), or sequentially

through both modules 10 times (10C+10F) at 40 ml/min and resulting cell suspensions were

analyzed using flow cytometry. Controls were pipetted /vortexed and passed through a cell strainer.

3.3.5. Optimization of kidney dissociation using the IDF device
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Figure 21- Final optimization of murine kidney. Kidneys were harvested, minced, and digested for

the indicated time periods. Samples were then passed through the channel module for the indicated
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number of times and filter module once (10C,1F) and resulting cell suspensions were analyzed using
flow cytometry. Controls were pipetted/vortexed and passed through a cell strainer. Results are
shown for viable and single (A) total cells, (B) EpCAM+ epithelial cells, (C) endothelial cells, and (D)
leukocytes. Similar epithelial yields were obtained after 20 min digestion time using 20 passes and
60 min digestion time using 10 passes. However, maximal endothelial and leukocyte yields required
60 min digestion time and 10 passes. Data are presented as mean values +/- SEM from at least three
independent experiments. Two-sided T test was used for statistical testing. Stars indicate p < 0.05

and double stars indicate p < 0.01 relative to the control at the same digestion time.

Finally, we sought to determine the most efficient operating conditions for the IDF
device. Based on the previous study, this would involve the branching channel array followed
by a single pass through the filters. We again used different digestion times and a flow rate
of 40 ml/min, but now varied branching channel array pass number from 5 to 20. We
contend that this will provide the most controlled approach to modulate mechanical
treatment level and subsequently identify optimal conditions for different tissue inputs and
cell type outputs. Results for total cell recovery are presented in Figure 21A. After only 20 min
of digestion, 5 and 10 passes through the channel array generated only modest increases in
cell yield relative to the control, although the latter was statistically significant. However,
increasing pass number to 20 enhanced cell recovery to nearly 3-fold that of the control.
After a full 60 min digest, 5 passes produced a difference of 50% that was statistically
significant. Further treatment initially increased cell yield to 2-fold, before dropping back to
~50% at 20 passes. Notably, cell recovery was the same for the 20 min digest using 20 passes
as the 60 min digest with 10 passes, which would result in a substantial reduction in

processing time without sacrificing performance. Findings were similar for epithelial cells
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(Figure 21B), but now with a more stepwise response observed for pass number after a 20
min digest and no response at all after a 60 min digest. Importantly, equivalence of cell yield
was preserved between the 20 min digest/20 pass and 60 min digest/10 pass conditions.
We also note that the maximum epithelial cell recoveries of ~80,000/mg tissue are
substantially greater than the ~40,000 to 60,000/mg tissue range from our previous works
[35, 36, 38], highlighting the power of the IDF device when deployed in an optimal manner.
Results for endothelial cells (Figure 21C) and leukocytes (Figure 21D) were comparable to total
cells, however in both cases, additional mechanical processing could not compensate for
shorter digestion time. The difference was particularly pronounced for endothelial cells,
with ~4-fold less cells obtained from the 20 min digest relative to the 60 min digest, even
after 20 passes. Thus, the potential digestion time savings that the IDF device can offer to
epithelial cells did not apply to all cell types. Viability data for each cell type is presented in
Figure 22, and show that epithelial cell viability is above 80% in all cases. However, it drops
for endothelial cells and leukocytes, suggesting that there is room for optimization of the

process to keep viability high.
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Figure 22- Cell viability for final optimization of murine kidney A) total cells B) epithelial C)
endothelial D) leukocyte viability at different number of passes and digestion times. Kidneys were
harvested, minced, and digested for the indicated time periods. Samples were then passed through
the channel module for the indicated number of times and filter module once (10C,1F) and resulting
cell suspensions were analyzed using flow cytometry. Controls were pipetted/vortexed and passed
through a cell strainer. Results are shown for viable and single (A) total cells, (B) EpCAM+ epithelial
cells, (C) endothelial cells, and (D) leukocytes. Similar epithelial yields were obtained after 20 min
digestion time using 20 passes and 60 min digestion time using 10 passes. However, maximal
endothelial and leukocyte yields required 60 min digestion time and 10 passes. Data are presented

as mean values +/- SEM from at least three independent experiments. Two-sided T test was used for
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statistical testing. Stars indicate p < 0.05 and double stars indicate p < 0.01 relative to the control at

the same digestion time.

Tissues are composed of cells that are anchored to the ECM and/or neighboring cells
via different types of adhesive interactions, including various integrins and cadherins, which
includes complex structures such as focal adhesions, tight junctions, gap junctions, and
adherens junctions [100, 101]. Bearing that in mind, isolation of single cells from tissue can
only be ensued by overcoming all cell-cell and cell-ECM adhesions through chemical and/or
mechanical means. Epithelial cells are typically arranged in sheets of cells that are connected
to neighbors through cadherins as well as to the ECM through integrins. The adhesive force
of epithelial cell-ECM interactions has been measured to be ~250 nN, while epithelial cell-
cell interactions were similar at ~100 nN [102]. Moreover, it has been shown that tissue
digestion can result in heterogeneous distribution of ECM, which can then reposition to
stabilize the weaker cell-cell adhesions [103]. Hence, removing the cell-ECM interaction can
provide an additive effect by means of making it easier to release epithelial cells from each
other [104-106]. We believe that these effects are clearly represented in our data. After 60
min digestion, collagen has largely been eliminated from the ECM, leaving only weakened
cell-cell interactions that could be overcome by minimal mechanical processing with 5
passes through the branching channel array and 1 pass through the filter. Additional channel
passes did not affect single cell yield, which may simply mean that cells were neither released
nor damaged, although it is possible that these processes were in balance. This finding is
most likely related to the fact that cell aggregates were smaller in nature after extensive
digestion. Based on our results with MCF-7 cells, we would have expected that multiple

passes through the filter device would have aided dissociation of smaller
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aggregates/clusters, but this was clearly not the case (Fig. 4B). This may have been due
epithelial cells from kidney either being more sensitive to filter-induced damage or
possessing weaker cell-cell adhesions that could sufficiently be overcome by the single filter
pass. We acknowledge that this result may change for different tissues and/or cell types,
such as tumors, which will be studied in future work. For the 20 min digestion time,
substantial ECM still remained, and cell aggregates were presumably larger. This provided
an opportunity for mechanical dissociation by the branching channel array to exert a key
effect, releasing more single cells in a dose-dependent manner, culminating in the surprising
result that 20 passes could provide a single cell yield that rivaled the full 60 min digestion.
Shortening digestion time without compromising cell yield is of critical importance to limit
the time that enzymes are in contact with cells, as well as stress response pathways that can
interfere with transcriptomic analysis [107-109], as we have recently shown using the full

microfluidic platform including the digestion device [38].

Endothelial cells and leukocytes displayed similar results, but with distinct
differences to epithelial cells, as well as each other. These differences can likely be linked to
anatomic origin within tissues, namely within blood vessels, which are densely located
throughout the kidney to facilitate the primary physiological role of blood filtration and
waste removal. Importantly, blood vessels are a secondary structure within the tissue,
requiring deeper access of enzymes and shear forces before chemical and/or mechanical
dissociation can ensue. However, most leukocytes simply reside within the blood, which can
be released as soon as that deeper access is attained. For these reasons, maximal leukocyte
and endothelial recoveries after 20 min digestion could only reach ~70% and ~25%,

respectively, of the 60 min digestion values. For endothelial cells, several molecules mediate
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cell-ECM interactions including proteoglycans and proteins, of which integrins are the best
studied [110, 111]. Interestingly, endothelial cells display an inherent shear stress
sensitivity, including ECM remodeling [112], stimulation of integrin-mediated cell-cell and
cell-ECM adhesions [113], and relocation of adherins junction proteins [114, 115]. Although
unclear at this time, a chemo-mechanical response may have played a role in the relatively
poor performance of mechanical processing at short digestion times, when vessels were
more intact. As stated, most CD45-positive leukocytes are present in free suspension within
blood as monocytes, neutrophils, and lymphocytes. However, some can still be found
throughout the tissue as resident tissue macrophages, T lymphocytes, or natural killer cells
[116, 117], which would be held primarily by cell-ECM interactions [41, 118-120]. It should
be also considered that leukocytes can interact with endothelial cells through binding
between junctional adhesion molecules at endothelial cell borders and surface receptors on
leukocytes [121], which could result in some correlation of cell yield pattern for leukocytes

and endothelial cells.

Epithelial cells, endothelial cells, and leukocytes represented approximately one-
quarter of the total cell count. The balance could include non-EpCAM expressing cells from
the proximal tubules, distal convoluted tubules, loop of Henle, collecting duct, and mesangial
cells, which comprise the bulk of cell subtypes detected using single cell RNA-sequencing by
us and others [38, 122-124]. Additional structural cells such as podocytes, fibroblasts, and
pericytes may have also contributed [107, 125]. Generally, these other cells displayed release

dynamics that were most similar to EpCAM+ epithelial cells.

65



3.4. Conclusions

Herein, we have performed a detailed optimization study of cell aggregate and tissue
dissociation using our branching channel array and dual-filter modules that comprise our
integrated disaggregation and filtration device (IDF). We tested substantially higher flow
rates than in previous work and found that 40 ml/min was optimal for all samples. The
dominant mechanism of dissociation varied, however, with smaller (<100 pm) and highly
cohesive MCF-7 cell aggregates requiring multiple passes through the filters to achieve
maximal single cell yield. Conversely, minced and digested murine kidney relied upon the
branching channel array, and multiple filter passes was detrimental. This result was due to
the larger size of the tissue aggregates and, as we hypothesize, a greater dependence on cell-
ECM interactions. The most exciting finding was that the IDF device can release as many
epithelial cells after a substantially shorter digestion (i.e. 20 vs 60 min) by simply passing
through the device more times. Reducing processing time in this manner could strongly
impact long-term cell viability under culture settings and reduce stress responses that can
interfere with transcriptomic-based cell classification, which will be studied in future work.
Shortening processing time will also reduce the cell treatment in metabolically active which
will lessen the risk of transcriptomic or proteomic changes. This result did not extend to
endothelial cells, however, due to greater reliance on digestion, which could result in cell
subtype biasing. Overall, the optimal processing condition for all cell subtypes was to digest
for 60 min, pass 10 times through the branching channel array at 40 ml/min, and then pass
once through the filters at 40 ml/min. This work with the IDF device has enhanced our

understanding of different dissociation mechanisms and cell /tissue aggregate properties.
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Moreover, it was shown that IDF device can shorten the digestion time significantly
while giving higher single cell yield. It is worth mentioning that tissue processing at
physiological temperature(37°C) for enzyme activity, will cause stress response since cell
transcriptional machinery is active and hence, gene expression can be changed[27].
Therefore, minimizing digestion time and temperature is recommended to minimize these
unwanted effects[126]. Shortening digestion time and temperature is an important

advantage of IDF device to achieve unbiased single cell population for downstream analysis.

In the future, we will continue to expand this knowledge by performing similar tests
in conjunction with the digestion device, evaluating different tissues and enzyme solutions,

and analyzing results using single cell RNA sequencing.
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CHAPTER 4: Optimization of the integrated dissociation

platform in pulsatile flow

4.1. Introduction

Cellular heterogeneity is known as a major challenge in different field of biology
including stem cell biology, immunology, and cancer research[127]. Single cell analysis can
tackle this challenge and unveils the link between molecular events in single cells and tissue
behaviors[128, 129]. This field has extensively progressed with high-throughput single cell
analysis methods such as single cell RNA sequencing, mass cytometry and flow
cytometry[130-132]. These methods are redefining our understanding of biological systems
with identification of new cell types, their states, and their development in the vast landscape
of events[133]. For example, specific stem cell population is responsible for regeneration in

response to injury.

Although single cell analysis can unveil new aspects of biological systems, there are
major resources of error that casts doubt on the reliability of results. Process of single cell
preparation is the first step toward single cell analysis which can introduce artifacts and
batch to batch variations. It is significantly important when it comes to isolation of specific
rare cell types in tissue. Tissue dissociation has several intertwined aspects that has blocked
us from significant biological events. However, these different aspects have been thoroughly
studied in other systems which are analogous to tissue dissociation. For example, cell size

and shape can affect the dissociation process in analogy with nanoparticle aggregates|[134].
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ECM resembles the entangled amorphous network in polymers which can affect its
mechanical properties through disaggregation and competitive processes[135]. The fact that
cells are connected to each other within the ECM resembles the interaction of monomers in
a polymer chain in bead spring model[136]. While the cell act like beads, ECM has a function
similar to springs. Studies in materials field inspires us to consider the effect of flow type in
dissociation of tissue. On the other hand, cell response to chemical and mechanical cues add
to the complexity of disaggregation process which has not been noticed in literature to the
best of our knowledge. For example, studies show that endothelial cells respond to flow type
through alterations in elongation and alignment[137]. However, it has not been studied if
dissociation of endothelial cells will also be affected by flow type. Microfluidics offers a
robust platform for studying different effective parameters of tissue dissociation including
the effect of flow type on tissue dissociation process. Microfluidic devices have recently
attracted attention for dissociation of cell aggregate and tissue. [32, 33, 43, 138].0ur group
as a leader in this field has introduced several microfluidic devices as replacement of
different steps of tissue dissociation which can work as a platform to make this process
automated, labor free and precise [35, 36, 38, 87]. Here, we focus on study of flow type in
tissue dissociation process on dissociation device as the major module of our platform.
Syringe pump was used in our previous study for understanding the dissociation
mechanisms playing role in IDF device. Syringe pump provides a stable flow rate which helps
in reproducibility of biological studies. Also, flow rate stability is critical for stable shear
stress exposed to cells. In addition, the flow rate setup in our platform provides laminar flow
in our device which ensures us about steady tangential component of shear forces generated

at the cell surface to break down the cell-cell and cell-ECM interactions. However, it would

69



be favorable to use pulsatile flow for our platform since it can be beneficial for specific cell
types based on their inherent environmental characteristics. Also, pulsatile flow is easier for
automation and commercialization. The first device in our platform, the Digestion device
works with pulsatile flow to provide recirculation of enzyme over the tissue. Here, we focus
on studying the effect of pulsatile flow provided by peristaltic pump on the performance of
the IDF device. This can determine if we can use pulsatile flow for the whole platform. A
peristaltic pump, also commonly known as a roller pump, is a type of positive displacement
pump. It works through rotary motion, of rotor attached to rollers which compress a flexible
tube as they rotate by. The part of the tube under compression is closed, forcing the fluid to
move through the tube. Additionally, as the tube opens to its natural state after the rollers
pass, more fluid is drawn into the tube. This process happens in biological systems such as
the gastrointestinal tract. Therefore, peristaltic pump provides a pulsatile flow which has
analogy in physiology. In each pulse, there is a period of time for development of flow to
laminar flow. It means that cells will be exposed to normal stresses (pressure) periodically.
These normal stresses can cause instability while it can also be helpful in breaking the
intercellular interactions. With that in mind, it is desirable to study the effect of pulsatile flow

on dissociation of tissue with IDF device.

4.2. Materials and Methods

4.2.1. Device Fabrication

The integrated dissociation/filter (IDF) device was fabricated by ALine, Inc. (Rancho
Dominguez, CA) through laser cutting and pressure lamination as described in our previous

work. Briefly, fluidic channels, vias and openings were laser cut over Polyethylene
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terephthalate (PET) layers. Nylon mesh membranes were purchased from Amazon Small
Parts (15, and 50 pm pore sizes; Seattle, WA) as large sheets and were laser cut to size. Then,
PET layers and nylon mesh membranes were sandwiched between two layers containing
holes at the top for placement of hose barbs. Multiple layers are then aligned, and adhesive

bonded with pressure lamination.

The Digestion device was designed to process ~1mm? pieces of tissue into cellular
suspensions that can be integrated with downstream Integrated Dissociation and Filtration
(IDF) device including branching channel array and filter modules. The Digestion device is
composed of 3 primary components. The first componentisa ~5 mm x 5 mm tissue chamber,
which retains the pieces of minced tissue while proteolytic enzyme solution is pumped
through the chamber. These chamber dimensions were designed to be easily filled by loading
tissue through the ~2.5 mm diameter input port above it. The chamber height is 1.5 mm,
slightly larger than the pieces of tissue to prevent clogging. The second partis a cover sticker
to seal the tissue chamber. The third and final component is a series of upstream and
downstream fluidic channels. The upstream channels were designed to focus the enzymatic
solution into high velocity fluidic jets directed at the pieces of tissue, agitating the pieces. The
downstream channels function as a sieve to prevent large pieces of tissue from leaving the
chamber, while single cells and small aggregates can exit the chamber for collection or
further microfluidic processing. Channel widths entering and leaving the tissue chamber
were chosen to be 250 pm. Channel height is 300 um like the other devices. Channels were
separated by 1 mm to allow reliable fabrication by laser cutting and pressure lamination,
and four channels could comfortably be accommodated across the sides of the tissue

chamber. The channel length is 4 mm to avoid clogging. The device was fabricated using
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pressure lamination method which includes laser cutting features in polymeric sheets and

attach them together with pressure-sensitive adhesive (PSA) under pressure.

4.2.2. Cell culture and tissue model

MCF-7 cells purchased from ATCC (Manassas, VA) were cultured at 37 °C and 5% CO2
in tissue flasks containing DMEM media containing 10% FBS, non-essential amino acids, 1
mM sodium pyruvate, 2 mM L-glutamine, 100 pg mL-1 streptomycin, 100 U mL-1 penicillin,
and 44 U L-1 Novolin R insulin (Thermo Fisher, Waltham, MA). Prior to experiments, MCF-
7 cell monolayers were harvested using trypsin-EDTA for 3 minutes to liberate cells while
retaining significant cellular aggregates and then, resuspended in PBS containing 1% BSA

(PBS*).

For tissue dissociation studies, kidneys were harvested from freshly sacrificed
C57Bl/6] mice (Jackson Laboratory, Bar Harbor, ME) that were deemed waste from a
research study approved by approved by the University of California, Irvine, Institutional
Animal Care and Use Committee (courtesy of Dr. Angela G. Fleischman). A scalpel was used
to mince the tissue to ~1mm3 pieces. Then, approximately 10 mg of minced tissue was placed
within a conical tube with 300uL of 0.25% collagenase type I (C9263, Sigma Aldrich, US).
Samples were digested at 37 °C in an incubator under gentle agitation by a rotating mixer for
20 or 60 min. Subsequently, 700 ul of PBS* was added to deactivate the digestive enzyme.
Finally, it was run through different configuration of dissociation and filtration modules in
the IDF device. The results were compared to the conventional method which comprises of
repeated vertexing and pipetting to mechanically disrupt aggregates and then, filtration to

remove cell debris. Cell suspensions were then treated with 100 Units of DNase I (Roche,
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Indianapolis, IN) for 10 min at 37 °C. Finally, cells were washed and resuspended for further

analysis.

4.2.3. Dissociation studies

Devices were prepared by affixing 1/32 ID tubing (Nalgene, Rochester, NY) to the
hose barbs at both the inlet and outlet. Prior to use, devices were primed with PBS+ and
incubated for 15 minutes to prevent cell adhesion to the channel walls. Samples (MCF-7 cell
aggregate or digested tissue suspension) were loaded into a syringe and administered into
the IDF device by a syringe pump or peristaltic pump. In syringe pump setup, samples were
passed through the IDF device between syringes connect to the inlet and outlet with the
desired configuration, flow rate and number of passes. In peristaltic pump setup, samples
were injected to the closed loop of the IDF device connected to peristaltic pump through a
three-way stopcock valve and run with different configurations, flow rate and times. Finally,

devices were flushed with PBS* to wash out remaining cells and the sample was collected.

For the Digestion device process, Digestion device was prepared by affixing 0.05” ID
tubing to the device inlet and outlet hose barbs. Then, the device was washed with PBS+ to
reduce cell binding to channel walls. Freshly dissected tissue was minced into 1 mm3 pieces
and then loaded into the chamber. Then, a cover sticker was adhered to the top of the
chamber for sealing. The channels were primed with collagenase type I. In the next step, the
enzyme filled tubing was connected to make a close circuit between the device and peristaltic
pump. Then, circulation of enzyme was done inside an incubator at 37 °C at specified flow
rate and time. After that, the cell suspension was collected in a conical tube. Then, the effluent

was processed further through the IDF device with syringe pump or peristaltic pump.
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4.2.4. Cell counting

Dissociation efficiency for MCF-7 cell was determined based on single cell recovery
and yield. Single cell count for each condition was normalized to the single cell count prior
to device processing. Single cell and aggregates were counted using Trypan blue vital

staining and cell counting using a Biirker chamber.

4.2.5. Flow cytometry

Kidney cell suspensions were stained concurrently with 5 pg/mL anti-mouse CD45-
AF488 (clone 30-F11, BioLegend, San Diego, CA), 7 pg/mL EpCAM-PE (clone G8.8,
BioLegend, San Diego, CA), and 5 pg/mL TER119-AF647 (clone TER-119, BioLegend, San
Diego, CA) monoclonal antibodies for 30 minutes. Samples were then washed twice using
PBS+ by centrifugation, stained with 3.33 pg/mL viability dye 7-AAD (BD Biosciences, San
Jose, CA) on ice for at least 10 minutes, and analyzed on a Novocyte 3000 Flow Cytometer
(ACEA Biosciences, San Diego, CA). Flow cytometry data was compensated using single
stained cell samples or compensation beads (Invitrogen, Waltham, MA). Gates encompassing
the positive and negative subpopulations within each compensation sample were inputted
into FlowJo (Flow]o, Ashland, OR) to automatically calculate the compensation matrix. A
sequential gating scheme was used to identify live and dead single epithelial cells from
leukocytes, red blood cells, non-cellular debris, and cellular aggregates. Signal positivity was

determined using appropriate Fluorescence Minus One (FMO) controls.

4.3. Results and discussion

4.3.1. MCF7 cell aggregate dissociation in IDF device with pulsatile flow
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At first, MCF7 cell line was used to study the best configuration of branching channels
array and filter modules. 10 and 20 ml/min flow rates were chosen since it matches the
dynamics used for the tissue processing platform in our previous studies. Circulation
through the device was done for 0.5 and 2 minutes to study short-term and long-term effect
of the modules on dissociation of aggregates. The results show that recirculation for 0.5
minute at 20 ml/min shows the highest single cell yield. In this condition, the best cell yield
is achieved when the filter module is used alone. It has been observed that filter module
alone can give the highest cell yield in our studies with syringe pump as well. However, it is
worth mentioning that using the filter module will cause more fluctuations in the single cell
yield in higher flow rate (20 ml/min). Also, deeper look shows that increasing the flow rate
and recirculation time reduces the stability of results and the error bars get bigger. It can be
justified with the fact that at higher flow rate, instability period in each pulse will increase
which will cause larger error bars. In the most extreme condition, 20 ml/min with 2 minutes
recirculation time, number of aggregates drops significantly. However, the cell yield doesn’t
increase as expected. Also, viability is affected detrimentally. It shows that cells will break
down to debris at high flow rate and recirculation time. It warns that increasing the flow rate
and recirculation time cannot be an option for improving dissociation of aggregates. It is the
most important takeaway from this study. Although we are interested in higher flow rate for
a faster processing, it should be done in short amount of time. Therefore, flow rate of 20
ml/min with short circulation time would be the choice for the next studies. On the other
hand, among different configurations, filter module alone shows the highest single cell yield,

which is favorable, but it costs higher instability. Therefore, the best configuration is using
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the branching channel array module for the circulation time and passing the effluent though

the filter module for one time.
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Figure 23- Evaluation of different dissociation formats using cell aggregates. MCF-7 cells were
passed through the channels at 10 and 20 ml/min flow rates for either 0.5 or 2 minutes with different
formats of branching channel array and filter modules including: recirculation over branching
channel array for the specified period of time followed by one pass through filter, D+1F, recirculation
over both branching channel array and filter modules, (D+F), and recirculation over filter module ,F.
Results are shown for (A) single cell yield, (B) viability, and (C) aggregate yield which are all
normalized to the control that did not pass through the channels. Recirculation happens through

pulsatile flow provided by peristaltic pump. Data are presented as mean values +/- SEM from at least
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three independent experiments. Two-sided T test was used for statistical testing. Stars indicate p <

0.05 and double stars indicate p < 0.01 relative to the control,100%.

In the next step, we looked into the effect of flow rate and recirculation time on
optimal configuration of branching channel array and filter modules. MCF cell aggregates
were recirculated in branching channel array module at Flow rates of 10,20 and 30 ml/min
for 1,2 and 4 minutes followed by one pass through the filter module. Increasing the flow
rate reduces the aggregates significantly. It slightly reduces the viability as well. It is notable
that at 10 ml/min and 1 min circulation time, aggregate percentage increases as well as
single cell recovery (160%). It shows that at low flow rate and recirculation time, large
aggregates break down to smaller clusters and release single cells as well (flow rate=10
ml/min, 1 min recirculation time). In order to have a better evaluation of aggregate
dissociation, aggregates must be categorized based on their size and population. Overall,

lower flow rates are safer in studies with peristaltic pump with IDF device.
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Figure 24- Optimization of the branching channel array processing using cell aggregates. MCF-
7 cells were recirculated through the channel module with peristaltic pump for 1,2, and 4 minutes at
flow rates of 10,20 and 30 ml/min. Next, the effluent went through the filter module once. Results
are shown for (A) single cell yield, (B) viability, and (C) aggregate yield, which are all normalized to
the unprocessed control. Data are presented as mean values +/- SEM from at least three independent
experiments. Two-sided T test was used for statistical testing. Stars indicate p < 0.05 and double stars

indicate p < 0.01 relative to the control,100%.

4.3.2. Optimization of recirculation time in IDF with pulsatile flow

78



After preliminary studies with MCF7 cell line to understand the effect of flow rate and
recirculation time in different configurations of branching channel array and filter modules
with the pulsatile flow, tissue dissociation was studied. Kidney was used as the model tissue

because of its mechanical properties.

The effect of recirculation time with pulsatile flow was studied on dissociation of
kidney at 20 ml/min flow rate. First, the kidney tissue was digested with traditional method
for 20 and 60 minutes. Then, the effluent was recirculated through the IDF device with
peristaltic pump for different periods of time from 0.5 to 4 minutes. The results show that
cell yield is optimum in 1 minute recirculation. Tissue digested for 60 minutes shows more
sensitivity to recirculation time than 20 minutes digested tissue. This trend can be seen for
different cell types including epithelial cells, white blood cells and endothelial cells.
Increasing the recirculation time to 1 minute, improves the cell yield however if recirculation
goes for a longer time, cell yield will reduce which can be a proof of damage to the cells. It is

similar to what was observed for MCF7 cell line.
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Figure 25- Optimization of recirculation time with Branching channel array. Kidneys were
harvested, minced, and digested for the indicated time periods (20 or 60 minutes). Samples were
then recirculated through the channel module for the indicated time followed by one pass through
the filter module. Results are shown for viable and single (A) total cells, (B) EpCAM+ epithelial cells,
(C) endothelial cells, and (D) leukocytes. Data are presented as mean values +/- SEM from at least
three independent experiments. Two-sided T test was used for statistical testing. Stars indicate p <

0.05 and double stars indicate p < 0.01 relative to the control at the same digestion time.

After 20 min digestion, the cell yield is generally low across different recirculation

times. In this case, increasing the recirculation time doesn’t significantly change the cell yield.
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[t is worth noting that in short digestion time, cellular interactions with ECM are still the
strongest barrier against single cell release. As it was mentioned before, cells will go under
normal stresses with each pulse in the pulsatile flow. Pulsatile flow doesn’t give enough time
for flow development and therefore cells are barely experiencing shear flow in fully develop
laminar region. Therefore, pulsatile flow cannot be efficient enough to break down the ECM
and overcome the cell-ECM adhesion. However, after long digestion time when the cell-ECM
interactions have been loosened enough, pulsatile flow can provide enough shear stress to
break down the left intercellular interactions. Therefore, cell yield will increase with time to
1 min. Although exposure to shear stress can break the cellular interactions and loosened
cell-ECM interactions, it can also damage the cells. Therefore, these two sides need to be
balanced which happened at 1 min. The viability results show that device processing didn’t
significantly reduce the cell viability for epithelial cells. Endothelial cells and leukocytes
show lower viability, but device processing doesn’t reduce the viability compared to the

control condition.

81



I et
O 0.5 min
A M 1 min
100 [ 2 rmin
O 4 min
75
£
3
2 50
S
g
'_
25
U. n
20 &0
Digestion time (min)
C
100
£ 75
£
B
i
==
5 50
.
=
5 25
0

20 60
Digestion time (min)

Epithelial Viability(%)

Leukocyte Viability({%:)

100

73

50

25

100

T3

50

25

20 60
Digestion time (min)

20 &0
Digestion time (min)

Figure 26- Cell viability for optimization of recirculation time using murine kidney A) total cells

B) epithelial C) endothelial D) leukocyte viability at different recirculation times and digestion times.

Kidneys were harvested, minced, and digested for the indicated time periods. Samples were then

recirculated through the channel module for the indicated time followed by passing through filter

module once and resulting cell suspensions were analyzed using flow cytometry. Controls were

pipetted/vortexed and passed through a cell strainer. Data are presented as mean values +/- SEM

from at least three independent experiments. Two-sided T test was used for statistical testing.

4.3.3. Comparison of steady shear flow and pulsatile flow with IDF
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In our previous study, we found that IDF device can boost cell yield significantly for a
shortly digested tissue in a steady flow provided by syringe pump. In the next step, the
syringe pump was compared to the peristaltic pump. Different flow rates and recirculation

times were used with peristaltic pump to compare the results.
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Figure 27- Comparison of steady and pulsatile flow effect on IDF performance. Kidneys were
harvested, minced, and digested for the indicated time periods. Samples were then processed
through the channel module followed by one pass through the filter module. For the condition named

“Syringe pump”, samples were passed through the device with syringe pump (20 times for 20-minute
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digested sample and 10 times for 60 minute digested sample). This condition was chosen based on
optimum condition found in our previous paper. For other conditions, samples were recirculated
through the channel module for the specified period of time. Flow rate is 40 ml/min for all conditions
unless it is mentioned differently. Resulting cell suspensions were analyzed using flow cytometry.
Controls were pipetted/vortexed and passed through a cell strainer. Results are shown for viable and
single (A) total cells, (B) EpCAM+ epithelial cells, (C) endothelial cells, and (D) leukocytes. Optimal
results were attained using the single filter pass at each digestion time. Data are presented as mean
values +/- SEM from at least three independent experiments. Two-sided T test was used for statistical
testing. Stars indicate p < 0.05 and double stars indicate p < 0.01 relative to the control at the same

digestion time.

Different flow rate and recirculation times were used for peristaltic pump. 1 minute
recirculation time was chosen at 20 ml/min flow rate based on the previous results (Figure
25). In order to investigate the effect of higher flow rate, processing at 40 ml/min for 0.5,1
and 2 minutes were used. First, device performance on 20 min digested tissue will be
explored. Epithelial cell yield is 2-3 times higher with syringe pump compared to the
peristaltic pump. It proves our hypothesis that stable shear stresses exposed to tissue
aggregates in syringe pump is providing higher cell yield while the instability and portion of
normal stresses in peristaltic pump is not capable of breaking Cell-ECM interactions and
hence the cell yield is low. Changing the recirculation time doesn’t cause any statistically
significant change in cell yield. On the other hand, endothelial cells and white blood cells
yield didn’t show any privilege of syringe pump over the peristaltic pump. It can be suggested
that cell-ECM interactions are responsive to shear stresses and hence, epithelial cell yield

improves with syringe pump because of the steady exposure to shear stresses. Endothelial
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cells and leukocytes interactions with ECM is not showing sensitivity to flow type provided
by syringe pump or peristaltic pump. This hypothesis should be explored more deeply by
more studies on mechanical properties of cell- ECM interactions. Although heterogeneity of
tissue doesn’t allow to study each one individually, organ-on-chip technologies can provide

this opportunity.
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Figure 28- Cell viability for comparison of pulsatile and steady shear flow A) total cells B)

epithelial C) endothelial D) leukocyte viability at different conditions and digestion times. Kidneys
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were harvested, minced, and digested for the indicated time periods. Samples were then processed
through the channel module followed by one pass through the filter module. For the condition named
“Syringe pump”, samples were passed through the device with syringe pump (20 times for 20-minute
digested sample and 10 times for 60-minute digested sample). This condition was chosen based on
optimum condition found in our previous paper. For other conditions, samples were recirculated
through the channel module for the specified period of time. Flow rate is 40 ml/min for all conditions
unless it is mentioned differently. Resulting cell suspensions were analyzed using flow cytometry.
Controls were pipetted/vortexed and passed through a cell strainer. Data are presented as mean
values +/- SEM from at least three independent experiments. Two-sided T test was used for statistical
testing. Stars indicate p < 0.05 and double stars indicate p < 0.01 relative to the control at the same

digestion time.

Device performance on dissociation of 60-minute digested tissue elucidates another
aspect of adhesion forces of cells involved in tissue structure. Epithelial cell yield is higher in
steady flow with syringe pump compared to pulsatile flow with peristaltic pump. It is similar
to what was observed in 20 min digested tissue processing. After 60 minutes digestion, ECM
interactions have been loosened and therefore, cell-cell interactions are the main barrier
against single cell isolation. The results show that breaking epithelial cells interactions is
better achieved with steady shear flow. It suggests that where the goal is isolation of

epithelial cells and their enrichment, syringe pump should be chosen.

Interestingly, Endothelial cells yield improves with pulsatile flow. Cell yield at 20
ml/min with pulsatile flow (60000 cells/mg) is lower than the optimum condition of steady
flow with syringe pump (75000 cells/mg). However, increasing flow rate to 40 ml/min
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improves the cell yield to 8000 cells/mg in 0.5 minute and 11500 cells/mg in one minute.
Endothelial cells show better cell yield with peristaltic pump which can be correlated with
their physiological characteristics related to their exposure to pulsatile flow in blood vessels.
Studies have shown that steady laminar shear stress can upregulate endothelial genes while
turbulent shear stress doesn’t. There is also evidence that laminar shear flow can down
regulate expression of vascular cell adhesion molecules while upregulates the expression of
intercellular adhesion molecules. It has been shown that this shear modulation of ECs
through Mechano-transduction is transient when the shear exposure time is shorter than 1
hour[115, 139]. Therefore, any changes in gene or expression will eventually return to
normal when the flow field is waned. However, exposure time to high level of stresses (shear
and normal stress) at 40 ml/min will damage the cells surface. The results reflect that
exposure to stress longer than 1 minute will cause cell damage to the extent that cell yield

will reduce.

Leukocytes as stated before can be found in blood vessels and residing in tissue.
Another fact proven in literature is that pulsatile flow can attract leukocytes to the surface
of endothelial cells and hence, their isolation in response to flow will follow the same trend
as endothelial cells[140]. Therefore, portion of leukocytes interacting with endothelial cells
in blood vessels are responsive to pulsatile flow similar to endothelial cells and hence, the
best leukocyte yield is observed in 1 minute at 40 ml/min similar to endothelial cells.
However, the majority of leukocytes, freely suspended in blood or residing in tissue can lead
to higher cell yield in steady shear flow provided by syringe pump. It is also worth
mentioning that viability is more than 90% for epithelial cells for all conditions. Endothelial

cells and leukocytes show lower viability in general. Viability reduction is significant for 60
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min digested tissue. Further studies are required for process optimization to improve cell

viability.
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Figure 29- Studying the effect of flow rate on cell yield for the tissue dissociation platform

Kidneys were harvested, minced, and processed through the Digestion device with peristaltic pump.

Then, samples were passed through the channel module for 10 times with syringe pump. Processing



with peristaltic pump was done for different time intervals at different flow rates. 1,5,15-minute
intervals for 60 ml/min flow rate. 5,15,30-minute intervals for 40 ml/min and 15,30,60-minute
intervals at 20 ml/min. Results are shown for viable and single (A) total cells, (B) EpCAM+ epithelial
cells, (C) endothelial cells, and (D) leukocytes. Optimal results were attained using the single filter
pass at each digestion time. Data are presented as mean values +/- SEM from at least three

independent experiments.

Our studies on effect of pulsatile flow on cell yield and viability with IDF device
showed that best cell yield will be achieved with 10 passes through the syringe pump in a
steady shear flow. Therefore, this condition was chosen for the next series of experiments
where we studied the integration of IDF device with our previously developed Digestion
device. Interval operation was chosen for processing tissue with the Digestion device as it
was proven to be the optimal condition for improving cell yield. Our previous study showed
that long term recirculation of cells through the device will damage the cells and hence
interval condition can improve the cell yield by extracting liberated cells and preventing
damage caused by over exposure to shear stresses. Higher speed can shorten the shear stress
exposure while it is also favorable from the clinical standpoint of view. It is worth mentioning
that tissue was completely gone at 60 and 30 for 20,40 ml/min flow rates, respectively.
However, small piece of tissue was left after 15 minutes at 60 ml/min. Since the residual
tissue was negligible, tissue processing was stopped at 15 minutes. The results showed that
total cell yield is the highest at 40 ml/min. Epithelial Cell yield at 40 ml/min is close to the
yield at 20 ml/min but it is achieved in 30 minutes processing while it takes 60 minutes at

20 ml/min. Endothelial cell yield at 40 ml/min is slightly higher than 20 ml/min in half
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processing time. However, leukocytes yield is the highest at 20 ml/min which shows that

high level of shear stress can damage leukocytes (Figure 29).

Cell yield at 60 ml/min is significantly lower than 20 and 40 ml/min for all cell types.
It shows that high flow rate will expose cells to high shear stresses that can break down the
cells and reduce the cell yield. Based on these results, we can estimate the maximum shear

stress that can be applied in tissue dissociation without breaking the liberated cells.

It is also worth noting that leukocytes liberation rate after 15 minutes is similar at 40
and 60 ml/min rates. However, the liberation is lower before 15 minutes. In general, it can
be concluded that cell liberation rate is lower before 15 minutes for different cell types and
it slightly increases after 15 minutes. It can be an indication of different mechanisms during
the course of tissue processing. At first, cell-ECM interactions are stronger and hence cell
release is slower. However, cell-ECM interactions weaken by time and cell-cell interactions

are broken more easily which increases the cell liberation rate.
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Figure 30- Cell viability for flow rate optimization study A) 20 ml/min B) 40 ml/min C) 60 ml/min
at different time intervals mentioned in legend. Kidneys were harvested, minced, processed with the
microfluidic platform, and analyzed by flow cytometry. Samples were run through the Digestion
device for specified time with interval operation method. Then, the effluent was processed through

IDF device at 40 ml/min for 10 times with syringe pump. Data are presented as mean values +/- SEM
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from at least three independent experiments. Two-sided T test was used for statistical testing. Stars

indicate p < 0.05 and double stars indicate p < 0.01 relative to the control at the same digestion time.

Immune cells usually freely move with and between tissues because of their inherent
functions. Therefore, they are less sensitive to stress level because of being removed from a
3D tissue in contrast with structural cell types, as epithelial and endothelial cells, which
heavily depend on physical interactions with adjacent cells. Additionally, they are generally
easier to release since most of them don’t reside in the tissues[126]. However, it was
mentioned before that some portion of leukocytes can move in tissue and in connection with

endothelial cells. These features largely influence the liberation rate of leukocytes.

Viability results are shown in Figure 30. Cell viability reduces slightly at longer
processing times. This reduction is more significantly in endothelial cells and leukocytes.

Further studies are required for improvement of cell viability.

4.4. Conclusion

Optimization of cell aggregate and tissue dissociation using our branching channel
array and dual-filter modules that comprise our integrated disaggregation and filtration
device (IDF) in pulsatile flow was studied. MCF7 aggregate dissociation provided a simple
model to understand the dissociation mechanisms functioning in IDF device. Different flow
rates and recirculation times with different configurations of channel array and filter module
were studied. It showed the risk of flow instability at high flow rate (20 ml/min) and the
necessity of shorter recirculation times at high flow rates. Also, this study elucidated the

dominant function of filter module in dissociation of cell aggregates through breaking the
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cell-cell interactions. Conversely, minced and digested murine kidney relied upon the
branching channel array, and multiple filter passes was detrimental. As it was seen in steady
flow provided by syringe pump, it can be due to the larger size of the tissue aggregates and,
as we hypothesize, a greater role of cell-ECM interactions. Studying the efficiency of the IDF
device after a substantially shorter digestion (i.e., 20 vs 60 min) improved our understanding
of differences in cell-ECM interactions for different cell types. Although it is expected to see
cell yield increase with longer recirculation time, 20-minute digested tissue didn’t show
significant change of cell yield with increasing the recirculation time which can reflect the
weakness of pulsatile flow to overcome the adhesion forces involved in cell interaction with
ECM. Pulsatile flow exposes tissue to normal stresses because of disturbed non-developed
flow which is not strong enough to overcome the cell-ECM interactions in shortly digested
tissue. However, after 60 minutes digestion, cell adhesion to ECM has been loosened enough
to let the pulsatile flow stresses overcome the cell-cell interactions and release the cells. The
optimum cell yield for different cell types was observed at 1 minute. Longer exposure to flow
field can damage the cells and reduce the cell yield. The effect of pulsatile flow with
peristaltic pump was compared with steady flow provided by syringe pump, as well.
Interestingly, endothelial cells show more sensitivity to pulsatile flow which can be
attributed to their mechano-transduction. This work with the IDF device has advanced our
understanding of different dissociation mechanisms and cell/tissue aggregate properties in
different flow types. Deeper knowledge of these effective parameters and their link with
cellular interactions can pave the way to development of a universal microfluidic platform
for single cell preparation. IDF device provides a stage to study dissociation of cell and tissue

aggregates with different mechanisms through branching channel array and filter module.
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In addition, integration of IDF device with our previously developed Digestion device was
investigated. Studying the effect of flow rate showed the optimum flow rate is 40 ml/min.
High speed and High throughput of this platform facilitates its translation to industrial
applications. Our future studies will expand our knowledge of tissue dissociation by
evaluating different tissues and enzyme solutions and analyzing results using single cell RNA

sequencing.
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CHAPTER 5: Separation of cells from enzyme with bulk

acoustic waves

5.1. Introduction

Dominant biological traits in a population are usually explained by average analysis
methods. In these methods, cell-to-cell variability and the presence of rare cell populations
is masked causing challenges for building disease models and drug development[5, 10, 15,
131]. Single cell technologies provide a powerful tool to unravel the complexity of tissue and
redefine our understanding of biological events[21]. It has provided a powerful tool to
transform our knowledge of cells from macroscopical characteristics like morphology,
anatomical location, and origin to molecular expressions such as proteins, DNAs and RNAs.
High sensitivity of these technologies particularly scRNA seq magnifies the significance of
minimizing batch effects and technical variations in the process[8, 107, 124, 126]. Single cell
preparation is the major source of unwanted variations due to uncontrolled exposure of
tissue to chemical and mechanical treatments which can change protein and gene expression
and overshadow the true biological events. Microfluidic devices provide an effective
sensitive and quantitative technique which fits the requirements of single cell analysis.
Microfluidics has provided attractive solutions for many issues in biological studies with the
advantages of automation, portability, lower cost, and possibility of integration of different

functions.
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Our team has developed a microfluidic platform comprising of different modules for
tissue dissociation. Performance of different modules, digestion device, dissociation device,
filtration device, integrated dissociation and filtration device was studied with cell
aggregates and different types of tissue. These studies have improved our understanding of
different dissociation mechanisms in each module and their significance in isolation of
different cell types in a wide range of tissues including liver, heart, and kidney. It has helped
us to optimize the platform processing conditions which can empower us to move toward a
universal platform for tissue dissociation with the advantages including shorter processing

time, higher cell yield and viability and reduced genomic and phenotypic changes.

One of the findings in our previous studies was the cell damage in the digestion device
because of long circulation time for isolated cells. Our current digestion device takes
advantage of enzyme recirculation to isolate cells from tissue because single pass operation
would not be economically feasible from the standpoint of proteolytic enzymes cost (i.e.,
collagenase). However, cells that are liberated from the tissue are also recirculated, which
could lead to damage or even destruction. This long-term exposure of isolated cells to
enzyme is a concern in traditional method as well. Moreover, cells will be collected from the
enzyme after the digestion process, through centrifugation which may negatively affect the
functionality and integrity of cells. It can cause artifacts in sc-RNA Sequencing data and other
downstream analysis. To mitigate this risk, we need a technology to isolate the cells from the
enzyme in a continuous way. Various attempts have been made for isolating the cells based
on microfluidic platforms which introduce external forces like electrophoresis, inertial
focusing and acoustophoresis[141]. The throughput of these platforms is often too low to be

considered as a candidate for substituting the traditional method. Recently, application of
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acoustofluidics for cell manipulation has advanced rapidly since it doesn’t affect cell viability
in a negative way. Acoustofluidic devices face barriers regarding fabrication and throughput
in translation to industrial applications. However, bulk acoustic wave has the capability to

boost acoustofluidics to high throughput applications[142].

Another important criterion is a simple design that can be fabricated in a fast and
cheap method to facilitate its translation to the industrial application[141]. Right now,
common BAW devices are built on silicon, metal or glass which limits rapid prototyping[51].
These materials may cause cell adherence to their surface. Moreover, the cost of materials

and their fabrication complexity will make them unsuitable for commercialization[45, 143].

Therefore, we focused on development of a new high throughput polymeric device
that continuously transfers cells from the processing device effluent into a parallel buffer
stream. This High-throughput Acoustic Elution Device (AED) will be part of the final
dissociation platform. Our device will be polymeric which makes it disposable. Also, the
fabrication process will be multilayer pressure lamination that is simple, cost-effective, and

fast.

AED elute cells continuously from recirculating enzyme in a single broad, shallow
channel geometry (Figure 31). The buffer and cells suspension in enzyme are fed from their
corresponding inlet. Cells are exposed to acoustic field in the middle of the channel where
both fluid streams are in contact. Acoustic radiation force pushes the cells to the buffer
stream toward the pressure node designed at the top of the channel. Cells in the buffer are
collected from Cells outlet while the Enzyme can be led back into the digestion device from
the enzyme outlet to assist with further tissue break down. This configuration makes it
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possible to continuously remove cells from the system, preventing damage and shear-
induced phenotypic changes, while recycling the enzyme for further tissue digestion.
Another benefit is that the recovered cells are free of ambient RNA and debris since the
acoustic field is just able to move particles with diameter greater than 5 pm. Debris size is

usually smaller than 1 pm which make them suitable to be trapped in acoustic streaming.

Cells Cells
(in enzyme) OFF (in buffer)
l Buffer Enzgme

Piezoelectric Transducer

Cells
(in buffer)

Piezoelectric Transducer
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Figure 31- Schematic presentation of the Acousto-Elution Device (AED). when the acoustic field

is A) Off and B) On. Single cells, aggregates and debris trajectory are shown.

AED is a disposable device that facilitates continuous separation and enzyme
purification with high throughput. It can be a substitute for current methods for

centrifugation and filtration with translation potential.

5.2. Materials and methods

5.2.1. Theory and design

The design is based on bulk acoustic wave (BAW) resonance which is provided with
a total fluid layer height equal to one-quarter wavelength and reflector layer thickness equal
to one-half wavelength of the sound wave[144]. Designing the device with corresponding
dimensions builds a resonance in the device that will result in pressure nodes located at the
reflector boundary. Cells suspension will enter from the Cells (1st) inlet into the bottom part
of the channel, near the transducer. At the same time, buffer enters from the Buffer (2nd)
inlet into the top part of the channel. When the acoustic field is on, cells in the bottom part of
the channel are pushed towards the reflector, the top part of the channel into the buffer
stream by a positive acoustic force. Buffer exits the system through the Cells outlet (1st
outlet) while the purified enzyme exits the Enzyme outlet (2nd outlet) to be recirculated
through the Digestion device. Figure 31 represents a schematic view of the device in on/off
situation of the acoustic field. Cells will move toward the pressure node under the acoustic
radiation force generated with standing wave. The amount of acoustic radiation force can be

calculated as:
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Where k, = % Ao is the sounds wavelength, a is the cell diameter, E, the acoustic

energy density, k the compressibility, p density and subscripts ¢ and f denote the cell and

fluid, respectively. This equation is using the approximation of inviscid fluid which is correct
when § > a. § is th boundary layer thickness given by, § = \/% , where v is fluid kinematic

viscosity (momentum diffusivity) and w is the acoustic field angular frequency. Since § is
around 0.5 pm, when cell diameter is more than 5 pum, the effect of viscosity can be
neglected[145]. The acoustic force balances with drag force and particle velocity u=Fac/
(6mna) and so the velocity has aradius-squared dependence of particle size and hence, larger
particles will move faster. The flight time over a fixed distance is proportional to the inverse

of squared particle diameter (1/72).

For MCF7 cell line, which is used as a model cell line for preliminary study with radius
of 25 um, Contrast factor will be 0.25(Table 2). Assuming p, = 250 kP from a similar

pa2

4pmCm?

work[44], we can estimate acoustic Energy, E,. = = 6.97 % Therefore, the acoustic
m

force is 3.5 x 107'*N which can overcome F; = (p, — pp)V.g equal to 4.29 x 10712N.
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Table 2- Acoustic parameters used for calculation of acoustic force

Parameter Symbol Value Unit
Density, water Pm 1000 kg/m3?
Density, cells Pe 1068 kg/m?
Density, PS Pps 1050 kg/m?
Compressibility, water B 5.2 x 10710 Pa™?!
Compressibility, MCF7[139] B 42x1071° Pa™?t
Compressibility, PS Brs 2.2x 10710 Pa™?!
Speed of sound, water Cm 1497 m/s
Speed of sounds, PMMA Cemma 2680 m/s

Although theoretical calculations won’t perfectly match the 3D device with polymeric
materials, estimation of acoustic force shows that flight time for cells/beads (time required
for cells/beads to move from the bottom enzyme stream to top buffer stream) is short
enough (less than second) to isolate the cells from the enzyme at high flow rates of 10 to 20

ml/min.

5.2.2. Simulation
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To understand the acoustic pressure and cell displacement in the AED device,
numerical simulation was conducted using a finite-element-based software package,
COMSOL Multiphysics version 4.3a to solve the acoustic field on a vertical cross section of
the device within the transducer-functioning area by using a frequency domain model solver
at the resonance frequency of the transducer. The laminar flow and particle tracing for fluid
flow modules were used to predict the cell displacement in the lateral cross section inside
the channel under the acoustic radiation force and the stokes drag force. For simplification,
the device was assumed to be a three-layer geometry (bottom slide, channel layer, and top

slide) placed on a piezo transducer.

5.2.3. Device Fabrication

AED was fabricated though different methods to find the balance between ease of
fabrication and acoustic power to transfer cells to the parallel stream. At first, device
fabrication was similar to Gu et al[44]. Channel depth was engraved in top and bottom acrylic
sheets (4615T73, McMaster-Carr) using laser cutter (VLS4.60, Universal Laser systems). The
divider layer in between was made of a thin PET sheet (8567K62, McMaster-Carr) etched
with laser in the middle to provide two fluids meeting window. All the layers were attached
with double-sided PSA (ARcare 92712, Adhesive Research) under pressure. Barbs
(BDMR210-9, Nordson Medical) with 1.6 mm inner diameter made of clear polycarbonate
were attached to the inlet and outlet holes by a cyanoacrylate adhesive. 0.05” tubing was

affixed to the barbs.
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Figure 32- AED device fabrication with multilayer lamination. A) Photo of fabricated device with
multilayer pressure lamination. B) demonstration of flow inside the fabricated device to visualize
fluid mixing. Clear and blue dyed PBS/1%BSA were injected to the Cell and Buffer inlet and the

collected fluid in each outlet was analyzed by UV spectrophotometry to find the fluid mixing.

Laser power and speed was adjusted to achieve the reliable engraving depth.
Profilometer (Tencor, AlphaStep 200) was used to determine the engraving depth through

the length of acrylic sheets.

As an alternative, multilayer pressure lamination method was applied (Error! R
eference source not found.). Five plastic layers were laser etched completely through and
stacked together as shown in Error! Reference source not found. . The red layer is the c
arrier, and the blue layer is reflector, both made of PMMA. The middle 3 layers are made of
PET and form the fluid channel. The yellow layer is the divider that divides channel into two
sections for the cells and buffer stream. It provides a 30 mm long window for two fluids to

meet where the cells will relocate from the cell to the buffer stream.
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Three layers of PET with 0.12 mm thickness and four layers of PSA with 0.07 mm
thickness between each two layers build up the quarter wavelength height of channel, 0.63
mm. The reflector layer was designed to be half of the wavelength to build the resonator,
2.27 mm. The carrier layer was 1 mm thick to secure the minimum energy loss. The
fabrication method was simpler and more precise and both fluids have evenly distributed

through the channel width (Figure 32).

Two other fabrication methods with PDMS and glass were also studied. Half
wavelength channel design was tried similar to what was presented by Adams et al[45]. The
structure was designed such that the standing wave had a half wave in the bottom slide, a
half wave in the microchannel and a quarter wave in the top slide. Top and bottom layers
were glass slide while the middle layer was PDMS. PDMS middle layer was molded in a 3D
printed mold. Channel width of 10 mm Then, 3 layers were clamped together for heat

treatment and then, plasma treatment for adhesion.
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Figure 33- Glass/PDMS/Glass device prototype. The structure was designed such that the standing
wave had a half wave in the bottom slide, a half wave in the microchannel and a quarter wave in the

top slide. hpottom giass = 1000 um, hep, = 830 um, hiop grass = 1000 um, w, = 8.5 mm

In addition, another device was designed to have a quarter wavelength with PDMS on
top of glass slide of 1 mm. PDMS layer was molded and attached to the glass slide through

plasma treatment. In this method, PDMS layer sags and blocks the chamber.

e T

Figure 34- Glass/PDMS device prototype. with % wavelength design. The structure was designed
such that the standing wave had a half wave in the bottom slide, a quarter wave in the microchannel
and a quarter wave in the top slide. hppys = 514 um, hep = 374 um, hgiaes = 1000 pm, wep, =

10 mm

5.2.4. System setup

The device was primed with PBS/BSA buffer. PBS/BSA and cell suspension in PBS
were injected to the Buffer inlet and cells inlet, respectively through a peristaltic or syringe

pump. Suspension of MCF7 cell line in PBS/BSA with 106 cells/ml density or 105cells/ml poly

105



styrene microbeads(20pum) were used. The device was placed on piezoelectric transducer
with a coupling gel to allow transmittance of energy to the device. For acoustic actuation, a
function generator (Agilent Technologies, 33220A) with a voltage amplifier (Krohn-Hite,
7500) was used to provide the desired amplitude (Vpp) of the square waveform. An
impedance spectroscope (Zurich Instrument, HF21S) was used to find the accurate resonant

frequency after being bonded to the device.

5.2.5. Measurement of particle flight time
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Figure 35- Setup for watching the particle movement.

Suspension of microbeads was injected to the device. Device was mounted on top of
transducer. Device stood still to let the beads settle. Frequency sweep was done at different
voltages while monitoring the signal with oscilloscope. After finding the frequency at which
beads moved upward, flight time was measured by monitoring the time it took for particles
to move from the bottom of the channel to the top of the channel through measuring focus

time on microscope.

5.2.6. Cell count and viability
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Efficiency of the device was determined by measurement of cell count and viability
with LunaStem which stain cells live and dead cells with AO/PI marker. Briefly, 1.5 pl of
AO/PI stain is mixed with 18 pl of the sample by pipetting up and down. Next, 10 pl of the
mixed sample is loaded into the inlet of counting slide which will be inserted into the

instrument. After 10 s, live and dead cells image and count are displayed on the screen.

5.3. Results

5.3.1. Optimization of the fabrication method
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Figure 36- AED device fabrication results with laser engraving. A) Profilometry results for a
specific point on channel edge show a broad range of engraving depth with a lot of fluctuations. B)
dyed and clear PBS/1%BSA were injected to the device through the Cells and Buffer inlet. Sample

fluid is directed to the edges which shows higher depth in the edges compared to the center.

There are different methods available for fabrication of microfluidic devices among
which rapid, cheap, and simple methods are preferred. Also, there are challenges like
thermal stress buildup problem in micromachining and low interlayer adhesion in

multilayer soft lithography[146].

AED was fabricated though different methods to find the balance between ease of

fabrication and acoustic power to transfer cells to the parallel stream.

108



The data with laser cutter was not reproducible. Also, desired precision with less than
10% tolerance was not achieved (Figure 36 A). Moreover, laser cutting causes a rough,
uneven surface that can increase the potential of cell adhesion and flow disturbance. Another
profiler (Bruker, Dektak 3 Stylus) was used to measure the channel depth profile through
the width. The results showed that the engraving depth is higher in the edges which causes
the fluid to be directed to the channel edges (Figure 36 B). Therefore, the working area for
acoustic field will be significantly reduced and its efficiency will drop. It is also likely that any
lack of flatness or parallelism between the two faces will also appear to increase the system

damping(for layered resonators)[52].

As an alternative, multilayer pressure lamination method was applied (Error! R
eference source not found.). Multilayer pressure lamination is more robust than soft
lithography and it has the benefit of supporting high flow rates and pressures. Since it is
made of polymeric layers, it is cheap and disposable. The use of double-sided pressure
sensitive adhesive (PSA) for this fabrication process makes it more compatible for different
applications since they can be patterned using simple cutting tools and offers high adhesion
strength. The fabrication method was simpler and more precise and both fluids have evenly

distributed through the channel width.

In order to improve the acoustic force, two other fabrication methods with PDMS and
glass were also studied. Half wavelength channel design was tried similar to what was
presented by Adams et al[45]. The structure was designed such that the standing wave had
a half wave in the bottom slide, a half wave in the microchannel and a quarter wave in the

top slide. Top and bottom layers were glass slide while the middle layer was PDMS. PDMS
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middle layer was molded in a 3D printed mold. This fabrication method encounters
difficulties in insertion of inlet and outlet connectors, adhesion of layers and channel height
precision. Channel height tolerance can cause a detrimental reduction of acoustic radiation
force as shown in Figure 37. Also, non uniform acoustic pressure feld might have induced

disordered motion of the fluid which would have mixed the buffer and enzyme fluids

streams.
oV
48
& 45
Zz 44 Z 40
~ 42 =
B . g
w40 T, N 35
38
30
36
34 25
320 340 360 380 400 420 440 400 450 500 550 600 650
h ch / pm h /um
C

Figure 37- Acoustic radiation force dependence on channel height and reflector height.
Radiation force changes significantly with reflector and channel height for quarter wavelength
channel and half wavelength reflector. h(reflector height)= 500 pm , hen(channel height)= 370 um,

carrier layer=1 mm, resonance frequency=1 MHz

In Glass/PDMS design, PDMS layer sags and blocks the chamber. The PDMS on top
will sag into the channel and it can touch the channel bottom. PDMS deflection can be

estimated through the following equation:

110



__ Spgw*
Amax = 32hZE (3)

Where dmax is the maximum deflection of PDMS, w is the channel width, h is the PDMS
thickness and E is the PDMS elastic modulus. The results of plotting maximum deflection

versus PDMS thickness is shown in Figure 38.
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Figure 38- Membrane deflection versus PDMS thickness for different channel widths.

Among different devices, multilayer lamination offers more precise dimensions,
faster fabrication and easy connection of the inlets and outlets and it gives the best channel

height accuracy which is crucial for BAW resonance.
5.3.2. Flow rate adjustment for minimum fluid mixing

Since two fluid streams will be in contact within a 30 mm long window, there is a
chance of mixing between two fluid layers which will alleviate the enzyme efficiency. The
channel dimensions and flow rate make Reynolds number lower than 50 which means a fully
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laminar flow in the channel. Although the channel flow is in laminar regime, it is not
considered viscous flow (Re<<1), So, a degree of mixing is inevitable. Therefore, sample and
buffer flow rates were optimized to have the minimum mixing. For preliminary study, blue
dyed and clear PBS/1%BSA were injected into the Cells and Buffer inlets, respectively.
Mixing was evaluated based on percentage of blue color in each outlet effluent. Percentage
of color was measured based on calibration curve of UV absorption in 630 nm wavelength
vs composition with spectrophotometer (Thermo Scientific, NanoDrop 2000). It was found
that highest purity in sample flow will be achieved when the buffer flow rate is half the

sample flow rate (Table 3).

The other effective parameter is the hydrodynamic resistance. Since buffer flow has
a shorter fluid pathway compared to the sample flow, hydrodynamic resistance for buffer is
lower. The outlet tubing of two fluids were adjusted to achieve same resistance. Since same
buffer has been used for both sample and buffer flows, viscosity of both streams will be same,
and resistance can be adjusted by the length of outlet tubing. It was found that when the
length of Cells outlet tubing (Lb) is 1.3 times the length of Enzyme outlet tubing (Lb), equal

resistance can be achieved for both buffer and sample stream.
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Table 3- Effect of sample and buffer flow rate on fluids mixing

Sample flow rate Buffer flow rate Cells outlet Enzyme outlet

ml/min ml/min (%) (%)

10 10 19.45% 78.48%
20 20.95% 32.15%
5 50.34% 93.92%

5 5 34.15% 85.70%
10 12.98% 33.65%
25 53.33% 90.93%

2.5 2.5 39.88% 78.98%
5 22.19% 62.54%
1.25 61.79% 80.22%

5.3.3. Resonant frequency adjustment

For acoustic actuation, a function generator (Agilent Technologies, 33220A) with a
voltage amplifier (Krohn-Hite, 7500) was used to provide the desired amplitude (Vpp) of the
square waveform. The acoustic wave is sensitive to external perturbation based on the

following equation:

__2Amf?

af =2k @)

Where 1 is the mass/area ratio, p is the material density, A is the surface area and f,.is
the resonant frequency. Therefore, the device weight can reduce the resonance

frequency[147].

An impedance spectroscope (Zurich Instrument, HF21S) was used to find the

accurate resonant frequency. Resonance happens where the acoustic impedance, the
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product of density, and acoustic velocity, is the highest, and hence, the highest acoustic
energy will be achieved. The fundamental resonant frequency was detected at 591 kHz.
When the device filled with the sample fluid was loaded on the transducer, the resonant

frequency was shifted to 585 kHz.

Since the fluid-polymer interface doesn’t behave as an ideal reflector, the optimum
operating frequency will be determined by observation of focusing with frequency scanning.
Therefore, the Deflection of green fluorescent beads(Phosphorex, 2106G) suspension in the
device was monitored while scanning a frequency range around the fundamental resonant

frequency.

5.3.4. Effect of pump type
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Table 4- Evaluation of syringe and peristaltic pump for minimum mixing

sample flow rate Buffer flow rate Syringe pump Peristaltic pump

1st outlet | 2nd outlet | 1stoutlet 2nd outlet

ml/min ml/min (%) (%) (%) (%)
5 2.5 0.34 0.92 0.52 0.89
5 0.14 0.89 0.24 0.84

10 0.03 0.71 0.10 0.65

10 5 0.38 091 0.45 0.87
10 0.28 0.85 0.26 0.82

20 0.04 0.69 0.11 0.64

2.5 1.25 0.42 0.97 0.43 0.84
2.5 0.12 0.83 0.29 0.78

5 0.06 0.68 0.13 0.64

We tried two different pumps, syringe pump and peristaltic pump. Peristaltic pump
has the advantage of pumping at higher flow rates and recirculation ability, but it is not

stable. Syringe pump can provide steady flow, but recirculation is not possible, and it is not
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compatible with our other devices. It was found that the pump type does not affect the mixing

significantly (Table 4). Therefore, both pump types can be used for this application.

5.3.5. Displacement time for different device designs

According to impedance spectrometry, resonance frequency of the transducer was
found at 933 KHz. Frequency sweep was done in 900-1200 KHz. For this study, lower
amplification was used. Displacement of particles for two PDMS devices with half and
quarter wavelength channel were monitored. Average displacement time for Quarter
wavelength design was 5 s which happened at 1090KHz and 12 Vpp. It corresponds to

Acoustic energy density of 9.5 J]/m3. This design has a major fabrication issue.

The Glass/PDMS/Glass design with half wavelength channel was also studied.
Particle displacement happened at f = 840 kHz with Actuation: 12 Vpp, 8 W. The average

displacement time was ~ 8s and Acoustic energy density: 6.5 ]/m3.

Finally, the multilayer laminated device was tested. Particles displacement happened
at 1.007 MHz and 1.4 Vpp. The average displacement time was 2 s and acoustic energy

density of 13.5]/m3.

5.3.6. Device performance

First, the device was primed with PBS/BSA buffer. Efficiency of the device was
determined by measurement of cell count and viability with LunaStem. Suspension of MCF7
cell line in PBS/BSA with 10¢ cell/ml density was injected to the Cells inlet. At the same time,

PBS/BSA was injected to the Buffer inlet. Optimum flow rates of previous section were used.
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The device was placed on piezoelectric transducer with a coupling gel to allow transmittance
of energy to the device. The results show that when the acoustic field is off, majority of cells
will go straight to the Enzyme outlet. When the acoustic field is turned on, the cells are

pushed to the top part of channel and hence, the cells count will be higher in Cells outlet.
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Figure 39- Results of multilayer laminated device ran with MCF7 cell line. Suspension of MCF7
cell line in PBS/BSA with 106 cell/ml density was injected to the Cells inlet. Frequency=590.2 KHz

voltage=65 Vpp Buffer flow rate=5 ml/min sample flow rate=10 ml/min.

Although the current setup shows a positive total force (acoustic radiation force -
gravitational force) in the middle of the channel, it has low efficiency because of negative
force near the walls and at the top of the channel. Therefore, optimization of device design

with simulation can help in fabrication of a device with higher separation efficiency.
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Figure 40- Simulation results for the current device and Optimized version. A) Heat map of
FradZ-Fgrav (acoustic radiation force - gravitational force) (in pN) in channel, equipotential curves
in piezoelectric transducer (in V) and the displacement field (in nm) in the transducer and device
body (PMMA) for current device. Parameters: Frequency=0.585 MHz, Channel height=0.64 mm,
Bottom layer thickness=2.2 mm, Top layer thickness=2.2 mm, Channel width=20 mm. B) Total force

(Ftot) curve versus frequency(f0)

5.4. Conclusion

Tissue dissociation process is currently a manual time-consuming laborious
procedure which can introduce artifacts to the results of single cell analysis. Our group has
developed a microfluidic platform to offer a fast, cheap, automated, and precise method for
single cell preparation. In our studies, it was found that collecting extracted cells in different
intervals will increase the cell yield since it reduces the cell exposure time to shear stresses.
This finding inspired us to develop a microfluidic device with high throughput to
continuously elute liberated cells. Acoustic field can provide cell transfer from one buffer to

another in a microfluidic device with high throughput which is desirable in our platform.

118



Here, we proposed a polymeric acoustofluidic device which can be integrated with
previous modules in our platform. This device is manufactured by multilayer lamination
which makes it suitable for translation to industrial applications. Our device shows 70%
efficiency in transferring cells from one buffer to another. Improving the elution efficiency
will be done through adjustment of acoustic field, device design and fluids viscosity. This
technology offers a powerful tool for label-free elution of cells and enzyme recycling. It is
worth noting that operational parameters of sound waves in our devices are comparable to
the power and intensity used in ultrasonic imaging, which is regarded as a safe method even
for fetal imaging. Typical cell separation process is done offline which is troublesome for
complete automation of microfluidic platforms, but this device will offer inline continuous
cell elution from the platform. In a nutshell, our acoustic device has several advantages

including biocompatibility, low cost, ease of preparation and operation.
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CHAPTER 6: summary and future directions

Tissues are highly complex ecosystems composed of heterogenous cell population
that vary in gene expression and function. In order to capture this significant heterogeneity,
high throughput single cell analysis methods like flow cytometry and sc RNA sequencing
must be employed. However, the analysis methods require that tissues first be dissociated
into cellular suspensions. Conventional tissue dissociation protocols are inefficient relying
on manual time-consuming process which can cause major artifacts in single cell analysis. In
addition, the laborious and uncontrolled manual processing will be a major regulatory
barrier hindering the clinical application of single cells in areas of regenerative medicine.
Advances in microfluidic technologies has the potential to execute the tissue dissociation
process with an automated fast, precise, and high-throughput method. Our group has
developed a microfluidic platform for dissociation of tissue to single cells. In my thesis,  have
worked on optimization of this platform for heart and liver tissue which gave us a better
understanding of processing conditions on device efficiency. It shows how our platform
affects cell viability, and recovery. It was shown that this platform significantly shortens the
processing time and improves the cell yield. Each tissue has its unique cell types with its
specific mechanical and biological properties. It is crucially important to develop a digestion
process that will not compromise specific cell type because of their sensitivity to an enzyme
treatment or shear stress. Since tissue stiffness is a crucial factor determining the cell-cell
and cell-ECM interactions, heat and liver tissues were studied which covers a range of tissue
stiffness. Four different cell types, representatives of the major tissue functions were chosen

to evaluate the device efficiency on cell yield and viability based on counting cells with flow
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cytometry based on their protein expression on surface or nucleus. Results showed
significant improvement of cell yield for static condition compared to control. More
importantly, cell yield was soared notably for interval operation compared to static
condition. The major outcome of this step was shortening digestion time while increasing
cell yield to 10 times higher for hepatocytes and 4 times higher for cardiomyocytes. Another
takeaway was the fact that overexposure to shear stresses after cell liberation will damage

the cells and reduce the cell yield.

Next, I focused on the second module in our platform, integrated dissociation, and
filtration (IDF) device to understand the dissociation mechanisms involved and their role in
cell yield improvement for different cell types. It helps us to design processing conditions for
the optimum cell yield. This study showed that we can reduce tissue processing time
significantly by application of IDF device. Also, [ studied the effect of flow type, pulsatile flow
versus continuous shear flow on cell yield. Interestingly, endothelial cells show higher cell
yield in pulsatile flow while epithelial cells yield is higher with steady shear flow provided
by syringe pump. This study included other effective parameters like flow rate, as well. Flow
rate studies showed that flow rate can be increased to 40 ml/min to cut the tissue
dissociation time in half without any compromise in cell yield and viability. Finally, I
designed an acoustofluidic device which uses acoustic waves in order to move cells from
enzyme to a parallel buffer stream, continuously. This device can be integrated to our
previous devices and reduce the cell exposure to shear stresses and hence, improve the cell
yield. Acoustic elution device (AED) has the privilege of working with high throughput due
to the wide channels which makes it compatible with other modules in our tissue

dissociation platform. It is a disposable polymeric device fabricated with multilayer
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lamination, which is important for commercialization. This device offers continuous
purification of the enzyme and its recovery which is valuable for saving time, cost, and labor
in research labs. In future, we will add a nylon mesh filter, like those used in the Filter Device,
to the divider layer to retain cell aggregates within the sample stream. The aggregates would

then be recycled back to the Digestion Device for further dissociation.

This platform can translate to a universal platform for preparation of single cell
analysis. It can be an essential part of labs working on single-cell analysis for the
development of personalized medicine, regenerative medicine, and pharmacokinetic study
of drugs. Additional downstream microfluidic operations such as cell sorting, or capture can

be integrated into the final platform for further development of technology.
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