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SUMMARY

Efficient intracellular delivery of target macromolecules remains a major obstacle
in cell engineering, cell labeling, and other biomedical applications. Current standard
methods of intracellular delivery, such as viral transduction and electroporatiot do
meet the growing needs in the cell engineering field for-efisttive, scalable, and
efficient delivery that maintains cell viability. This thesis work has discovered the cell
biophysical phenomenon of convective intracellular macromolecule deliusiyy
mechanicallyinduced, transient cell volume exchange. Ultrafast microfluidic cell
compressions (<1 ms) are used to cause brief, deforrriationed cell volume loss
followed by volume recovery through uptake of extracellular fluid. Macromolecules
swspended in the surrounding fluid enter the cell on convective fluid currents. Convective
delivery is shown to bypass endosomal transport and is capable of achieving high
intracellular delivery for a broad range of molecule types and €ieflszolume exchnge
is shown to be dependent on strain rate, magnitude of compression, and cell physical
properties. The results of this thesis have informed the design and optimization of a high
throughput microfluidic technology capable of efficiently delivering a widdety of
macromolecule payloads to various cell types while maintaining viability and proliferation.
We harness this cell volume exchange behavior for convective intracellular delivery of
large macromolecules of interest, including plasmids (>2 MDa)panticles (>30 nm),
while maintaining high cell viability (>95%). Successful experiments in CRISB§0
gene editing and intracellular gene expression analysis demonstrate potential to overcome

the most prohibitive challenges in intracellular deliverydelt engineering.

XVii



CHAPTER 1. INTRODUCTION AND BACKGROUND

1.1 Overview of Cell Deformation Mechanics

Cells respond to mechanical forces tnydergoing deformation behavior that is
similar to that of aviscoelastic solidStudies ofthe deformationof various cell typesave
demonstratedhat cell mechanicabehaviorcan be characterized by both elastic and
viscous behavior, and that cells are atdechange and recover shajeresponse to

mechanical deformatiorj&-9].

1.1.1 Regims of Cell Deformation Behavior

Cell deformation behavior has been characterized by micropipette aspiration,
rheometers, and atomic force microscopy (AFM). These studies have shown that the
viscoelastic mechanical response of cells to deformations depanttie dime scale of
deformation onset. At slower deformation onset time scales (>0.01 s), cells have been
observed to have elastic behavior governed bygafts rheology dynami¢s-5]. In soft
glass rheology dynamics, cells undergo gradual deformaliahi$ not dependent on
deformation time scalfl,3,4]. At faster deformation onset time scales (<0.01 s), cells
demonstrate viscoelastic behavior in which apparent cell modulus increases with a faster
deformation time scale. This regime of cell mecharfeddavior appears to be governed
by actin network rheologyHgure 1.1) [2,5,6]. Therefore, the time scale at which cells
transition from an undeformed state to a fully deformed state affects the biomechanical

behavior that governs the cell deformation response. With slower deformation, the cell



follows softglass rheology behavior. Ding faster deformations, the cell behaves as a

viscoelastic material.

Cellular mechanical events

5 2
S a
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Figure 1.1: Cell viscoelastic behavior in different deformation regimesCells deformed

at time scales >0.01 s demonstrate-gtd#ssrheology, or mechanical behavior dominated

by elastic material properties. Cells deformed at faster time scales <0.01 s exhibit actin
network rheology, or viscoelastic behavior governed by the properties of the actin network.
There is potential for a thirctegime of slow creep to exist at time scales >10 s, but the
mechanisms that govern this regime are still unknown. Figure reproduced with permission
from reference [5].

Over the duration of compression at a constant strain, cells est@bp expansion
in a direction orthogonab the compressiohis expansion is characterized 4y initial
elastic deformation response followed by a slower viscoelastic ¢re®p Studies in
which cells are fully aspirated into a micropipette were conducted to obselive c
deformation behavior in these regimésgre1.2A,B). Micropipette studies have shown
that a cell undergoing compressiexhibits an initial phase of elastic, rdgxpansion in
the direction orthogonal to the applied force, followed by a slower viscoelastic creep phase

until equilibrium is reachedHgure 1.2C) [7,9]. Biophysical studies o$lower, gradual



deformationsshow that cells exhibit viscous deformation behavior without changing in
volume[10-13]. Rapid cell compression by micropipetteieegjon can cause cells to lose
some intracellular volumfg’,9]. The magnitude of volume loss is shown to be dependent

on the ratio of the cell diameter to the micropipette diametgu(el.2D) [7,9]. While the

time scale at which this cell volume loss occurs is described as being on the same order of
the aspiration time, the compression time scale required for cell volume loss was not
precisely quantified. The questiof the time scale at which cells transition from the
regime of volume conservation to the regime of volume loss during compression is a major

motivator for this thesis work.
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Figure 1.2: Cell deformation and volume change in micropipette study(A) A human
chondrocyte before aspiration into a micropipette. (B) The same cell after aspiration into a
micropipette. Cell volume measurements can be extracted from this image. (C) A deformed
cell exhibits initialelastic expansion orthogonal to the applied force, followed by slower
viscoelastic creep before reaching equilibrium. Figures reproduced with permission from



reference [7]. (D) Measurement of cell volume change during micropipette aspiration. As
cell dianeter () gets increasingly larger than micropipette diametegy, (e volume
ratio (J = V/\,) decreases. Therefore, cells that are much larger than the micropipette
diameter lose more volume. Figure reproduced with permission from reference [9].

1.1.2 Cell Recovery after Deformation

After deformation, cells recover to their pgeformation shapg2,14,15] The time
scale of cell recovery is shown to be dependent on the time scale of duration of the
deformation. Cells that experience a compressionishgtiort in duration wilfelax on a
fastertime scalewhereas cells that experience a longer compression will relax gldsyer
Following a brief compression, cells exhibit fast cell shape recovery thassstent with
rapid, poroelastic recovery balior of the cytoplasm at short time scales (<0.5 s) after

brief compressiofil5,16]

Cells that lose volume during compression must return to theicqmgression
volume as they recover shape after deformation. We hypothesize this volume recovery
would require cell uptake of surrounding fluid volume, including solvent and any
molecules suspended therein. However, studies of rapid cell mechanical compression have
not characterized the phenomenon of cell volume recovery after mechamdaitgd
volume Iss. The mechanism and nature of this cell volume recovery behavior is another
major motivation for this thesis work. This cell volume recovery behavior is of interest not
only to broaden our understanding of cell deformation mechanics, but also as mlpotent
mechanism for intracellular delivery of target molecules suspended in the surrounding

buffer.



1.2 Intracellular Delivery Mechanisms

The efficient delivery of molecules into cells to change or analyze their
physiological state is an indispensable need ferde rangeof biomedical usesanging
from diagnostics to cell therapy manufacturirithe demand for engineered cells is
increasing rapidly with the emergence of4daving clinical applications in regenerative
medicine, gene editing, and cell immunotp@es. However, cell manufacturing is
drastically hindered by the cost and inefficiency of current techniques for intracellular
delivery of macromolecule<Cell therapies require cell engineering methods that can
efficiently process therapeutic doseslo@order of 1 billion cells at low cost. The resulting
cell therapeutic product should also be high in viability, since low viability in therapeutic
cells can adversely affect treatment outcofdgs19]. Therefore, the FDA recommends
that therapeutic celhfusions have viability of at least 85%0,21] Furthermore, there are
several cargo types of interest for intracellular delivery, so an ideal delivery method should
be capable of delivering molecules with diverse material propgg¢dHowever, exishg
techniques for intracellular delivery of macromolecule and particle reagents do not
adequately medhe growing demands in the cell therapy indutryscalability, high cell

viability, and broad applicability for many cell and molecule types

1.2.1 Viral Transduction

Viral transduction is one of the earliest developed gene editing methods and
remains one of the most widely used cell engineering techniques in both clinical and
research settings. Howeveital transduction is restrictad clinical applicaibns by high

costs, scakeip limitations, andong-standing safety concesnassociated with random



insertional mutagenedi23-29]. Furthermore, viral capsids have packing limits that restrict
their applications in the delivery of large genetic constridts.two most commonly used

viral vectors, adenassociated viruand lentivirus exhibited significantly reduced viral

titers when packaging vector genomes larger than 5 kb and 9 kb, respel@;alij
Limitations in genetic cargo size is a major drascky as the cell therapy industry
increasingly demands multiple gene edits and larger genetic constructs to prevent disease

relapse and improve the safety and efficacy of cell therd3283]

1.2.2 Endocytic Particles

Non-viral endocytic mechanisnier delvering cargo into cells include lipidased
particles, cationic particles, cglenetrating peptides, and polymer particles. These
methods use chemical or particle carriers attached to the target delivery molecule to induce
cells to endocytose the cargonce internalized by the cell, the cargo must escape the
endosome before degradation occurs in order to perform their intended fulfi2ti3#

36]. These particles are significantly lower in cost than viral vectors and have been
increasingly utilized inegsearch laboratory settings. However endocytic particles can cause
lasting damage to the cell membrane, have a significant tradeoff between delivery
efficiency and cell viability, and the endosomal delivery mechanism causes the majority of
delivered molecies to be detained and degraded in lysoso@®8436]. Furthermore,

the use of chemical transfection agents can impact cell function and requires more rigorous
study in order to be approved by the United States Food and Drug Administration (FDA)

for usein patients, which limits the clinical applications of these methods.



1.2.3 Electroporation

Electroporation is a physical method of intracellular delivery that uses electrical
currents to form pores in the cell membrane coupled with electrophoresis to drigedh
target molecules through these pores. Electroporation is a rapid cell engineering method
that is effective for many cell types. However the electrophoretic driving mechanism
only ideally suited for charged molecules and can result in inconsitiwery with low
cell viability [25,37,38] Many intracellular delivery cargoes of interest, such as proteins
and nanoparticles, do not have charge properties that are favorable for electroporation
delivery. The inconsistent and cytotoxic nature of etgxiration makes it difficult to scale
up to clinical doses of engineered cells with high viability. Furthermore, electroporation
has been shown to accelerate cell exhaustion, which complicates the expansion step of the
cell manufacturing process and linite persistence and effectiveness of the resulting cell

therapieg39].

1.2.4 Mechanoporation for diffusive delivery

Mechanical methods, such as mechanoporation, are a promising agpraelver
molecules directly to the cytoplasm with high cell viabiliechanoporation has been
shown to be effective in delivering various target molecules into a variety of human cell
types [40-45]. A microfluidic implementation of these mechanisms results in high
throughput processing, up to®ells/s.Existing microfluidic mechanoporation methods
impart shear stress on cells to open pores in the cell membrane. Shear stress can be applied
as fluid shear by rapidly flowing cells through a narrow microchannel that is larger than

the cell diametef40]. Ultrasonic pressur&aves focused through a narrow microchannel



can also be used to permeabilize cell membranes through acoustic shear [REat&in
Microfluidic devices can exert frictional shear on cells using microchannels that are smaller
than the cell diameter; gradl constrictions are useditopart shear stresm cells without
clogging the singleell channelg§41-44,4751]. After these methods of microfluidic cell
shear opepores in the cell membrane, intracellular molecule delivery occurs by diffusion
down a oncentration gradient through the resulting cell membrane pditake diffusion

is auniversal driving force, its governed by the Stoké&Snstein Law for diffusion in

solution(Equationl.1) [52].

P

Where D is the diffusion constankk s Bol t zmanndés comrstant,
is the dynamic viscosity, and r is the radius of the diffusing parf@e.nonrspherical,
linear macromolecules such as DNA and RNA, diffusivity (D) has the following inverse
relation withpolymer lengthD ~ LV, wherev e 0.588 and L is the polymer teggth[53].
Therefore diffusion is constrained by threverse relationship betweathiffusivity and
moleculesize or lengthWe noteexisting approaches tmicrofluidic mechanoporation
have shown limited efficiency inthe delivery of large macromolecules
[40,42,44,47,49,51] While mechanoporation has many desirable properties for
intracellular delivery, the reliance on diffusion as the sole driving mechanism of molecule
transport into the cell is a major limitation on the applications sfrtiethod for delivery
of large macromolecules that are of therapeutic interest, such as DNA (>1 MDa). This
limitation has motivated this thesis work to investigate the cell deformation regime of cell

volume loss and recovery as a potential new driving ar@sh for intracellular delivery.



1.2.5 Mechanoporation for convective delivery

Most physicalapproaches for delivering exogenous materials into single cells are
based upon the creation of pores and tiging electric charge (electrophoresis) and/or
concentrabn gradient (passive diffusiot) drive them inWe provide a new driving force
of convection through theontrolled, transient ekange of cell volumeConvection is
broadly considered to be a type of mass transfer that occurs due to bulk fluid iMotien.
specifically, mass transfer due to convection occurs due to contributions from both
diffusion, wherein particles travel down a concentration gradient, and advection, wherein

particles are directionally transported due to bulk fluid f[64,55]

This thesis aims to study the intracellular delivery capabilities of a convective
driving mechanism. Methods that use diffusion alone as an intracellular delivery driving
mechanism have been shown to be limited in the size of the molecules that can efficiently
be delivered40,42,44,47,49,51ur objective is to study a mechanical method of causing
cells to exchange volume and macromolecules with the surrounding fluid. This method
utilizes the inherent ability of cells to rapidly deform and then recover shapsponse to
mechanical compressidii2,14,15] In regimes of cell compression in which cells lose
intracellular volume, we hypothesize that cells must uptake surrounding volume in order
to recover from deformation and return to-pmmpression shape andlume([7,9]. The
intracellular uptake of external fluid volume would necessitate a bulk fluid flow from the
cell exterior to the cell interior, and any molecules suspended in that fluid would be carried
into the cell in an advectiedominated intracellar delivery mechanism. We call this
convective intracellular delivery phenomenon cell VECT, or cell volume exchange for

convective transfer.



In this thesis, we develop and characteazenicrofluidic technologythat uses
purely mechanical interactions ¢ause cell volume exchange for convective intracellular
delivery of large macromolecules. The microfluidic dewises rectangular ridges within
a microchannel texertabrupt compressioran the cell, resulting in audden viscoelastic
response that regslin achange in shapend temporary reduction in volurfie4,15,56,57]
The compacted cell state creates potential for the cell to uptake surrounding molecules as
it rapidly recuperates lost volume, causing an influx of surrounding volume and molecules
that is driven by advection and therefore not subject to the molecule size limitations of

diffusive delivery

The results of this thesis have informed the development and optimization of the
cell VECT device design for useful applications in intracellular etivery. We
experimentally determined that intracellular delivery can be improved by increasing the
magnitude andelocity of cell compressionfs8,59] Our findings show that convective
delivery occurs at a rapid time scale during cell volume exchangke itiee devicg58].

We found that convective delivery can be repeated and maintained for multiple
compressiongo maximize volume exchange and intracellular molecule deli&59]
Effective multiplexing of the cell processing microchannels enablées thigpughput
processing (up to P@ells/s). Successful delivery of large macromolecules and plasmids
(>2 MDa) demonstrate utility for cell engineering techniques that require the delivery of
large reagentfs8,59] Cells processed using cell VECT mainthigh proliferation and
viability (>95%)[58,59] This unique combination of features, including high throughput,
maintained viability, and efficient delivery of large macromolecules, position cell VECT

for various useful applications for intracellularigety.
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1.3 Motivations for Intracellular Delivery

There exist a wide variety of useful applications for intracellular delivery of various
macromolecules in both research and clinical settings. Intracellular delivery of several
types of molecules, including otrast agents and gene expression probes, allow for cell
labeling, tracking, and analysis of intracellular gene expression. Delivery of cell
transfection or gene editing reagents allow for temporary or permanent modification of
gene expression for researahd therapeutic applications. In this thesis we will explore
potential applications for intracellular delivery for cell labeling and analysis and

modification of cell gene expression.

1.3.1 Intracellular labeling and analysis

The growing field of cell engineering requires assays to characterize the cell state
in order to monitor gene expression and elucidate gene interaction and signaling pathways.
To fully understand cell behavior, these assays must be able to provide irdaromaboth
external and internal cell activity. The vast majority of cell proteins are expressed in the
cell interior.However, current gene expression assays that do not compromise cell viability
are typically limited to analysis of genes expressed ercéll surface. Current standard
intracellular gene expression assays analyze DNA, RNA, or proteins extracted from a lysed
cell. Therefore, these methods are unable to provide information on temporal trends in gene
expression, since the analysis only talkesiapshot of the cell gene expression profile at
the moment in time when it was lysed. Furthermore, this method does not provide
information on the intracellular localization of the gene expredq€i0/61] Intracellular

staining and imaging methods daypide information on intracellular localization of gene
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expression. However, intracellular staining requires cells to be fixed and permeabilized,
which prevents tracking of gene expression over {#0¢61] Therefore, the field of cell
engineering wouldjreatly benefit from gene expression assays that can be performed on
viable cells, allowing for reaime analysis of intracellular gene expression in living cells

[60,61]

While characterization of gene expression levels jrudein localization is an
important capability, a complete understanding of intracellular activities and signaling
pathways requires the ability to analyze intracellular molecular interactions and
modifications. The field of iktell nuclear magnetic resonance (RMspectroscopy seeks
to characterize the molecular structure and interactions of biological molecules in their
native environment, at physiological conditions in the living §&H,63] Analysis of
intracellular protein interactions and modificationsilfeades the study of intracellular
protein signaling mechanisms and pathways. Detection and analysis of a target protein
using incell NMR requires the target signal to be distinguishable from the background
signal of other intracellular proteins. Thenefpthe target protein concentration usually
must exceed typical physiological levels in order to be detecté|é3] Therefore, in
cell NMR methods for the study of protein structure and modifications requires methods

for intracellular delivery of théarget proteins above physiological levels.

Intracellular analysis of gene expression and protein interactions are both valuable
research tools for the field of cell engineering. In a clinical setting, there are also useful
applications for intracelluladtelivery that would potentially integrate into and enhance the
effectiveness of existing cell therapy methodologies. Current methods in stem cell

transplantherapies for regenerative medicine typically harvest autologous stem cells and
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transplant them it a disease site in a single surgical proceftdes5] This procedure
does not allow for cells to be labeled before transplantation, which makes tracking cell
localization and therapeutic progression difficult. Therefore, clinicians have a very limited

ability to monitor treatment progression and intervene in the case of complid&te68)].

Current methods for labeling of therapeutic stem cellsnfeivo tracking require
the cells to be processed in a lab environment, often exposing them toctiansdgents
for several hours. This lengthy processing time does not allow for cells to be harvested,
labeled, and transplanted in a single surgery, which would require the patient to undergo a
second surgical procedure, which drives up costs and risksdimplications and
infections. Furthermore, the cells are required to leave the operating room to undergo
chemical processing, which exposes the cells to potential contaminatiofo8isad can
potentially impact stem cell physiology and pote[¥-72]. Therefore, a rapid method of
intracellular labeling would facilitate a single surgical procedure in which cells can be

harvested, labeled, and transplanted without leaving the operating room.

1.3.2 Modification of cell gene expression

Cell engineering has ba applied to great effect in the treatment of cancer through
cell-based immunotherapies. The field of dmised immunotherapies, or cell therapies,
utilizes genetically modified immune cells, typically cytotoxiecdlls, to target and
eliminate cancer dis. A preponderance of successes in clinical trials has led to the FDA
approval of chimeric antigen receptor (CAR)c@lls for the treatment of multiple
indications of B cellymphomaand B cell lymphoblastic leukem|#@3-77]. CAR T-cells

are a promisingcancertherapy wherein patient Icells are transfected texpress an
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artificial antigen receptor on the cell surface that causes thaargetcancer cells for
externallyinduced apoptosisiowever, current CAR Eell manufacturing practices must
overcomemany challenges before they are suitable for lagde, affordable treatments.
There are longtanding safety concerns with permanérel genetic modification of -
cells[37,78] Additionally, manufacturing requires 104 days okx vivoT-cell expansion

and viral transfection. This lengthy and costly process has resulted in newly approved CAR
T therapiesrom Kite and Novartisosting several hundreds of thousands of dollars for a
single treatmentFurthermore, the use of multiple edits in miacturing CAR TFcell
therapies has been shown to improve treatment effi&;83] Targeted insertion of the

CAR gene at the TRAC locus, rather than a random insertion location, has been shown to

improve tumor rejection in CAR T therapig®].

While CAR T-cells have been approved by the FDA, their effectiveness has mainly
been limited to bloodbased cancers. In the field of solid tumor treatmertelTreceptor
(TCR) therapies have shown promising results. However, the field of TCR therapies often
requres multiple gene edits. In addition to introducing an exogenous, modified TCR gene,
edits to permanently silence the endogenous TCR gene are used to prevent dangerous and
unpredictable interactions with the exogenous, edited [BOR Therefore, both CAR-
cells and TCR therapies would greatly benefit from efficient gene editing techniques that
facilitate multiple gene edits without prohibitively impacting cell viability or
manufacturing cost. Overalthe next generation of cddlased therapies would gitéy
benefit from nonviral intracellular delivery methods capable delivering large constructs for

multiple edits and targeted gene editing.
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CHAPTER 2. THESIS OVERVIEW

2.1 Introduction to Cell VECT

In this thesis, we will characterize the newly discovered behavior of cell volume
exchange caused by rapid mechanical compression and recovery and apply this
phenomenon for convective intracellular macromolecule delivery. Ralbidefermation
is caused by flowing cells through a microfluidic channel witlyeswith rectangular
crosssections that wenepeated within a microchannelpececisely exert abrupt and brief
compressionaipon cells. Hydrodynamic forces maintain higiell velocity throughout
multiple constrictions while the angled ridges remove dead cells and clusters of cells

which could cause occlusiofis-3].

We determined through higbpeed microscopy experimertigt volume changis
increased at higher velocity @édmagnitude of compressipand that cells were partially
able to recover their volume on the time scale of ~1 ms after each compressive event.
Characterization of cell integrity, viability, and related gene expression demonstrated no

detrimental effectsven for volume changes of up to 30%.

This surprising ability of cells to rapidly exchange fluid with their surroundings in
response to ultrafast mechanical compressiasents potent new way to deliver large
extracellular molecules and patrticles imtlls that solves limitations imposed by simple
diffusive transport through mechanicaityduced pores. We utilized this method of cell
volume exchange for convective transfer (VECT) to intracellularly deliver molecules and

particles suspended isurrounding extracellular buffer. The ability of cell VECT to
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efficiently deliver large molecules contrasts with currently described delivery methods that
rely on diffusion, which drastically decreases in delivery with larger macromolddules

10]. We demonstrateapid delivery intanultiple cell types of a variety of molecule types

and sizes, including dextran-p000 kDa), plasmids, mRNA, nanopatrticles, and even 100
nm beads. Thus, this new phenomenon of cell volume exchange under ultrafast mechanical

deformationenables a multitude of highly valuable cell engineering processes.

In brief, this thesis will begin by experimentally determining the governing
parameters of cell VECT. Then we will investigate the intracellular delivery capabilities
and physiological impas on the cell caused by cell VECT. Finally we will apply this
intracellular delivery technique to multiple applications of interest in both research and
clinical settings. The ultimate goal of the proposed thesis is to gain an understanding of the
mechaimsms behind cell VECT, characterize its delivery capabilities and physiological
effects on cells, and investigate and optimize the microfldieidce design and operating
conditionsfor intracellular delivery in a number of clinical and research use .cdsex)
our cell deformation mechanics and intracellular delivery studies, we will explore the
mechanisms of cell VECT and its effectiveness for useful applications, including
intracellular analysis and gene engineering. These objectives will be cartied the

following aims.

2.2 Aim 1: Governing Parameters of Cell VECT

We hypothesize that rapid onset and duration of mechanical compressions of cells

can cause a transient cell volume loss, followed by volume recovery. This phenomenon of
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cell volume exchargycan be utilized for convective transfer of large macromolecules to
the cell interior. This aim seeks to characterize the mechanisms and governing parameters
of the cell volume loss and recovery phenomenon during cell VECT. Specifically, we will
study cedl physical properties, including size and viscoelastic properties; device
characteristics, such as the magnitude and number of compressions; and experiment
parameters like flow rate and cargo concentration. We aim to determine the effects of these

parametes on cell volume exchange and intracellular delivery.

2.3 Aim 2: Delivery Capabilities and Cell Physiological Effects

We hypothesize that the volume exchange phenomenon during cell VECT results in
intracellular delivery mechanism that is convective and therefore not governed by diffusive
limitations on transport of large molecules. This purely mechanical intracellulaenyel
method would also be independent of endocytic pathways. This aim seeks to
experimentally determine the intracellular delivery capabilities and the physiological
impacts on the cell due to cell VECT. In particular, we will investigate the size ancthamo
of target molecules that can be deliveréte will study the intracellular localization of
delivered molecules, and specifically examine whether delivery is endosumealill also
determine the effects of rapid compressions on cell nuclear envedgptiytviability, and

protein loss.
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2.4 Aim 3: Applications for Cell Engineering

We hypothesize that the convective nature of cell VECT delivery enables this method
to be used to deliver a wide variety of target molecules to virtually any human celf type o
interest for useful applications in cell engineering and analysis. Therefore, we direct our
intracellular delivery studies to the specific applications of intracellular gene expression
analysis, temporary cell transfection, and gene editing. The prigoatyof this aim is to
present proebf-concept validation to demonstrate the utility of cell VECT for multiple

applications that are useful in clinical and research settings.
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CHAPTER 3. GOVERNING PARAMETERS OF CELL VECT

3.1 Introduction

Studies of the physical response of cells to deformation using micropipettes,
microaantilevers, and microfluidic manipulatiotsave shown that cells subjectéal
significant deformations of up to 85% strain applied across a range of timescales from ~10
€ s t btavethe abdity to recover to their prgeformation shapf-10]. Studies of cells
compressed by micropipette aspiration have reported cell volume loss, but have not
guantified the time scale at which volume loss occurs or characterized the phenomenon of

cell volume recovery to return to peempression volumg®,10].

High speed imagingof flow-through microfluidis observe large strain
deformationsand recoveryjrom compressions at time scales <1[41,12] Cells were
observed to recover to their previouslume and shape as cells relax upon leaving the
compressionWe studied whether this phenomenon dafiver extracellular liquid and
target molecules into the cell on convective fluid curreft® will investigate the
conditions and parameters cdmpres®ns that cause a transient exchange of fluid and
macromolecules between the cell interior and its surroundings for intracellular
macromolecule delivery{13-15]. We find the transition of timescales from slow
compression to fast compression that leadsh@ wtolume change phenomendhe
subsequent cell volume recovery behawaoidthedependence occompression parameters
andcell biomechanical properties. We characterize the biomechanical mechanisms of cell
volumeexchange, specifically investigatirige dependence afell volumeexchange on

compression parameters, cell relaxatiemg cellphysical properties.
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3.2 Investigation of Cell VECT Mechanism

We investigate the governing parametersgrafsient and significant (up to 30%) cell
volume change in response to large magnitude deformations with ultrafast timescales (~10
€s) . We attained fast def ormati ons by ra
constrictions with an abrupt, stepwise qoession profile. To characterize this new
behavior, we employed higgpeedvideo microscopy and quantitative fluorescent marker

deliveryto investigate cell deformation, volume loss, and recovery.

3.2.1 Microfluidic Cell Deformation Causes Cell Volume Loss

Cel deformation was caused Hiowing cells through a microfluidic channel
containing a multitude of ridgesith rectangular crossectioral profilesto preciselyand
repeatedlyexert abrupt and brief compressions upba cells. Hydrodynamic forces
maintaired high cell velocity throughout multiple constrictions, while the angled ridges
cleareddead cells and clusters of cells which could cause occlufl@8]. As cells
encountered the rectangular ridges, abrupt shape change was observed as cells compress
under the ridges to conform to a gap that is smaller thanrdlaxeddiameter Figure
3.1A). Cell compression timis the measurement of the amount of timedék takes to
traverse thesteepe dge of the ridge (<1 em as det er mi
measured cell velocity (~100 mm/s). During this time, cells were observeddfdom
vertically, perpendicular to the direction of flow, lp to50% of the cell diameterfor a
verticaldeformationvelocity on the order of 1 m/B1 contrast, diffusive mechanoporation
methods use gradual constrictions that deform cells over the course of approximately 50

>m (as opposed to the 1  steep edge of our rectgular ridges), which results in a
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vertical deformation velocity at least an order of magnitude slower, or <0.¢emisal
deformation velocity{19]. The suddenshape change caused by ti@uptdeformation
structure of the rectangular ridge was quatmitdy characterizedy high speed video

microscopy an@nalysis Figure3.1B).

Figure 3.1: Overview of microfluidic device and volume exchanggA) Profilometric

image of the microfluidic channel layout with diagonal ridges. The arrow indicates cell
flow direction. (B) Light microscopy image with overhead view of K562 cells flowing
through the ntrochannel and passing under ridges. (C) Csassional view of a cell
undergoing compression under the ridges and relaxation, illustrating volume exchange and
molecule uptake.
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The volume reduction of compressed cells indicated that a portion of cytasol
expelled from the cell interior through a mechanically compromised cell membrane. Cell
volume recovery, on the other hand, requires extracellular fluid to enter the cell. Since the
video analysis does not allow us to evaluate cell volteneveryin between the ridges,
we characterized the dynamics of volume exchange and fluid transfer through the
compromised cell membrane using fluorescently labeled dextran (Sifginah) as a
tracker molecule. Dextran of various sizes was added to the cell suspiemsiediately
before compression experiments. We hypothesized that cell relaxations after each
compression will cause the extracellular fluid to enter the cell interior transporting
suspendedluorescent molecules, and that the molecules will partiallyarerm the cell
interior after consecutive compressiamsl cell recoveryserving as an indicator of volume
exchangeKigure3.1C). Shortly after compression, the celembrane undergoes repair to
reestablish membrane integrity at a rapid time scale, seconds to minutes, after

permeabilizatiof19].

Using a computational cell deformation mofel] combined with area analysis of
high speed videos of individual cellstime microfluidic channel, we evaluated the change
in cell volume at several points in the chanfka(re3.2A). Measurements were taken of
K562 myelogenous leukemiadl area before compression, and then when entirely
constrained under each ridg&idgure 3.2Bi). Before compression, each cell was
approximated as an ellipsoid, whileetbell shape under each ridge was approximated to a

compressed cell height was equal to the ridge gap, which was independently measured by
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profilometry. Due to the uncertainty of cell shape and orientation between ridges, the cell

volume between ridges cannot be deduced from its area measurement.

() (=) ]

Figure 3.2: Overview of cell volume change measuremenfA) Overlay of the same

K562 cell (outlined) at multiple positions passing through the ridges. (B) Image analysis
of the area of a single cell insidestkdevice. The schematic diagram of a cell at (i) the
captured top view at each respective position; (i) three dimensional schematic
representation of the cell at positions before and during compression under first two ridges
(i) approximation of the sid view of the cell based on channel height at the corresponding
positions; overlaid view of the cell at different positions (iv) top view; (v) spherical
projection of cells with same volume as uncompressed and compressed conditions and (vi)
side view.

Assuming aknown gap and modeled cell shape, we determined the cell volume

before and during compressions. An overlay of cell area measurements at the various
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positions shows subtle area change, suggesting that the vertical constraint from the ridge
mainly acounts for the volume changeigure3.2Biv). A view of spherical cells with the

same volume as the compressed cells visualizes the volume change when projected on the
pre-compression cellRigure3.2Bv). Cells exhibited the most significant volume decrease

at the first ridge due to the sudden change in shape from ellipsoid to tduedaisoid

(Figure3.2Bvi).

Using the described methods to measure cell volume , we were able to determine
the effects of different compression parameters on cell volumeDesseasing theidge
gap size of the rarofluidic device that is the space between the ridge and the bottom of
the microfluidic channel through which the cells must comptedsto a greater volume
decrease between the fm@mpression cell and the cell compressed under the first ridge
(Figure 3.3A). The cell volume proceeded to slightly decrease with each subsequent
compression to a plateau volume after approximately 8 ridgegiré 3.3B). We
experimentally observed thatreasedompressiostrainfrom smaller ridge gaps resulted
in higher delivery of fluorescent moleculdsggure3.3C). The measured delivery to cells
with smallerridgegapsize( 5. 6 e m) was confounded at t he
flowing around the ridges rather than passing through the smaller gap utideheea
ridges. Ridges with gaps | arger than the K
volume change, and showed lower delivery of 2000 kDaC-dextran macromolecules
(Figure 3.3C) in a manner consistent with existing studies that used fluid shear
mechanoporation to induce membrane pores, allowing diffusive delivery of molecules

[17,20] Increasingidgegap size fromi6>m to 20>m resulted in low amounts of dextran

delivery, but ridge gaps smaér than the cell diameteignificantly increase delivern a
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manner that increased wisimallerridge gapsizes. Therefore, @dgegap smaller than the

relaxed cell diametazan be identified aa threshold at which delivery behavior changes.
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Figure 3.3: Impact of compression strain on volume loss and intracellular delivery.

(A) Percent of cell volume lost under the first edimcreased with smaller device ridge
gap, n>250, bars are interquartile range. (B) Normalized volume of cells at different ridge
positions in the channelx@5, bars are standard deviation. (C) Intracellular delivery of
2000 kDa FITGdextran (0.3mg/mL) increased with smaller size of ridge gap through
which cells pass. K562 cells were used for this study.

3.2.2 Faster Compression Time Scale Causes Greater Volume Loss

Cells were flowed through the ridged microchannel at varying flow rates to observe

theeffects of compression rate on cell volume change. Flow rate through the microchannel
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was varied from 3.5 mfm to 275 mns with high speed video recording to observe cell
responses during mechanical compression. A compresdgmgap of 9>m, previously
characterized to cause volume change in K562 myelogenous leukemia cells, was used for
this study{14]. Using a cell deformation model combined with area analysis of$pgkd
videos of individual cells in the microfluidic channel, we calculated the cesspd cell
volume under the first ridge compared to the volume of the ellipsoid cell before
compressiofl7].

At low flow rates, cells were observed to expand in gvegpendicular to
compressiorwhen deformed underneath the ridgeg(re 3.4A,B). At higher flow rates,
cells did not exhibit area expansion under the ridiggufe3.4C,D) yet were substantially
slowed down by the ridges. As flow rate increases, the cell area expansion decreases,
eventually approaching no area change compared to the uncompresseidwedB(4E).
This cell area expansion results in overall conservation of cell volume at slow flow rates,
but high flow rates cause cell volume I¢gsgure 3.4F). This behavior suggests that, as
cells undergo more rapid compressions, they are unable to expand under the ridge, resulting
in increased volume loss. This trend plateaued at the highestaies we tested, wherein
the cells appeared to maintain the same area under the compression compared to before
compression, indicating a maximized volume change for that compregigeyap size
of 9em.

We characterized the effects of compression rate on overall cell volume exchange
by using2000 kDa FITCdextran (Sigm&ldrich) as amolecular tracer. Flow cytometry

results from these experiments indicated that intracellular delivery of -&€k@an
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increased with faster compression réi@(re3.4G). Therefore, increased cell volume loss

due to faster compression results in greater intracellular delivery.
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Figure 3.4: Analysis of cell response to compression time scalk€562 cells in 9>m

ridge gap device.(A) Cells at the slowest flow rate, 3.5 mm/s, exhibit visible area
expansion between PO (before the first compoegsind P1 (under the first compression).

(B) Area expansion is diminished but still visible at 17 mm/s. (C) As flow moves faster,
140 mm/s, cell area expansion decreases until (D) at 275 mm/s the area under the ridge
remains the same compared to befoeeriige. (E) Plot of cell area increase percentage

compared to before the cells enter the ridge as a function of fluid floNate. 1 50 cel | s
bars represent interquartile range. (F) Plot of cell volume loss percentage under the first
ridge as a function of fluid flowrattld 150 cel |l s, bars represen

Intracellular delivery of 2000 kDa FIT@extran increasd with compression rate. Cell
recovery time between ridges is kept constant by scalingridige spacing with flow rate.

*P < 0.05,N = 3 experiments, bars represent standard deviation. Devices with 7 ridges
were used to avoid saturation or maximizatdrdelivery that would otherwise obscure

the effects of compression rate. No Device controls were exposed to thed&Xir@n
without being processed by the device.
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In order to understand the physical basis of the oates of cell responses, it is
intriguing to notethatthe T¢ at which the cell is unable to expand transverse to applied
force is of the same order of magnitug® ms)as thetime scaleof mechanicakignal
transmissionn theviscoelastiacytoskeleton~1 mg [21]. It is possible that tven the cell
is compresseavith T approaching théme scale of mechanical stimulus transmission in
thecytoskeleton but slower thahat of thecytoplasm, thénternalfluid pressure increases
rapidly. Snce the membrane is assumed to be held by thesksfieton, which cannot
respond to deformatigrthe result of the increageressure is fluid going through the
membrane. On the other hand, for lower deformation speeds, both fluid and cytoskeleton
can respond, and theell volume iscorserved.We therefoe hypothesize that rapid
deformation necessitates that the cell loses some of its volume to accommodate the

compression time scale.

3.2.3 Relation Between Volume Loss and Cell Physical Properties

To better understand the physical mechanisms that govern célT Vive
investigated the effect of cell physical properties, including cell size, elasticity, and
viscosity, on volume change. At constant compressitge gap size, we observed that
larger cells exhibited increased volume loss at every flow rate tedtsthwer flow rates
we observed a broader distribution of cell volume change behavior based on cell diameter
(Figure 3.5A). At faster flow rates the cell volume change shows a stronger correlation
with size Figure 3.5B). These observations suggest that cell volume change is highly
dependent on cell size at faster flow rates. However, at slower flow rates, other cell physical

properties, like cell viscosity or elasticity, could dominate.
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To test the impact of cell elasticipn volume change, high speed video analysis
was performed on K562 cells treated using a cytochalagiGD) protocol previously
characterized to | ower the celll Youngds Mo
kPa[17] However, CD treatment did not ekit a statistically significant impact on cell
volume loss at two different flow rates and concentrations of EiQufe 3.5C,D).
Similarly, a study of cells treated Wi2O>M bl ebbi st atin to reduce
did not show a statistically significant change in cell volume loss at multiple flow rates
(Figure3.5E) [22,23] Ther ef or e we conclude that these ct

using CD and blebbistatin did not significanitypactvolume loss.
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Figure 35: 1 nvestigation of effects ofvolheeungos
change K562 cells in @m gap device(A) At slow flow rate, cell volume change has a
broad distribution in relation 2:6631e@) | ar e
At fast flow rate, volume change shows strong correlation with cell & . N &8 150 ¢
linear regression R= 0.819 (C,D) Treatment of K562 cells with CD to decrease cell
Youngods modulus did not have a significant
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represent SD, P > 0. 34. ( E) bEdaln2to deehdes wer
cel | Youngds modul us. 9 em gap devices uUse
hour treatment. Blebbistatin treatedment did not have a significant impact on cell volume

loss at multiple flow rates. N = 25, bars represent SBPOR2.

The cell viscoelastic creep response has been shown to play an important role in
transducing irplane stresses to oaf-plane stresses and deformatiof810,24]
Therefore we explored viscosity as a governing factor of cell volume change ee$yons
comparing HE60 promyelocytic leukemia cells to K562 cells. 480 cells were
characterized by AFM to have higher Vvisco:

(Figure3.6, Table3.1) [16].
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Figure 3.6: AFM measurement of cell mechanical properties(A) Schematic of AFM

detection of a laser reflected off a deflected cargileThe cantilever bends when brought

in contact with a sample, causing the laser spot on the photodetector to move. Cell
indentation can be extracted by subtracting the amount of deflection by the position of the
back of the cantilever. (B) The initiapeoach portion of the force curve was fit to the
Hertzian contact model to calcul ate cell Y
curve was fit to an exponential decay curve to extract the viscous rate constant.
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K562 K562F HL-60 HEY OVCAR
Mean viscous rate constant T,/ [s1] 17.7 47.5 8.91 0.99 0.77
Viscous rate constant SD [s1] 13.7 27.9 4.6 0.11 0.11
Number of cells measured 69 42 63 100 90
Mean viscous time constant 7', [s] 0.056 0.021 0.112 1.01 1.3
Mean Young’s modulus [kPa] 0.40 23 0.86 0.38 0.60
Young’s modulus SD [kPa] 0.22 13 0.22 0.20 0.31

Table 3.1: Table of AFM measurementsof cell mechanical properties Measurements
were obtained using the methods outlined in Figure 3.6. Values for K562, K562F and HL
60 cells were taken from published AFM dEit6,17]

Studies have slwn that cells increasingly behave as a viscous material at faster
deformation rate§25,26] Video analysis of cells deforming under the first microfluidic
ridge determined that both K562 and48Q cells decrease in translational velocity relative
to thesurrounding fluid flow when under the ridgeigure 3.7A). The K562 and Ht60
cell experiments were controlled for flow rate and cell size to subject the cells toritbe s
magnitude and rate of compression. Yet the two cell types demonstrated different volume
change behavior. We found that at slow flow rates, more viscou60Htells did not
expand in aregerpendicular tdhe compression as much as K562 cells, and fitrere
showed higher volume chandgedure3.7B). As flow rate increases, the volume change of
the two cell types converge, suggesting cells of comparable size losea siohime at

faster flow rates.

To further test the hypothesis that cell viscoelastic properties govern cell area
expansion and volume loss during compression, we characterized the deformation response
of K562 cells crosslinked with formaldehyde. Treatment of K562 cells with 4%

formaldetyde for 30 mins at room temperatunas been shown to significantly increase
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Youngb6s modul us alt6ll7]dkeeiore, doemaldekydieated K562 vy

cells (K562F)exhibit more elastic and less viscous behavior. We observed that K562F cells
exhbited more area expansion and less volume change than untreated K562 cells at the
same fluid flow ratesHigure3.7C). Modifications to viscoelastic properties in K56&#ls

also shift the time scale at which volume change oct{B62F cells required a faster
compression time scale than untreated K562s in order to achieve the same volume change
(Figure 3.7D). For example, in order to reach 50% of maximum cell volume exchange,
untreated K562 cells must be compressed at compreisienl: & 0. 0035 sec,
K562F cellsrequireda 0. 0016 sec, about TherefareeK562kRe c o m
cells exhibitednore elastic behavior, expanding more under the ridge and therefore losing

less volume than untreated K562s at the same compression rates.

More viscous cells exhibit sloweut-of-plane expansion during both the onset and
duration of deformation, while elastic cell behavior is characterized by rapid
expansionj7,9,10,2729] These observations suggest that cells with higher viscosity
exhibit less expansion in the initial elasiphase and slower expansion during the
viscoelastic creep phas&tudies have shown that cells behave as more viscoelastic
materials during fast deformati¢®0-32]. With slower deformation, cells behave as more
elastic materialf30,32-35]. This resultsn cells at high flow rates exhibiting more viscous
behavior with less expansion orthogonal to compression, while cells at slower flow rates

would behave as an elastic material with increased expansion.
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Figure 3.7: Effects of cell viscosity on cell volumechangd. ¢ m gap dEYi ces
Both K562 and HE60 cells slow down relative to the surrounding fluid flow when they

interact with the first ridge. (B) Highly viscous H0 cells sbw more volume loss at slow

flow rates compared to K562 cells. As flow rate increases the volume change converges.
**pP < 0.0001, *P < 0.005, -BOapéonOeceils, 9
devices used. (CK562 cells were treated with 4% foatdehyde for 30 mins at room
temperature to increase cell Youngds- modul
treated K562 cells (K562F) exhibited a statistically significant decrease in volume loss
compared to untreated cells at the same fluid flowt es. **P < 0. 00001,
whiskers represent 190 percentile. (D) K562F cells required a faster compression time
scale than untreated K562s in order for t
represent best fit to a sigmoidal function

We visualize this behavior imallustration Figure3.8A,B) andqualitative plot of
out-of-plane expansion for a more viscous and less viscous cell, based on a model of the
cell as a viscoelastic solid consisting of an elastic cortical shell suliraya viscous fluid

(Figure3.8C) [10,29] Therefore at faster compression due to high flow rate, cells exhibit
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more viscous behavior. At slower compression duewoflow rate, cells exhibit elastic
behavior. Amore viscous cell would be expected to exhibit less expansion and therefore

more volume loss than a less viscous cell.
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Figure 3.8: Cell viscoelastic behaviorchanges with compression rate and impacts
volume loss(A) Cells at high flow rate faster onset and duration of deformation, resulting

in more viscous behavior, reduced expansion, and therefore more volume loss. (B) Cells at
low flow rate compress slowsvith longer duration of compression, allowing for elastic
expansion behavior and volume conservation. (C) Qualitative plot of cetif-qléane
expansion behavior during deformation. Cells undergo an initial, fast elastic deformation
phase followed by a®lver, viscoelastic creep phase. More viscous cells exhibit less initial
elastic expansion and slower viscoelastic creep than less viscous cells.

A dimensionless parameterization of the forces involved in the cell compression
behavior will allow us to coektualize the interactions between external forces and cell
mechanical properties that result in cell volume |dssgparameterize inertial force divided
by viscous force, we calculateReynolds numberRe for the vertical compression of

multiple cell types with mechanical properties measured by AKhg the following

definition: YQ — —. However, a plot oRe did not produce a single trend of
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correlation between Re and volume change among multiple cell tppe€3.9A). A

dimensionless ratio of inertial force to elastic fonaes also calculataasing the following
definition:— —— ,where;, = densi ty, V essionweldacityiLceell cel |

di ameter, e = cell Vi scosi t butthisElimensionless n g 6 s
numberalso did not converge to a single trend for multiple cell typeigute 3.9B).
Therefore, it appears that the volume change behavior of multiple cell types over different

compression rates is not well explained by considering viscous and elastic forces

individually.
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change for multiple cell types at various flow rates. (B) The ratio of inertial force to elastic
force was calculated for multiple cell types and compression rates. A pidEosimilarly

did not exhibit a single trend of coragion with volume change. Variables are defined as

" = density, V = vertical cell compression velocity, L = cell diameter cell viscosity, E

= Young6és modulus, A = cell area. N O 25,

We next evaluated the observed belhavior by considering the combined effects
of cell viscosity, elasticity, and compression rate on the resultant volume change. The
relation between cell viscosity and elasticity during deformation is parameterized using the
dimensionless Ericksen numhdr), which determines the relation between viscous and

elastic forcegEquation 3.1]36,37]

By np ey e aprep ey geg el © T THHTUT HH 4 o 9 44
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The cell is modeled as a Maxwell viscoelastic material with dynamic viscosity
>=TvE,[3840lwher e E i s the Ywsthegigcasus tivhe donstantas a n d
measured by AFMTable 3.1). Viscous force is dependent on cell compression velocity

(V = cwglere Tt is the compression time measured by video analysis) and a
characteristic | ength ( Licongpredsibngap). Bheelaste d c e |

force is defined by Youngds Modulus and A,

At slow flow rates, and therefore |dgr values, the cell exhibits elastic deformation
behavior, expanding in area during initial compresfot0,30,3235]. The slow flav rate
also results in longer duration of compression, so the cell also expands transversely due to
viscoelastic creep, resulting in volume conservation. Higher flow rates result inHBarger

values, wherein the cell enters a viscoelastic behavior regimiegdcompression onset
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that causes decreased initial elastic deformd86¢82]. In addition, the shorter duration
of compression allows less time for viscoelastic creep expansion during compression,

resulting in an overall decrease in cell voluf®,10].

We find that several cell types follow the same sigmoidal trend of volume change
dependence on Ericksen number, as determined by nonlinear regression performed on data
points from multiple leukocyte and epithelial cell lindsg(re 3.10). To account for
differences in cell size and compression gap in these data, we examined a ratio of the
observed cell volume change and the maximum attainable volume change, where the cell

does not expand in area during compression.

1.0
0]
8)
© 0.8+ @ K562: 16.4 ym diam, 9 pm gap
3 O HL-60: 15.2 pm diam, 9 pm gap
g 0.6 A HEY: 214 pm diam, 8 pm gap
° V OVCAR-3: 20 ym diam, 9 um gap
% 0.4 O K562F: 16.4 ym diam, 9 pym gap
g —— Nonlinear regression
0 0.2+
©
14

5

1 | |
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Ericksen number

Figure 3.10: Ericksen number as a dimensionless parameterization of cell volume
loss. A plot of volume change for multiple cell types shows sigmoidal relation with
Ericksen number Hr). Cell types include leukocyte cell lines K562, 480, and
formaldehydetreated K562F, and epithelial cell lines HEY and OVGBR N O 25,
represent standard error.
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At conditions in which Er >>1, in which cell volume change occwes,observe
that the time scale €¢I at which cells transition from fully uncompressed to fully
compressed under the first ridge is significantly faster than the cell viscous time constant
(Tv). At these conditions, the cell must deform very rapidly arebsdmt demonstrate the
area expansion that was observed at small Er conditions. In the cell behavior regime of
rapid deformation (J << Ty), cells are forced to compress at a time scale too fast for

cytoplasmic remodeling and mechanical stimulus transamgsi occuf21].

In order to understand the physical basis of the time scales of cell responses, it is
intriguing to note that theckt which the cell is unable to expand transverse to the applied
force is of the same order of magnitude (~2 ms) as the $icale of mechanical signal
transmission in the viscoelastic cytoskeleton (~1 [@%). We hypothesize that when T
approaches the time scale of mechanical stimulus transmission in the cytoskeleton,
deformation occurs too quickly for the cytoskeleton éwpand transverse to the
compression. The cell membrane is also unable to undergo transverse expansion since it is
attached to the compressed cytoskeleton. Therefore, the internal fluid pressure increases
rapidly, and fluid leaves the cell as a result. the other hand, for lower deformation
speeds, both fluid and cytoskeleton have sufficient time to undergo transverse expansion,
and the cell volume is conservéur findings suggest theapid deformation necessitates

that the cell loses some of its volarto accommodate the compresdiome scale.

The convergence plot of cell volume change behavior with relation to Ericksen
number provides a dimensionless parameterization of cell volume loss in response to
mechanical forces. The collapse of multiple tghes to a single trend of relation between

volume changand Ersuggests a primacy obth viscosity and elasticityy determining
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the extent of volume change, whiglas not seen in other parameterizations. Therefore cell
deformation behavior igoverned by the viscoelastic properties of the cell as a whole, and
cannot be fully characterized bynly consideringindividual cell componentslone

Various subcellular components, including the cytoskeleton and cytosol, can however be
contributing facbrs to the viscoelastic mechanical response of the cell. When mechanical
forces cause cells to deform at a time scale that exceeds the limits set by cell viscoelastic

behavior, the cell undergoes permeabilization.

3.2.4 Characterizingvolume Recovery through Maular Delivery

The volume reduction of compressed cells indicated that a portion of cytosol was
expelled from the cell interidhrough a mechanically compromised cell membr&ed|
volume recovery, on the other hand, requires extracellular fluighter the cell We
characterizedthe dynamics ofintracellular uptake of surrounding fluid volume and
moleculesthrough the compromised cell membrameng fluorescently labeled dextran
(SigmaAldrich) as a tracker molecul&ITC-dextran (2000 kDa MWyvasadded to the
cell suspension immediately before compression experimentsdéfecedthat cell
relaxations after each compression will cause the extracellular fluid to enter the cell interior
transporting dispersed fluorescent molecules, and that the resleeill partially remain
in the cell interior after consecutive compressions serving as an indicator of volume

exchange

Based on the correlation between volume loss and molecule delivery, we
hypothesized that altering the time that the cell relaxesrasves between consecutive

constrictions can affect the volume uptake and, therefore, molecular delivery. The
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relaxation time between ridges was controlled either by varying the ridge spacing or the

flow rate. We observed that increased flow rate resuttetbcreased delivery, while the

200 em spacing between ridges consistently
spacing Figure 3.11A). Therefore, the increadaelaxation time between ridges led to

greater deliveryRigure 3.11B), despite differences in flow speed and ridge spacing. We

also observed that molecular delivehowed diminishing returns past a certain duration

of cell relaxation between ridges (~1 ms), suggesting a saturation point of relaxation

(Figure3.11B). This result isn contrast with diffusive delivery, which increases with faster

flow rates[41,42]
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Figure 3.11: Characterizing cell volume recovery through molecule delivery(A)
Molecule delivery of 2000 kDa FIT-@extran (0.3 mg/mL) decreased with faster flow rate.
However, 200>m spacing between ridges consistently demonstrated higher delivery than
100 >m spacig across several flow rates. (B) Delivery increased with greater cell
relaxation time between the ridges until a plateau was observeédo(€jule delivery was
greater with increasing number of constrictions. The trend plateaued after 14 ridges. K562
cels with 9 em gap devices were used.

48



3.2.5 More Compressions Increases Delivery

The use of multiple ridgesauses repetition of cell volume exchange events.
Increasing the number of ridges in the microchagnetly increased molecular delivery
to the cells. V@ observed a positive and nlomear correlation between the number of
ridges and molecule deliveryhis trend continued to a plateau, wherein devices with 14
ridges and 21 ridges demonstrated the same delfeerthese experimental conditions
(Figure3.12). The overlap in delivered fluorescent molecule intensity at 14 and 21 ridges
suggests that intracellular delivery has been maximized for these particular experimental

conditions.

400 Negative h
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Figure 3.12: Impact of repeated compressions on molecule deliveriolecule delivery

of 2000 kDa FITGdextran (0.3 mg/mL) was greater with increasing number of
constrictions. The trend eventually plateaus, with 14 and 21 ridges showing the same
fluorescence intensity profile of deéired fluorescent cargo molecules. K562 cells with 9
em gap devices were used.
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Based on these results, we hypothesize that each ridge compression event results in
cell volume exchange, bringing the intracellular concentration of the target molecute close
to the extracellular concentration. By subjecting the cells to repeated volume exchange
events by incorporating more ridges into the microfluidic device, we raise the intracellular
target molecule concentration. Past a certain number of ridges, we ger loipserve
significant increase in delivery, suggesting that the intracellular concentration cannot be

raised further based on the extracellular concentration.

3.2.6 Delivery Occurs During Volume Exchange

To determine the time scale at which delivery occursdwcell VECT, we designed
an experiment to analyze the relative amount of delivery that occurs during the brief time
(<0.1 s) of cell compressions inside the device channel and immediately after leaving the
device. Delivery inside the channel was deteedi by flowing K562 cells through the
channel with the target delivery molecules, 2000 kDa Fdiégtran, and then inhibiting
delivery after the channel by immediately diluting the outlet sample into a mofeeeale
bath(Figure 3.13A). Delivery after the channel was isolated by flowing cells through the
channel in the absence of target molecules, then exposing the cells to a rratbdudeh
immediately after leaving ghchannelFigure 3.13B). Molecules were delivered to over
80% of cells during their <0.1 s transit through the channel, while only ~33% of cells
exhibited delivery whenprovided dextran immediately after transit through the
compressions, even after incubation in the outlet well for >10 minutes. A threstad
the brightestl0% of the No Device control was used to define the lower bound of

fluorescence for positive tieery (Figure 3.13C). The high delivery obtained primarily
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during compressions inside the channel supports that cell VECT delivers large

macromolecules by fluid exchange during compression and relaxation.
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Figure 3.13. Study of intracellular delivery during and after compression. (A)
Delivery during compression inside the device was isolated by flowing cells through the
device in the presence of target moleculegntimmediately plunging the cells into a
moleculefree bath. (B) Delivery after compression was isolated by flowing cells through
the device in the absence of target molecules, then plunging cells into a mdlecbiath
immediately after leaving the dee. (C) Isolation of delivery inside the channel
demonstrated that >80% of cells successfully uptake molecules during the brief time inside
the channel. Only ~33% of cells showed delivery after incubating in a moleciilbath

upon leaving the device, = 3. K562 cells were delivered with 2000 kDa Ffd@i€xtran
eEmM gap

(0.3

mg/ mL) wusing a 9
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3.3 Summary of Cell VECT Mechanism

Overall, the process of cell VECT can be summarized beginning with cell volume
loss during rapid compression, followed by cell uptake of surrounding volume and target
molecules during recovery, and repetition of compressions for maximum intracellular

delivery of target molecules.

3.3.1 Cell Volume Loss During Rapid Compression

The rapid compressions that cells experience in the cell VECT microfluidic device
are vital for intracellular delivery. As cells flow rapidly down the microchannel, they
encounter severaldges with a rectangular profile. In order to pass through the ridge, the
cell must undergo rapid compression. A sufficiently rapid compression will cause the cell
to lose some of its intracellular volume. Faster compressions have been shown to increase
volume loss until a maximum is reached for a cell type with a particular gap size. Smaller
compression gaps impose greater strain on the cells, which also results in greater volume
loss. We found that the cell behaves as a viscoelastic material, withsingigaviscous
behavior as the cell undergoes faster compressions. This viscoelastic behavior allows the
cell to deform at a certain range of time scales while conserving volume. If the cell
undergoes a compression that exceeds this range of time dealesl|ltioses volume. It
has been found that increased volume loss facilitates increased intracellular delivery of

target molecules suspended with the cells.
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3.3.2 Uptake of Surrounding Volume During Recovery

The loss of cell volume during compression doescaase intracellular molecule
delivery in and of itself. Instead, cell volume loss creates the potential for intracellular
delivery to occur because the elastic nature of the cell causes the cell to recover to its
normal shape and volume after a defornmaticherefore, convective intracellular molecule
delivery requires cell volume recovery. A cell that loses more volume must also recover
more volume, and therefore it will uptake more surrounding molecules. Cells that are
allowed sufficient time to recovesolume between compressions were shown to uptake
more target molecules than cells that had less time to recover. Overall, cell volume loss
and recovery are both necessary components of intracellular delivery by cell volume

exchange.

3.3.3 Repeat Compressiong fldlaximum Delivery

The repetition of these compressions causes multiple cell volume exchange events.
Each volume exchange event raises the intracellular target molecule concentration to be
closer to the extracellular concentration. Therefore, the use tiplauwidges in the
microfluidic devices results in increased intracellular delivery of target molecules. This
trend continues to a plateau, where increasing the number of ridges no longer significantly
improves delivery. We determined that molecule @glivoccurs at a rapid time scale
during cell compression inside the device, rather than at longer time scales as the cell
recovers after passing through the device. This finding is consistent with a rapid,

convective mechanism of intracellular deliverythex than a slower, diffusive mechanism.
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3.4 Methods

3.4.1 Fabrication ofMicrofluidic Channels

The microfluidic features of this device were molded onto polydimethylsiloxane
(PDMS) and plasma bonded to a glass slide. A reusabl8 Bidld was made using
standard twestep photolithography on a silicon waf@io fabricate the devices, a 10:1
ratio of PDMS and crosslinking agent was mixed and poured onto #&raJd to form
the microfluidic channel features by replica molding. The PDMS was then degassed in
vacuum chamber and cured fbihr at 80°C. The cooled PDMS was then removed from
the molds and outlets and inlets were punched using biopsy punches. The PDMS was then
bonded tacleanglass slides using a plasma bonder (PE2G Harrick) followed by 1 hr
in a 80°C oven. After cooling, the channels were passivated using 1% bovine serum
albumin (BSA) for an overnight incubation at 4¥%or more detailed protocols, please see

Appendix A.1.

3.4.2 Microfluidic ExperimentalSetup

Cells were resuspended ircall flow buffer consisting of DPBS-) with 0.1%
BSA, 0.04% EDTA. Experiments in which video was taken used cell flow buffer with the
addition of 25% Percoll to maintain cell suspension in buffer without setfling.cells
were isolated from culture media amsuspended in buffer al-5x1C celldmL with the
desired concentration of target molecules. Thelngfler suspension was infused into the
microfluidic device at a controlled rate using syringe pumps (PHD 2000, Harvard
Apparatus)A cell flow rate of ~D0 mm/s through the channel was used unless the flow

rate was the independent varialtler delivery experimentspflowing collection from the
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outlets, the cells were washed 2X witB-fold volume DPBS ¢/-) to remove residual

molecules external to thellse

3.4.3 Cell Culture

K562 cells from ATCC were cultured in RPMB40 supplemented with 10% fetal
bovine serum (FBS) and 1% penicitstreptomycin.HL-60 cells from ATCC were
cultured in IMDM with 2% FBS and 1% penicillistreptomycin HEY cells from MD
Anderson Cancer Center in Houston, TX were cultureRRMI-1640 with 10% FBS and
1% penicillinstreptomycin OVCAR-3 cells from the National Cancer Institute (NCI) in
Bethesda, MD were cultured iRPMI-1640 with 20% FBS and 1% penicillin
streptomycin Adherentcells werepassaged using 0.25% Tryp&tDTA. The cells were

incubated at 37°C with 5% GO

3.4.4 High SeedVideoMicroscopy

The experiments were carried out on the stage of an inverted -beight
microscope (Eclipse Ti, Nikon), with a higipeed camera atthment (Phantom v7.3,
Vision Research). PDMS microchannel deformation was analyzed usingfiegtra
objective focusing on the beginning of the ridge field, where deformation would be highest.
Our studies were conducted at flow rates in which deformafidéheomicrochannel and
ri dges was not detectabl e ( <ninwagsihe.slowedte mi n
flow rate at which cells would pass under the ridges. High speed (>1,000 fps) videos were

taken of cells during processing at various segmentsafdkice.
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3.4.5 Video Analysis for Cell Volume Change

To measure the cell volume inside the device, we took measurements of the cell
area from video data and applied volume assumptions based on a cell deformation model.
For automated measurementguatom celktracking algorithm was used to automatically
track the trajectory and area of cells in the video, with manual measurements used to verify.
For each tracked cell, the algorithm identified all video frames where the cell was visible,
and extracted the posih and number of pixels it occupied (areBpr each manual
measurement, we took the ellipse that fit to the pixels of the sharpest gray scale intensity
gradient to represent the maximum projected cell boundary. We calibrated the length scales
of each image based on known ridge dimensions, whidbieshas to translate the number
of pixels into an area measurement. For each cell, we measured the area before it entered
the ridge region of the device to determine its uncompressed volume and the area when
completely under each ridge to determine the m@ssed volumes. The volume of the
unperturbed suspension cell was taken as an ellipsoid where radius was extracted from cell
area measurement and used to calculate volume. The process of calculating a volume
measurement from admensional image of a cqressed cell has potential sources of
error due to the uncertainty of thedBnensional shape of the cell under the ridge. To
address this uncertainty, we considered two cases for cell shape that represent the upper
and lower limits of possible cell volum&he smallest possible cell volume corresponds to
the unperturbed ellipsoid case, where the cell maintains an ellipsoid shape with a diameter
in the Zplane (into the image plane) equal to the known ridge compression gap as
measured by profilometry. Tharlyest possible cell volume corresponds to the cylindrical

case, where the -glane height of the cylindrical cell is equal to the known ridge
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compression gap. To reconcile these two cell shape cases, we modeled the compressed cell
as a truncated ellipsoid@o calculate the volume of a truncated ellipsoid cell, we applied

the ellipsoid procedure to the compressed cell area and cut away equal caps that represent
the volume of the ellipsoid that intersected with the known constraints of the ridge and
channel bttom. This was considered the maximum reasonable volume for the compressed
cell as it approached the cylindrical case for larger cells and collapsed back to the

unperturbed ellipsoid case for smaller cells.

3.4.6 Statistical Analysis

GraphPad Prisnand Micro®ft Excel wereused to perform statistical analysis
(ANOVA and ttest) and generate plofBhe curve for Er vs volume change was obtained
in Prismby transforming the Er values for all four cell types to log, then performing a
nonlinear regression to sagmoidal functionas a physiologically relevant model of cell
volume change behavior during the volume change transition phase of Er values and at the

maximum and minimum Er values

3.4.7 Flow Cytometry

The BD Accuri C6 Flow Cytometer was used to characterize cell uptake of
fluorescent target molecules. Samples processed with-8¢k€an were excited with a
488 nm wavelength laser and emission was detected with a 533/30Hilterescence
intensity wasnormalized with respect to the highest intensity groApthreshold
fluorescence intensity set to include the brigh1®86 of the Nadevice control was used

to gatefor positive delivery unless otherwise stated.

57



3.4.8 Atomic Force Microscopy

To charactege the mechanical propertiestb&é ovarian cancer cell linese used
force spectroscopy to obtain foroelentation curves with aMFP-3D atomic force
microscope (Asylum Research) with an integrated optical microscope (Nikon) on a
vibration isolation tale. Cells were grown on glass FluoroDishes (World Precision
|l nstruments) . For better gl obal stiffness
polystyrene particles were attached to tipless silica nitride cantilevers (Bruker Probes)
using a twepart epay and dried for >24 hour$he AFM was calibrated by taking a single
force curve on a clean FluoroDish. The Sader calibration method was used to obtain
cantilever spring constants (k is approximately2B0pN/nm) based on the thermal
vibration of the cartever.Ce | | s wer e i/surdilefotcetdggeadf 102N vgam
reached. The z position of the cantilever was held in place for 5 seconds, dwelling towards
the surface, allowing for viscous relaxation of the cell before the cantilever was tetracte
See Figure ## for schematic of AFM setup, force curve acquisition, avtefitsed custom
R code to fit the dwell region of the force curve to an exponential decay function to extract
the viscous rate constant. T sed austdmrRacode t h e

relying on the Hertzian contact model.
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CHAPTER 4. DELIVERY CAPABILITIE S AND CELL

PHYSIOLOGICAL EFFECT S

4.1 Introduction

Studies of microscale cell deformatgoobserved by lgh speed video microscopy
have elucidated a new cell behavior in which sufficiently rapid mechanical compression of
cells can lead to transient cell volume loss and then recovery. Our work has discovered that
the resulting volume exchange between thein&drior and the surrounding fluid can be
utilized for efficient, convective delivery of large macromolecules (2000 kDa) to the cell
interior. However, many fundamental questions remain about this cell behavior, including
the intracellular macromoleculeldery capabilitieghe physiological effects experienced
by the cell. In thisection we study the relation between intracellular delivery and molecule
size, the intracellular molecule concentration achieved, and the localization of delivery
We also anafze nuclear envelope integrity amatracellularprotein loss after the volume
exchange process. These results define a highly controlled cell volume exchange
mechanism for intracellular delivery of large macromolecules that maintains cell viability

and function for invaluable downstream research and clinical applications.

Efficient intracellular delivery of target macromolecules remains a major obstacle
in cell engineering and other biomedical applicatiohise ability of cells to rapidly
exchange fluid wh their surroundings in response to ultrafast mechanical compressions
opens a potent new way to deliver large extracellular molecules and patrticles into cells. We

utilized this method of cell volume exchange for convective transfer (VECT) to
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intracellulaty deliver molecules and particles suspended in extracellular fluid. The ability
to efficiently deliver large molecules contrasts with currently described delivery methods
that rely on diffusion for transmembrane transfer of molecules, which is inefficien
large macromoleculgd-7]. Thus, this new phenomenon of cell volume exchange under
ultrafast mechanical deformation potentially enables a multitude of highly valuable cell

engineering processes.

Studies havehown that compressianediated cell volme change increases with
higher cell strairand faster strain raf@-11]. In this chapter, we aim to characterize the
delivery capabilities of cell VECT with regard to molecule size and intracellular
localization of the payload. Furthermore, studyihgeffects of cell volume loss on cell
physiologywill inform the use of this method in research and clinical intracellular delivery
applications. While cells that undergo volume change were shown to maintain viability,
other factors of interest such as naclenvelope integrity and intracellular protein loss
have not yet been characterizétlis aim seeks to characterize the intracellular molecule

delivery capabilities and the resultant physiological effects on the cell.

The cell volume exchange phenomensimplemented in a microfluidic system
that uses ridges to briefly impose compressiéigufe4.1A, B). Cells suspended in buffer
and flowed through the device rapigiass through a microchannel in which they undergo
sudden deformations under the ridgeg(re4.1C), resulting in an abrupt change in shape.
This compression is designed to have a rapid onset (on the orded 00 8) and brief
duration (~1 msas determined by higbpeed video microscopyresulting in a cell
behavior regime of fast cell volume loaad recovery[9,11,12] The volume loss and

recovery can cause cells to uptake surrounding molecules suspended Eiguea# (1D),
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a phenomenon called cell volumechange for convective transfer (cell VECT). This cell
behavior has been used to deliver macromolecules to the interior of various human cell
types using convection, which is not restrained by moleculefaizbe range tested {4

2000 kDa)[9,11].

Outlet)

Figure 4.1: Microfluidic ridge -based cell compressions cause volume exchan(fe)
Schematic of device layout. See Appendix A.2 for device design details. (B) Optical
micrograph of microchannel witbhevron ridge geometry. (C) Stilame image from

video of K562 cells flowing through the microchannel and ridges under light microscopy.
(D) Schematic of cell permeabilization and volume loss, subsequent recovery, and repeated
volume exchange with com@®ons.
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4.2 Characterizing Intracellular Delivery Capabilities

4.2.1 Convective Delivery Dependence on Molecule Size

We aimed to characterize the convective nature of intracellular delivery using cell
VECT by testing the impact of molecule size on deliv8iyce diffusion rate is inversely
proportional to molecule size, diffusive delivery typically shows lower efficiency for larger
macromolecule$2-7]. In contrast, cell VECT demonstrated intracellular delivery with
high efficiency (~90% of cells uptake molees) regardless of molecule size for the range
tested Figure4.2A). This study usedn equalbuffer concentratiofimass per volumeof
molecules ranging from 4 kDa, raulg the molecular weight (MW) of a small molecule
drug, to 2000 kDawhich is roughly the MW of a 3200 bp plasmichis sizeindependent
delivery supported our hypothesis that molecule uptake was achieved predominantly by
advection which is the directiorldransport of extracellular molecules into the cell due to
bulk fluid flow during cell volume recovery13,14] rather than molecular diffusion
through membrane pores. We atkemonstrated delivery éluoSpherel00 nm diameter

fluorescentpolystyrenebeals (ThermoFisherto K562 cells as a demonstration of this

met hodbés ability to deigured2B). extremely | arg
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Figure 4.2: Molecule size capability of intracellular delivery. (A) Delivery was
independent of molecule size for the range test&2D00 kDa FITCdextran, 0.3 mg/mL).

No device control with 2000 kDa FIF@extran. K562 cells with 10.2m gap device. (B)
Delivery of 100 nm fluorescent particles to K562 cells withn7 gap device. Confocal
microscopy shows fluorescent particles (red) delivered to the cell interior after microfluidic
device processingonfocal microscopy Atacksof the sane cell(bottomrow) show that
fluorescent particles are in the cell interior.

4.2.2 Delivery Saturation and Removal

We tested the dependence of intracellular delivery on extracellular concentration of
the target moleculél'he intracellularmolecular deliverywas also found tincrease with
higherextracellular concentratioof the target molecul@~igure4.3A) when qualitatively

analyzed by flow cytometry of a delivered fluorescent tracer molecule, 2000 kDa FITC
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dextran. To more precisely quantify intracellular delivery, we delivered ferumoxgtol i
nanoparticles to adiposkerived stem cells (ADSCs). Inductively coupled plasma (ICP)
mass spectrometry was used to quantify the iron content per cell. Approximating the
volume of an ADSC to be on the order of 1 pL, we find that the intracellular ipaten

of target molecule reaches ~20% of the extracellular concentrati¢Rigure 4.3B,C)

[15]. This intracellular concentration is reasonable considering that fo#lkhe most part,

consist of large internal structures such as the nucleus, membrane bound organelles, and
the cytoskeleton, and therefore a significant portion of the intracellular volume is

inaccessible to foreign molecules.
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o
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Figure 4.3: Characterizing intracellular concentration of delivered molecules.(A)

K562 cells processed with3 0 0 € g/ mL o f -déx0ah Qualikativaly irfereabed

in intracellular delivery when characterized by cell fluosree intensityNo device
control with 1>g/mL.1 0. 2 em gap devices wused. ( B)
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ADSCs were quantified with ICP mass spectrometry to reach intracellular concentration
~10-20% of the extracellular concentration. ADSCs weregssed in a 9.6m gap device.
ICP mass spectrometry done by Daldtupk Lab, Stanford.

To further explore the hypothesis that cell VECT causestdiget molecule
concentration in thecytosol to reach equilibriundue to repeated compressipnge
processed previously dextrpositive cellghrough the device witdextranfree buffer to
remove the dextran from within the cells. We first delivered 2000 kDa J88x@ran to
K562 cells using VECT, then resuspended these delivered cells inffd@ Buffer and
processed them in the device again for the Removal group. We found that the Removal
group has a mean fluorescence intensity that matches the No Device group, indicating that
this method is highly effective in removing previously delivered miéescfigure4.4A).

These results support our assertion that cell VECT achieved molecule concentration
equilibrium and can remove unbound molecules from the cell intexicapability not
demonstrated with diffusive deliveifft6]. Similarly, we also delivered a fluorescently
labeled nonbinding isotype control antibody to human embryonic kidney (HEK) cells and
then removed the delivered antibodies by processing theagelis using cell VECT in an
antibodyfree buffer(Figure4.4B). These data suggest that multiple compartments exist
within the cell, some of which undergo rapid exchamgeell VECT to reach a saturation

point of exchange with the extracellular molecule concentration.
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Figure 4.4: Characterizing equilibration with extracellular concentration by removal

of delivered molecules(A) 2000 kDaFITC-dextran (0.3 mg/mL) delivered to K562 cells

was removed by processing the cells in the device witha-FITCe e buf f er, N=2.
device with 22 ridgesised. Fluorescence intensity was normalized to the highest group.

(B) A nontbinding APC IgG1 isotype control antibody (8§/mL) was delivered to HEK

cells using a m gap device, and then removed by processing the cells through the device
again in antibdy-free buffer.

4.2.3 Intracellular Localization of Delivered Molecules

The application of cell VECT can address important limitationsntscellular
delivery platformsEndocytic intracellular delivery is often confined to endosomes, which
detain anceventually degrade the delivered reagerysosomes. Therefore, the majority
of target molecules delivered using endocytic mechanisms are unable reach their desired
intracellular interaction sites due to an inability to escape the end¢4@6]. Confccal
imaging of live cells less than an hour after processing with cell VECT shows that the
fluorescently labeled delivered molecules have a diffuse localization profile throughout the
cell interior, rather than a punctate profile that is characteristicagcytosigFigure4.5A)

[21]. These findingsuggesthat cell VECT delivery does not rely on endocytosis, and

instead delivers target molecules unencapsulated, directly to the cytosol. Direct cytosolic
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delivery is more advantageous for a majority of applications since it allows more direct
access to variaintracellular interaction sites of interest, such as the nucleus, ribosomes,

cytoskeleton, and organelles.

(A)

100

(4
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Fl Intensity (A.U.)
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Cell cross-section distance (nm)

(B) Cy5 mRNA Hoechst Nucleus Stain Overlay

Cell
VECT

No
Device

Figure 4.5: Imaging intracellular localization of delivered molecules(A) Confocal
microscopy images of a live K562 cell delivered with 2000 kDa TRidé&xtran (0.5
mg/mL) with diffuse fluorescence profile throughout the cell interior. #n2jap device
used. S c a | e Cohfaecal mibroseopy.showWeB Yliffuse delivery of &gbeled
MRNA througtout the interior of a fixed K562 cell with nucleus stainingn gap device
used. No Device control showed no such del

To demonstrate the capabilities of the use of VECT as a highly efficient delivery
platform for transfectin agents, we successfully deliver€ég5-mRNA (TriLink) into

K562 cells. The cells were stained with Hoechst nucleus stain to visualize the intracellular
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localization of the Cy-mRNA (Figure4.5B). Using confocal microscomyn live cells less
than an hour after microfluidicthemRNA was shown to permeate the cell interl®iNo
Device control of K562 cells exposed to GyfIRNA withou device processing was

imaged for comparison.

To further determine the neendocytic nature of cell VECT intracellular delivery,
we stained cells with DIO membrane stain, which stains both the exterior plasma
membrane and intracellular membranes. Cell®wéso stained with Hoechst nucleus stain
and then live cells were imaged using confocal microscopy less than an hour after
microfluidic processing. The intracellular localization of a delivered fluorescently labeled
noncoding plasmid did not overlap witle localization of fluorescently dyed intracellular

membranesKigure4.6).

Cy3-labeled plasmid Hoechst Nucleus Stain Overlay

DiO Membrane Stain

Labeled

Unlabeled

Figure 4.6: Imaging nonendocytic intracellular delivery. K562 cells with nucleus and
membrane staining were delivered with dgBelednorc o di ng pl asmi d usi n.
microfluidic device. Cells were stained with DiO membrane stain, which stains both the
exterior plasma membrane and intrddar membranes. CyBlasmid can be observed

inside the cytoplasm of live cells outside of the areas occupied by stained intracellular
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membranesThe imaging suggests that a relatively small volume immediately beneath the
cell membrane undergoes increasgdhange with cell VECT.

Following microfluidic processing, intracellularly delivered molecules will persist
in the cell cytoplasm. After several hours, they will eventually be sequestered into
lysosomes and metabolized by the cell. We studied theizatiah of iron ferumoxytol
nanoparticles that were delivered to adipose tisiunved stem cells (ADSCs). Cells were
imaged 24 hrs after delivery using transmission electron microscopy (TEM). The
delivered nanoparticles were observed to be storedsostymes, where they are slowly
metabolized by the celF{gure4.7) [15]. This observation is consistent with published
studies wherein neandosomally delivered molecules are internally captured over the

course of several hours and metabolized in lysosom#ésetcell[22].

Figure 4.7: Imaging long-term intracellular localization and metabolism of delivered
molecules.Adipose tissualerived stem cells (ADSCs) were imaged with transmission
electron microscopy(TEM). (A) Control ADSCs without delivery showed no
nanoparticles present in the cytoplasm. (B) ADSCs delivered with iron ferumoxytol
nanoparticles (10 mg/mL) show particles sequestered in lysosomes in the cytoplasm. TEM
occurredk24 hrs after delivery..8 >m gap device used. TEM done by Dalditipk Lab,
Stanford.

73



4.3 Physiological Effects on the Cells

4.3.1 Nuclear Envelop Integrity

We next sought to understand the physiological impact of these rapid mechanical
compressions on the cells. While it has bekawn that the cell cytoplasm has a high
capacity for deformation and recovery even at high strains, the niictgpieally one of
the largest and stiffest organellesan limit the rate ofcell deformation[23,24]. The
demonstrated exchange in volumeal anacromolecules between the cell and its outside
environment suggests that the cell membrane is compromised by fast compressions
[2,9,11,%], but the integrity of the nuclear envelope has not been characterized. Nuclear
envelope rupture isnportant to chracterize because it has been associated with genome
instability, aneuploidy, and DNA damag3,26]. Severe nuclear disruption can cause
material to leave the nucleus, leading to chromatin protrusions, nuclear fragmentation, and

chromothripsig26,27].

We used human embryonic kidney HER3 cells transduced with fluorescently
labeled genes for cyclic GMRMP synthase (cGAS1Cherry) and nuclear localization
signal (NLSGFP) to indicate nuclear envelope rupture and loss of nuclear contents to the
cytosol, espectively[23,26,28-30]. The cGASmMCherry is a cytosolic protein that binds

DNA at sites of nuclear envelop rupture. We used devices with compression gamof 7
and 5>m. These gaps impose cell strains of ~0.4 and ~0.6 respectively, which is a typical

range of strains used in cell VEQ9]. Electroporation was used as a positive control for
nuclear envelope disruption. Nuclear envelope disruption is indicated by-o@&A®rry

accumulation in and around the nucleus at sites of rufftigare4.8A). Compression of
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cells using cell VECT resulted in ~10% increase in number of cells with nuclear envelope
disruption Figure4.8B). Varying the compression gap size betweemi’and 5>m did
not appear to impact percentage of nuclear rupture. Cells that were positive for nuclear

envelope rupture did not exhibit a diféerice in overall nucleus sizEigure4.8C).
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Figure 4.8: Analysis of nuclear envelop disruption in HEK cells. (A) Confocal
microscopy shows cGABI1Cherry foci nuclear envelop disruption indicator (white
arrows) present in a minority of 3m gap deviceprocessed HEK cells and a significant
portion of electroporated cells. Cells in insets are zoomed in 5X. (B) Cell VECE&dreat
cells displayed cGASnCherry in ~15% of cell nuclei compared to ~6% for No Device
control. Electroporation used as positive control. *P < 0.05, **P < 0.01, N = 3 (C) There
is not a statistically significant correlation between nucleus size and nuoleslpoge
disruption.
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Figure 4.9: Analysis of nuclear content loss in HEK cells(A) Confocal imaging shows
colocalization of NLSGFP to the Hoechsitained nucleus in the majority of No device
and dap demce cells, with NL.&FP outside the nucleus in a small minority of cells
(white arrows). NLSGFP can be observed outside the nucleus in electroporated cells. Cells
in insets are zoomed in 5X. (E) Compressed cells exhibit&EB outside the nucleus

<10% of cells but is not statistically significant compared to No Device control.
Electroporation used as positive control. *P < 0.01, N = 3.

Nuclear content loss was determined by analyzing colocalization of®RESwith
a Hoechst nucleus staiRigure4.9A). Cells processed with cell VECT displayed a small
(<5%) increase in NLSFP loss to the cytoplasm, but this increase was not statistically
significant Figure4.9B). Therefore, we find that rapid, brief compressions with cell VECT
causes nuclear envelope disruption in a small minority of cells. However, the disruptions
do not ppear to be significant enough to cause nuclear contents to leave the nuclear

envelope. Therefore, it appears that the extent or duration of nuclear disruption is not
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sufficient to cause loss of materials from the nucleus to the cytoplasm. Overall thg<ind
indicate that the compression conditions typically used in cell VECT have minimal impact
on nuclear integrity, which indicates a low risk of associated negative effects such as DNA
damage. In contrast, electroporation substantially damages the notégaity of cells,

which may partially account for the low proliferative ability of electroporated cells.

4.3.2 Cell Viability and Proliferation

Understanding the physiological impact of compressiased cell volume loss not
only confers a deeper understargliof this phenomenon, but also informs its use in
research and clinical settings. Studies have shown that mechamdaited cell
permeabilizationmay also result in cell damage, as seen in various cell and tissue injuries
caused by mechanical traumi@1-36]. This permeabilization can have lasting
physiological effects, particularly in nerve celB3,36]. However, numerous human cell
types, including epithelial cells, chondrocytes, and leukocytes, have demonstrated the
ability to recover from mechanical compression without significant impact on viability and

function[2,8-12,37].

While cell volume was obseged to decrease by up to 30% during compressions,
cells were quickly restored to their initial size with little impact on cell integrity, viability,
and related gene expression. After microfluidic processing, cell ealtarexpansiowere
successfully enducted with no change in cell growth ratealysis of still images of >800
cells immediately after microfluidic processing shows <3% change in mean cell size

compared to cells without microfluidic processiriggure 4.10A). Similarly, #idium
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homodimerl (EthD-1) staining of processed cells showe&<cell death compared to the

No Device group Figure4.10A). We used RT PCHRmmediately after microfluidic$o
further quantify that the compressions in the microchannel did not impact the expression
of apoptotic, cytoskeletal, and other signaling gefrégufe4.10B). A separate, detaile
study on cell viability after rapid compressions, including expression of apoptotic genes,
was consistent with this observatif@8]. These results suggested that cells recovered

normal volume and function after the brief volume loss.

Characterization oflong-term viability in K562 cells up to 5 days after
microfluidics indicated <5% viability loss compared to No Device and Negative controls
(Figure4.10C). Negative cotrols were maintained in culture, while No Device controls
were exposed to the same buffer andafutulture conditions as Device groups. Note that
all cell groups, including Negative and No Device controls, showed decreased viability at
days 4 and 5 afulture without passaging due to culture overgrowth. Additionally, device
treated cells demonstrated rapid proliferation over 5 days on par with that of No Device
and Negative control groups, doubling roughly once per day (Figure 4.10D). These results

werenot significantly impacted by decreasing the cell compression gap frosm9(50.4

strain) to 7>m (~0.6 strain)Kigure4.10C,D).
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Figure 4.10: Effects of microfluidic compressiors on cell viability and function. (A)
Measured cell size showed minimal impact by devimbility stain showed device
processing caused <5% cell death, N = 2. (B) Expression of genes related to cell viability
and integrity is unaffected by cell VECT. RNA expression of apoptetased and
cytoskeletal genes is unaffected by the microftuatll VECT processing. Expression data
was normalized with respect to the highest expressing gene, Casp3, set to ~100%, N = 2.
K562 cells in 9>m gap device used. (C) Cell viability following compression with two
different device compression gaps has maili (<5%) change compared to No Device
controls up to 5 days after microfluidics. Note all cell groups, including Negative and No
Device controls, showed decreased viability at days 4 and 5 of culture without passaging
due to culture overgrowth. N = 3, Balepresent SD (D) Cells processed by the device also
appear to proliferate at a rate consistent with No Device and Negative controls. Cells in all

groups doubled roughly once per day of culture without passaging. N = 3, bars represent
SD.

4.3.3 Intracellular Protein Loss

To evaluate whether volume loss during rapid compression led to loss of

intracellular proteinsywe performed a gel electrophoresis analysis and mass spectroscopy
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analysis of extracellular fluid after microfluidic processing to search foreipsotthat
originate from the cell interior. Wsuspended thrieevasheK562 cellsin serumfreeflow

buffer andisolated thecells aftemmicrofluidic compressionsThe cells were removed with
centrifugationand the concentrated extracellular proteuese stainedvith SYPRO Ruby
protein gel stain (ThermoFisher). Gel imaging revealed that the device groups had very
similar band intensity compared to the No device control. The overall intensity and number
of protein bands was much lower in the device and No device groups compared to the Cell

lysate groupKigure4.11).
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Figure 4.11: Protein gel analysis of proteins lost during cell VECT.Protein in the
extracellular buffer from devieprocessed K562 cells was concentrated and stained.
Protein gel imaging shows cell samples processed with two different device gap sizes have
very similar protein band intensity profiles to No device control. Cell lysate control group
has a much higher protein content.

The concentrated extracellular protein from device processinglsaanalyzed
with mass spectrometry to further quantify tgpe and amount of protein present. The
mass spectrometry results showed the overall peppdetrum matches (PSMs) were low

in the device and No device groupsgure4.12). The composition of proteins in the buffer
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was unchanged in the 9B gap device compared to the No device group. THa gap
device group appears to be selectively enriched for certain intracellular proteins,
particularly the cytoskeletal proteins actin and myosab{e4.1). Overall the extracellular
buffer of the No device and device groups showed very low PSMs comp&elil licsate
control, indicating low protein content. The No device group had only 1.6% of the total
PSMs of theCell lysate control, while the 2m and 9.5>m devicehad 4.4% and 1.6%
respectively. The overall conclusion is that the amount of protein lost during this
compressiofbased cell volume loss is not significant, as the results with both protein gel
and mass spectrometry are very similar to the No deviceatoatrd much lower than the

Cell lysate controlThis conclusion is supported by the maintained cell viability in culture

after processing.
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Figure 4.122 Mass spectrometry analysis of proteins lostluring cell VECT. Mass
spectrometry of the extracellular buffer showed protein composition of device groups
similar to No Device, but did identify low levels of intracellular proteins that were
differentially expressed in the device groups, especiallysthaller compression gap (7
>m). Cell lysate control group has much higher protein content.
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Protein No device 7 pm device 9.5 pm device Cell lysate
[# PSMs| [# PSMs] [# PSMs] [# PSMs|
Actin, alpha skeletal muscle 3 12 3 31
Myosin-1 3 8 3 26
Myosin-3 3 4 3 9
Creatine kinase M-type 2 5 2 13
GAPDH 2 3 2 10
Myosin-4 2 3 2 9
Beta-enolase 1 4 1 15
Actin, cytoplasmic 1 2 2 2 17
Myosin-8 2 2 2 10
Isoform Myosin light chain 1/3 0 4 0 6
Histone H4 OS Homo sapiens 2 0 2 4
Alpha-enolase OS Homo sapiens 0 2 0 25
Myosin-8 0 2 0 5
Total: All proteins 32 86 32 1972

Table 4.1: Identification of intracellular proteins in supernatant. Mass spectrometry

was used to identify the protein types present in the supernatant of each sample group.
Relative protein abundance is represented by # PSMs (pepidérum matches). In both

the Nodevice and device groups, overall protein concentration is low compared to the Cell
lysate group (<5% of the total PSMs of the Cell lysate group) indicating low protein
content. The No device group had only 1.6% of the total PSMs of the Cell lysatd,contro
while the 7 em and 9.5 em device had 4. 4%
unchanged in the 9.5 em device group compe
appears to be selectively enriched for certain intracellular proteins, includingaad

myosin. Cell lysate was used as a control group, in which >400 different proteins were
detected.

To explain he observation of low protein lgsae consideredhe spongédike
behavior of the cytoskeleton, which is believed to play a role inceelitdar solute
retention during transmembrane volume transj3d41]. Cells have also demonstrated to
ability to modulate cytosolic ion concentratian a rapid time scaléon the order of
seconds)Intracellular on concentratiormodulation is achieved through ion exchange
across membranes and release of intracellularly stored4@a®l]. These ion exchange

pathways have been shown to correct disturbances to ion homeostasis after membrane
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permeabilization an important functiorin cell recovery following mechanical injury
Studies of electroporated cells show tiNd"/K™ pumps promote repolarization and
restoration ofintracellular Na and K" concentrationg§45-47]. The observation of low
protein content in the extracellular beiffsuggests cells recover from compression with
minimal lysis orloss of intracellular contents, which is consistent with maintained cell

viability, function,and proliferation.

4.4 Summary of Delivery Capabilities and Physiological Impact

This section charaerizes both the nature and capabilities of intracellular delivery
using cell VECT. Delivery is shown to be convective, and therefore not subject to the
limitations in delivery cargo size that have been demonstrated in diffusive d¢iveS).
Delivery using cell VECT is shown to raise intracellular target molecule concentration to
~10' 20% of extracellular concentration. Therefore, while convective delivery is shown to
be independent of molecule size, it is still limited by the extracellular concentadtibe
target reagent. The nendosomal nature of cell VECT delivery allows intracellular
cargoes to directly access intracellular interaction sites without being detained and

degraded in endosomfs/-20].

Cells also appear to maintain physiologicatalth and function following
microfluidic compressions. Nuclear envelop disruption is often associated with DNA
damage and genome instabil[88,26]. Deviceprocessed cells were shown to maintain
nuclear envelop integrity, which would limit access ofvked molecules to the nucleus.

It is possible that smaller compression gaps (<20% of average cell diameter) could result
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in increased nuclear envelop disruption, at the additional cost of cell viahibi$g. of
intracellular proteins during compression was found to be similar to No device controls
and significantly lower than Cell lysate contrdiie protein loss studies suggest that there
is also minimal loss of other intracellular contents, such asa&Nrganelles, although
these studies would need to be performed in order to validate that Claerall, these
findings are consistent with our observations of minimal impact on cell viability, function,
and proliferatiori9,11]. These findings help Vidate future potential applications for cell

VECT in both research and clinical settings.

45 Methods

45.1 Fabrication ofMicrofluidic Channels

The microfluidic features of this device were molded onto polydimethylsiloxane
(PDMS) and plasma bonded to a glasdes|A reusable S8 mold was made using
standard twestep photolithography on a silicon wafé@io fabricate the devices, a 10:1
ratio of PDMS and crosslinking agent was mixed and poured onto #&raJd to form
the microfluidic channel features by regimolding. The PDMS was then degassed in a
vacuum chamber and cured fbihr at 80°C. The cooled PDMS was then removed from
the molds and outlets and inlets were punched using biopsy punches. The PDMS was then
bonded tacleanglass slides using a plasmanidler (PDE32G Harrick) followed by 1 hr
in a 80°C oven. After cooling, the channels were passivated using 1% bovine serum
albumin (BSA) for an overnight incubation at 4%or more detailed protocols, please see

Appendix A.1.
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4.5.2 Microfluidic ExperimentalSetup

Cells were resuspended ircall flow buffer consisting of DPBS/f) with 0.1%
BSA, 0.04% EDTA. Experiments in which video was taken used cell flow buffer with the
addition of 25% Percoll to maintain cell suspension in buffer without setiing.cels
were isolated from culture media and resuspended in bufférst&® celldmL with the
desired concentration of target molecubsiltiple sizes of FITGdextran were purchased
from the same maker (Sigafddrich) with very little variation in labelingraction. The
dextranmolecules had an average FITC/dextran molar ratio of 0.00525 + 0.0017. Our
largest molecule, 2000 kDa, had a labeling fraction of 0.006, almost identical with the
smallest molecule,-8 kDa, labeling fraction of 0.00WWe also used thsame mass per
volume, so the mass of fluorophore in solution is the same across all molecul@sizes.
cell-buffer suspension was infused into the microfluidic device at a controlled rate using
syringe pumps (PHD 2000, Harvard Apparatédskell flow rate of ~100 mm/s through
the channel was used unless the flow rate was the independent varabtlivery
experiments,dllowing collection from the outlets, the cells were washed 2X with DPBS
(-/-) to remove residual molecules external to the detisexperiments in which cells were
cultured following microfluidics, the microfluidic experiment was conducted inside a
sterile biosafety cabinet. All ceflandling supplies, including the device, syringe, and

needles, were sterilized by autoclaving.

45.3 Cell Culture

K562 cells from ATCC were cultured in RPNIB40 supplemented with 10% fetal

bovine serum (FBS) and 1% penicilstreptomycinHEK-293 cells, a generous gift from
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Lammerding lab, were cultured in EMEM witl®% FBSand 1% penicillirstreptomycin

and passaged using 0.25% Tryp$stDTA. Adipose tissualerived stem cells were
harvested from knee joints of Goettingen minipigs. <®ntissue samples from the
infrapatellar fat pad were collected, placed in type | collagenase (him@igma
Aldrich) for dissociation, centrifuged and then cultured in adiuteséred stem cell
specific media. The cultured cells were characterized wigtip surface markers for
ADSCs according to the International Society for Cell Therapy (ISCT) criteria, including
CD29, CD44, CD71, CD90, CD105/SH2, SH3 and STRwith lack of CD31, CD45 and

CD106.The cells were incubated at 37°C with 5% L0

4.5.4 Flow Cytometry

The BD Accuri C6 Flow Cytometer was used to characterize cell uptake of fluorescent
target molecules. Samples processed with Fii€&€tran were excited with a 488 nm
wavelength laser and emission was detected with a 533/30 Filtemescence iensity

was normalized with respect to the highest intensity grdime. viability of the cells
immediately after microfluidicsvas tested by staining with 2 uM EtHD (Molecular
Probes Inc.) solutioper manufacturer protoc@48,49] (640 nmexcitation and70 LP

filter). Thelong termviability of the cells was tested kgropidium iodide staining per
manufacturer protocol and excited with a 488 nm wavelength laser and emission was

detected with a 670 LP filter.

4.5.5 Plasmids and Generation of Fluorescently LiakdeCell Lines

HEK-293 TN (System Biosciences, SBI) cells were stably modified with lentiviral

vectors to express the nuclear rupture reporter-SEE (pCDHCMV-NLS-copGFR
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EF1-blastiS) and/or cGASnCherry ()CDHCMV-cGAS?25AP227AmCherry2EF1-Puro)

[23]. cGAS is a cytosolic DNA binding protein; we used a cGAS mutant (E225A/D227A)
with abolished enzyme activity and interferon production, but that still binds DNA and
serve as a nucleanveloperupture reportef50]. To generate stable lines, pseudoviral
patticles were produced as described previo{&. In brief, HEK-293- TN cells (System
Biosciences, SBI) were eoansfected with the lentiviral plasmid, packaging andelope
plasmids using PureFection (SBI), following manufaatpretocol. Lentiviruscontaining
supernatants were collected at 48 hours and 72 hours after transfection and filtered through
a 0.45 um filter. Cells were seeded intew6ll plates so that they reached-&%%
confluency on the day of infection and transduced with the viral saiaetrin the presence

of 8 mg/mL polybrene (hexadimethrine bromide). After 24 hours, the viral solution was
replaced with fresh culture medium, and cells were cultured for 72 hours before selection
wi t h/mLofe gpur omy/mkL blastioidin SZor #& glays. After selection, cells

were subcultured and maintained in their recommended medium without the continued use

of selection agents.
4.5.6 Electroporation

Electroporation of HEK293 cells was carried out using an Amaxa Nucleofector Il
and Amaxa Cell Line Nucleofector Kit V using manufaetuprotocols. Cells were

electroporated using Nucleofector Prograr@@ in a 106>L Amaxa cuvette.

4.5.7 Confocal Microscopy

Confocal microscopy dfixed K562 cells and HEKR93 cells was done using the

Zeiss LSM 700The K562 and HEK293 cells were stained witHoechst nucleus stain
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(405 nm excitation and 36829 nm detectiorper manufacturer prototd\fter processing,
cells were fixed with 4% PFA, resuspended in imaging buffer (RE&4D plus 1 mg/mL
ascorbic acid), and mounted onto glass coverslips usag il polish for imaging. HEK
293 cells were imagedith a 40X oil lensto analyzethe expression of NLSGFP and
cGAS-mCherry A 63X Apochromat oil lens was used to image fixed K562 cells delivered
with Cy5mRNA (639 nm excitation and 6280 nm deteatin). Confocal microscopy of
live cells with tetramethylrhodamine (TRIT@gextran(555 nm excitation and 56800 nm
detection)was performed using the Zeiss LSM 700. The Zel€8NLO with a 40X water
lens was used to imadjge K562 cellswith 100 nm nanogrticles(514 nm excitation and
527-601 nm detectionjThermoFisherand live K562 cells stained with DiO membrane

stain and Hoechst nucleus stain and delivered withl&lyidd norcoding plasmid

4.5.8 Confocallmage Analysis

Using Zen Lite software by Zeisaternational, the raw fluorescence values from
the Hoechst stain channel was exported askint8g image file format (TIFF) imagThe
Hoechst image stacks were then imported into ImageJ and the fluorescence profile was
modulated by a threshold intensitalue of 20 toreduce background fluorescendde
outer edges of the stained areas were found, and using a circular profile estimator, the areas
of the cell nuclei could be calculated for each layer. The cell area data was organized and
averaged using MTLAB. Cells in which NLSGFP has left the nucleus were identified
by the presence of GFP fluorescence signal outside the Hoechst stained nucleus area. In
determining the presence of a nuclear breach, the fluorescence data fro@ABe
mCherrywas modulagd by increasing the multiplier for the intensity values for ease of

viewing. Positive nuclear disruption was marked by small areas of higher intensity
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mCherry fluorescence or marked by an outline of the nucleus by a ring of higher mCherry
fluorescence imnsity. Cells that presented these mCherry fluorescence signals were
counted towards positive nuclear disruption and paired with the calculated average cell

area for that cell.

45.9 Protein Gel

K562 cells were washedX3with PBS {/-) to remove serum protein @n
resuspended in serufree RPMI-1640at 2x16 cells/mL. For theCell lysate control, cells
were mixed with HaltE Pr oFree fTheemoHishen)jten t or
underwent a 3@econd liquid nitrogen snap freeze before thawing on ice for 10t@sin
The freezethawprocess was repeatdX. Cell lysate was centrifuged at 20,000xg for 15
min at 15°Candthes uper nat ant was <col |l ected. Cel |l s
gapmicrofluidic devicesplus a No device contrdDevice and Nalevice samples, 2.5 mL
each,were centrifuged at 200xg. 1L of supernatant was collected and centrifuged
again. Only ImL of supernatant was collected to avoid contamination from cell debris. All
samples were mixed with protease inhibitor and then carated 16fold using a
Vivaspin® 5 kDa molecular weight coff spin concentrator (Sigmaldrich). Supernatant
proteins were characterized by protein getlectrghoresis using preast SDS
polyacrylamide gel (BidRad) according to manufacturer protocanle loaded gel was
run at constant voltage 200V. Gel was staméld SYPRO Rubyprotein gel staiiThermo
Fisher) according to manufacturer protocol. Stained gel was imaged on-Ra@&io

ChemiDoc imager.
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4.5.10 Mass Spectrometry

The proteins in each sample wereduced, alkylated and digested with trypsin
according to the FASP protocfil]. The peptides weranalyzed by nantC-MS/MS,
and peptide identification as previously described with the following modificafiijs
Reverse phasehromatography was perined using an Hmouse packed column (40n
l ong X 75 ¢ mDriMaiscKGn3bbl Repi@FPur 120 C18AQ 1.9 um beads
and a 120 min gradient. THRaw files were searched using the Mascot algorithm (ver.
2.5.1) against grotein database constructbyg combining the human UniProt protein
database (downloaded April 24, 2018, 20,303 entré@s) a contaminant databgds®AP,
downloaded 1R1-16 from http://www.thegpm.org) via Proteome Discoverer @4dly
peptide spectral matches with expectation valule | ess than 0. 01 ( AHI

were used.
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CHAPTER 5. APPLICATIONS FOR CEL L ENGINEERING

5.1 Introduction

The field of cell engineering is experiencing rapid growth due to the development of
cell-based immunotherapies. Cell engineering techniques are used to modify or analyze the
cell physiological state for diagnostic or therapeutic applications. Intracalkligery and
analysis of intracellular molecular probes allows for characterization of cell physiological
processes. Gene expression probes delivered to the intracellular space allow for analysis of
gene expression in live cells that does not rely on seiface expressioril,2].
Modification of the cell physiological state can occur through transient transfection of cells
through the delivery of plasmids and mRNA that cause temporary expression of an
exogenous gene without altering the cell genome. &senmt modification of cell gene
expression can be achieved through the delivery of gene editing ref@éht©verall,
methods to analyze cell physiological processes and modify cell gene expression are
invaluable tools for cell engineering. The demamdthese techniques continues to grow

as the field of cell engineering expands in both research and clinical settings.

Cell engineering techniques for modification and analysis of the cell state often
require the intracellular delivery of large macromales, including plasmids, mRNA,
nuclease complexes, and nanoparticle constructs. However, existing cell engineering
techniques do not meet the growing demands for efficient processing of highly functional
and viable cell product3he current standard amarch is viral transduction, an expensive
technique that has lorgjanding safety concerfiz-13]. The viral packing limits of the two

most commonly used viral vectors are 5 kb &mleneassociated virusand 9 kb for
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lentivirus [14,15], which impedes the application of viral transduction for 1ggxteration

cell therapies that require the delivery of larger genetic constructs and multiple gene edits
[16,17] Nonviral approaches such as electroporation are not effective for all molecule
types of interest and can lead to inconsistent delivery with low viability and proliferation
of cellular products, making this technique not ideally suited for cell therapy manufacture

[9,18,19]

This thesispresents a convectiveechanism, called cell MET, for macromolecule
delivery to cellsto meet the growing demands of cell manufacturing enable a new
realm of applications fointracellular molecule delivery using microfluidid3uring cell
VECT processing, abrupt compressions cause the cell tayeha shape and reduce in
volume. Immediately following this brief cell volume loss, the cell automatically returns
to its precompression shape and volume, causing the cell to uptake surrounding solution
and any molecules suspended therein. This methiidea this unique cell volume
exchange phenomenon as a mechanism to deliver macromolecules into the cell on
convective bulk flow currents, rather than diffusion alone. Cells processed using cell VECT

have been shown to maintain high viability and prddifien[20,21]

Therefore, convective intracellular delivery of large macromolecules using cell
VECT has the potential to serve as a useful platform for various cell engineering
applications. These applications include intracellular gene expressionigngygorary
exogenous gene expression, and permanent endogenous gene editing. In this aim, we will
explore applications in intracellular labeling and analysis by delivering mRNA
nanoparticle probes to analyze intracellular gene expression in living \&&lsvill also

validate the application of cell VECT for both temporary and permanent gene expression
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modification through the delivery of mRNA, plasmids, and gene editing reagents. Overall,
our objective is to establish potential applications for cell VE@ various use cases in

cell engineering.

5.2 Intracellular Gene Expression Analysis

A major application for intracellular molecule delivery is the analysis of gene
expression in live cells. Current standard methods of analyzing intracellular gene
expreswon require the cell to be lysed in order to extract DNA, RNA, or proteins for
analysis. These methods are not capable of providing information on the localization of the
gene expression or the trends in gene expression over time because the cellgemo lon
viable after processinf2,23] Methods in which cells are fixed and permeabilized for
intracellular gene labeling similarly cannot track temporal variation of gene expression
[22,23] Gene expression assays of live cells are typically limited to/sinabf genes
expressed on the cell surface, whereas the vast majority of genes are expressed in the cell
interior. Therefore, methods for retéhe analysis of intracellular gene expression in living

cells are invaluable tools for the study of cell bigi¢22,23]

Towards this objective, a family of RNBased probes called nafiares have been
developed for intracellular analysis of RNA expression in live d&l8,22,23] These
nanaflare probes must be able to interact with the cell interior in aneapsulated manner
in order to access the cytosol and bind with their target RNA. Therefore;endosomal
method of delivering RNA probes would be advantageous fortireal labeling and

analysis of intracellular RNA in live cell§Ve tested ta cell VECTp | at f or m6s pot
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applications for intracellular labeling and analysis gene expressioy delivering
SmartFlare Live Cell RNA probes (MilliporeThe SmartFlare is a type of RN#ased
nanoflare probe that consists of a gold nanoparticle conpigéate oligonucleotides and
guenched fluorophores. When the SmartFlare binds its target mRNA, the fluorophore is
released as a fluorescent indicator of target mMRNA expressigaré5.1A) [1,2]. This
method of gene expression analysis allows for detection of gene expression at the RNA
level, and facilitates analysis of intracellularly expressed genes in living cells, unlike

traditional surface labeling and cell lysateass.

Our experiments delivered SmartFlare proteedetect GAPDHNRNA in K562
cells and adherent PC3 prostate cancer cells. Delofehe SmartFlare prolie PC3 cells
was competitive with the established method of 24 hr endocytosis, and was conmpleted
less than 30 ming-{gure5.1B). The rapid nature of cell VECT delivery allows for a more
immediate readout of gene expression, rather than an overnight incubatiterfore,
it has been shown that not all cells will endocytose SmartFlare par&é2.cells, which
do not uptake SmartFlare particles through endocytosis, showed successful delivery using
cell VECT (Figure5.1C). Our success in delivering to PC3 and K562 cells demonstrated
this methodbds robustness for debandeeksthgt t o b
do not uptake this particle throughdocytosisThese delivery capabilities would expand
the applications of intracellular liveell gene expression assays to a wider range of use

cases and cell types.
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Nano-flare MmRNA Detected

(B) PC3 + Smartflare RNA probe (C) K562 + Smartflare RNA probe
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Figure 5.1: Intracellular delivery of nano-flare RNA probes.(A) Schematic of the mode

of function of naneflares. A gold nanoparticle is conjugated to oligonucleotides and
guenched fluorophose When the oligonucleotides bind a target mRNA, the fluorophore

is released as a fluorescent indicadf gene expression. Figure reproduced with permission
from reference [1](B) Cell VECT device intracellular delivery of SmartFlare nface

RNA probes to PC3 cells was competitive with the established standard method of 24 hr
endocytosis. (C) The deVECT device successfully delivered SmartFlare to K562 cells,
which do not endocytose SmartFlares, which enables this probe to be usable with cells
regardless of endocytic properties. Cells were processed with SmartFlare concentration of
100 pM.

An addtional failure mode of nanoparticleased intracellular probes that are
delivered by endocytosis is endosomal degradation. Degradation of thélarancan
result in fluorescent signal release even without binding of the target mMRNA, resulting in
a fale positive fluorescent readout that can compromise the accuracy of this gene

expression assgy4,25] This degradation results in a scramble control readout that has

99



the same intensity profile as the target mMRNA readéigu¢e5.2A). The norendosomal
nature of cell VECT delivery allows the delivered particles to interact with mRNA in the
cytosol without the need to escape the primary endosome. Therefore the flugresioent

is not degraded due to cell VECT delivery, resulting in a target mMRNA readout signal that
is higher than the scramble contrBigure5.2B). Furthermore, the fluorescent readout is
detectable immediately after delivery with cell VECT, whereas endocytosis must be

analyzed 24 hrs later.

(A) PC3 + SmartFlare Endocytosis (B) PC3 + SmartFlare Cell VECT
*°1sample % Pos **® " sample % Pos
INegative 1.0 | Negative 1.0
40 1Scramble 77.4 | Scramble 64.2
o  JlcaPDH 833 200 { GAPDH  90.9
c £ |
3 5
8 §
100 —
o
10° 102 w0 10® 10° 102 10% 10%
Fl Intensity (A. U.) Fl Intensity (A. U.)

Figure 5.2: Non-endosomal delivery of naneflare RNA probes prevents probe
degradation. (A) Endosomal delivery of SmartFlare RNA probes results in probes being
detained and degraded in the endosomes, causing a Scramble control signal that is
indistinguishable from the gene readout signal (GAPOH).Nonendosonal delivery

using cell VECT results in SmartFlare localization to the cytosol, which avoids endosomal
degradation and results in a Scramble control signal that is significantly lower than the

GAPDH gene readout signal. Cells were processed with Smartelacentration of 100
pM.

5.3 Modification of Cell Gene Expression

Modification of cell gene expression is vital for both the study of various cell

processes and the manufacture of$iéeing cell therapies. Cell engineering techniques to
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modify cell geneexpression profile can have temporary effects, through the delivery of
transiently expressed mRNA or plasmids, or permanent effects through genome editing.
The various cell engineering techniques, both temporary and permanent, usually require
the deliveryof reagents for cell transfection or gene editing, which are often large
molecules such as plasmids or mRNe useof cell VECT for research and clinical
applicationscan address important limitations ather microfluidic delivery platforms,
particulaty those that primarily use diffusive transp@ince diffusive transport is limited

in the size of molecules that it can efficiently deliver, this presents a challenge in delivering
these large cell engineering reagents. Convective transport does mottheasize
limitations inherent to diffusive transpdj20,21,26] and is therefore a more efficient

driving mechanism for the delivery of larger macromolecules for cell engineering.

5.3.1 Temporary transfection through delivery of mMRNA and plasmid

Intracellular delivery of mRNA can be used to study and transiently express
exogenous genes. Transfection using mMRNA results in gene expression that is independent
of cell cycle and has a more immediate gene expression readout than plasmid, since the
MRNA can be direty translated and expressed in the cytoplasm without entering the
nucleus. Unlike plasmid, expression of the gene encoded in the mRNA can easily be tuned
by adjusting the amount of mMRNA deliverdd]. Intracellular delivery of mMRNA is also
useful in immuotherapy applications, including loading dendritic cells with tumor
antigens encoded in mRNA as a form of vaccination to elicit a targetedl Tesponse

[27].
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To demonstrate the capabilitiesoefll VECT as a delivery platform fonRNA, we
successfullydelivered EGFP mRNA (TriLink) to K562 cells as a proof of concept
experiment for transient expression of an exogenous dgegeré 5.3A). The delivered
EGFP mRNA construct measured 996 bases in length, or approximately 320 kDa in mass,
which demonstrates the ability of cell VECT to deliver large macromolecules that will
functon and influence gene expression in the cell. We also successfully transfected
primary peripheral blood mononuclear cells (PBMCs) with EGFP mR~Ngu(e5.3B).

By demamstrating transfection in primary PBMCs, we exhibit the ability of cell VECT to

successfully process a primary, heterogeneous cell population that is of therapeutic

relevance.
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Figure 5.3: Transient exogenous gene expression by mRNA deliver§A) Fluorescent
expression signal of EGFP in K562 cell line following delivery of EGFP mRNA. K562s
were processed in a microfluidic device with»® compression gap. (B)x@ression of

EGFP in primary PBMCs delivered with EGFP mRNA. PBMCs were processed in a

microfluidic device with 6.5>m compression gap. Cells were processed with>H®L
EGFP mRNA.
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Transfection through intracellular delivery of nmtegrating plasmids is another
method of temporary transfection. These-megrating plasmids must enter the nucleus
in order for the encoded genes to be expressed, which results in a longer leau time t
expression. However, gene expression using transfected plasmids can persist for several
days longer than that of transfected mR[NA]. We validate the application of cell VECT
for temporary plasmid transfection by delivering EGFP plasmid (OZ Biosciefkigare
5.4). We demonstrated gene expression of EGFP in K562 cells after delivery of an EGFP
plasmid that is 5781 basepairs in length, or approximately 3,500 kidass. This result
exhibits the ability of cell VECT technology to deliver very large and functional cargoes
that influence cell gene expression, a useful capability for both clinical and research

settings.

We do note that EGFP expression through plasmeid/ety is lower than that
observed by EGFP mRNA delivery. This is likely because plasmid must reach the cell
nucleus in order to be expressed. We determined that cell VECT has minimal impact on
nuclear envelop integrit21]. Therefore, the delivered plagd can only access the nucleus
when the nuclear envelop is disrupted during cell division, which could result in a lower

EGFP expression for the delivered plasmids.
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Figure 5.4: Transient exogenous gene @xession by plasmid delivery. EGFP
expression proof of concept results after EGFP plasmid delivery to K562 cells. W&@2s
processed in a microfluidic device with>gn compression gap, 6@/mL EGFP plasmid,
at 200>L/min flow rate.

5.3.2 Permanentndogenous Gene Knockout

Permanent modification of cell gene expression can be achieved through the
intracellular delivery of genome editing reagents, such as CR{S#R complexes.
CRISPRCas9 was discovered in bacteria, which clastered regularly intspaced short
palindromic repeafCRISPR) DNA sequences retained from previous bacteriophage
infections to recognize and cleave viral DNA to prevent new infecti@8s0]. This
discovery was adapted into the CRISERs9 gene editing technology, whereire th
CRISPR associated protein 9 (Cas9) nuclease is complexed to a guide RNA (gRNA) to
form the CRISPRCas9 ribonucleoprotein (RNP) complex. The gRNA targets the RNP
complex to a specified DNA sequence, and the Cas9 nuclease cuts at this location to

permaneny disrupt the encoded gefi28-30].
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To demonstrate the gene editing capabilities of cell VECT, we used our
microfluidic device to deliver precomplexed CRISERs9 RNPs for permanent knockout
of a target gene. We chose the Jurka&el line as a surrogatfor primary Fcells, which
are the main cell type of interest for eblised immunotherapies. We selected theeT
receptor alphahain (TRAC) locus as the gene editing site. The TRAC locus is a gene
editing site of interest for both CAR-Gell and TCRtherapies. Targeted insertion of the
CAR gene at the TRAC locus has been shown to improve tumor rejection in CAR T
therapieqg31]. Techniques for knocking out the endogenotrell receptor gene are of
interest for the developing fields of TCR therapiewl allogeneic Tcell therapies.
Permanent silencing of the endogenous TCR genes prevents unpredictable interactions
with the exogenous TCR, and lack of endogenous TCR expression can also attenuate the

graftvs-host responsg2-35].

To form the CRISPRCa® RNP, the NLSCas9 nuclease (Aldevron) was
precomplexed to a gRNA sequence (IDT) targeting the TRAC locus. The RNP was
delivered to Jurkat cells using a 3¥n gap microfluidic device. We demonstrated
successful knockout of the TRAC locus in Jurkat agdisg analysis by TCR / abtibody
staining and flow cytometryFigure 5.5A). Passing the cells through the microfluidic
device multiple times only marginally improvedieng efficiency figure 5.5A). Gene
editing results were confirmed using Sanger sequené&irgr{ Reference source not f
ound.5B). Using a smaller microfluidic compression gap was shown to significantly

increase the device gene editing efficienéig(re5.5C).
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Figure 5.5: Gene editing of the TRAC locus by CRISPRCas9 RNP delivery(A) Jurkat

cel |l s st ai n amtibodyishow sighifcént Ids¢ df TCR expression in device
processed cells. Processing the cells through the device multiple times (3X) only
marginally impacted TCR expression. (B) TRAC locus gene editing was confirmed using
Sanger sequencing and indel lgges. No Device cells were exposed to the TRAC locus

RNP but not processed by the device. N = 3, bars represent SD, *P<0.0001. (C) Processing
cells using a smaller microfluidic compression gap resulted in increased loss of TCR
expression, as determined ByCR U/ b st ai ni n gN =a3nbdrs fefresent cy t o
SD, *P<0.05.

Furthermore, cell VECT processing is shown to have minimal impact on viability
and proliferation, even at high rate and magnitude of compression. Cells experience <10%
change in vialtity compared to No device controls, and proliferation continues par with

No device controls for several days after processing, doubling approximately once per day.
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In contrast, cells that undergo gene editing by electroporation show a significant elecreas

in cell viability and proliferationTable5.1).

Editing Viability 5-Day Proliferation Editing Edited Cell
Method Day 5 Fold-Change (%) ROI
Electroporation 71.3+12.5 32+06 512+2.1 1.6+0.6
Cell VECT 984+ 1.4 303+3.7 26.0+2.5 84+04

Table 5.1: Table of cell VECT viability, proliferation, and editing vs electroporation.

El ectroporation has significantly | ower vi
and untreated control s. I n contrast, cell

comparable to untreatedl woomneceol| per doapl i Tk
VECT has a higher edited cell ROI t han el
efficiency. Viability normalized to negati

The combination of maintained viability and rapialiferation enables cell VECT
to produce a larger number of geeddited cells than electroporation afterddy expansion
period, despite electroporation producing a higher gene editing percentage. We can
consider each gene editing technique as a sy#iatntakes a given input, a particular
amount of CRISPFRCas9 RNP and cells for processing, and producesegitex, viable
cells as its output. The cell VECT system produces a higher return on input (ROI) for viable
gene edited cells than electroporatre to higher cell viability and proliferatioRifure
5.6A,B). High viability and expansion are both important properties for cell therapy
manufacturing, since engieeed immunotherapy cells must usually be expanded to a
therapeutic dose @t leastl billion cells for an adult patient, and must maintain high cell

viability to avoid adverse effecf86-38].
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Figure 5.6: Cell VECT edited cell ROl compared to electroporation.(A) A schematic
explanation of edited cell ROI. For a given number of input cells, the electroporation
method produces a higher percentage of edited cells (purple). ot cell VECT
population exhibits higher viability and proliferation over 5 days, resulting in a larger total
population of edited cells. Note the pgsoliferation population only shows gene edited
cells, but the overall gene editing percentage resntiie same as the ppeoliferation
population. The total number of edited cells is a product of cell viability, proliferation, and
gene editing efficiency. The edited cell ROl metric is the number of gene edited cells on
Day 5 divided by the number oft&d input cells on Day 0. (B) Edited cell ROI of cell
VECT exceeds electroporation due to higher viability and proliferatiors 3, bars
represent SD, *P<0.0001.

5.3.3 Multiplexed Endogenous Gene Editing

With the validation of cell VECT for permanent genetiedi, we next sought to
further apply this delivery platform for multiplexed gene editing. Multiplexed gene editing
requires the delivery of multiple gene editing reagents to target different gene editing sites.
Techniques for multiplexed gene editing afgreat interest in many cell engineering use
cases, particularly in cell therapies. Many cell therapies currently in preclinical and clinical
development use multiple gene edits to target disease indications that cannot be effectively

targeted by cell #rapies that were created using a single gene edit. A powerful example
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is in the treatment of -Cell acute lymphoblastic leukemia-@LL), which accounts for
~15% of all pediatric ALL and 25% of all adult ALI33]. While certain Fcell surface
markers, sut as CD5 and CD3, can be used to targéiLL using CARs, TFcell
malignancies remain difficult to treat using singldit CAR T-cell therapies due to the
occurrence of Jon-T killing, or fratricide[33,39,40] Therefore, a CAR -Eell that targets

CDS5 totreat Tcell malignancies must also undergo knockout of the endogenous CD5 gene

to prevent fratricide.

Another invaluable application for multiplexed editing in cell therapies is motivated
by the high demand for allogeneic cell therapies. The current depea of clinical cell
therapies on autologous cells poses a substantial cost, logistical, and manufacturing burden
[41-43]. Furthermore, many patients are not able to provide usabd#isTfor autologous
treatment due to advanced disease state or cheraptheffects, making them ineligible
for life-saving cell therapief43]. Knockout of endogenous TCR expression has been
shown to enable the use of allogeneicell therapies without provoking the grafi-host
immune respong@4]. Therefore, the impleantation of multiplexed gene editing for cell
therapy manufacturing facilitates a wide range of new cell therapy use cases and treatment

targets.

In our experiments, we aimed to perform permanent gene knockout of the TRAC
locus and the CD5 gene, a comliioa that would potentially enable the development of
an allogeneic fcell therapy that targets-ALL. We used the cell VECT platform for
simultaneous delivery of two species of CRISE&9 RNPs to target both editing sites in
a single delivery. Flow cytostry analysis of antibody staining of TCR and CD5 showed

successful knockout of both genes in ~10% of processed Egjig€5.7).
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Figure 5.7: Multiplexed editing of CD5 and TRAC locus by CRISPRCas9 RNP

delivery. (A) Jurkat cells stained with mouse IgG1 isotype controls to define double
negative antibody stain gating. (B) No device control exposed to both CD5 and TRAC
RNP without device processi naptbedp (Chekatai ned
cells processed with cell VECT and both CD5 and TRAC RNP and stained with CD5 and

T CR antibbdy show a subpopulation of successful double knockout of CD5 and TCR
expreswn in deviceprocessed cells.

Editing Viability 5-Day Proliferation Double Double-edited
Method Day 5 Fold-Change Editing (%) Cell ROI
Electroporation 753+£3.2 3.7+£1.2 444 +£13.5 1.5+1.2
Cell VECT 99.1+2.1 33.7+£5.1 9.1+£1.0 3.1+£08

Table 5.2: Table of cell VECT double-editing, viability, and proliferation vs

electroporation.As wi tfedsitnolge cell VECT maintains
proliferation than electropoeaitied, cellsuRO
el ectroporation despite having | ower doubl
negative control. Mean N SD, N = 3.

Similar to the singl&knockout gene diting experiments, cells subjected to

multiplexed gene editing in the cell VECT device maintained high viability and
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proliferation, whereas cells that underwent multiplexed gene editing by electroporation had
significantly lower viability and proliferatim, but higher doublediting efficiency Table
5.2). Overall, the viable doubledited cell ROI was higher in cell VECT cells than

electroporation due to higher prolié¢ion and viability Figure5.8).

Double edited cell ROI

Electroporation Cell VECT

Figure 5.8: Cell VECT double-edited cell ROI compared toelectroporation. ROI of
multiplexed gene editing for cell VECT exceeds electroporation due to higher viability and
proliferation.N = 3, bars represent SD, *P<0.05.

5.4 Summary of cell VECT applications for cell engineering

The rapidly growing field of cellmanufacturingrequires robust methods for
intracellular delivery of macromolecule reagents for cell engineering and analysis.
However, this field still lacks an intracellular delivery platform that is -effgctive,
maintains high cell viability, and is@adly applicable for diverse cargoes and cell types.
We utilize the unique biophysical phenomenon of mechanigadlyced cell volume

exchange for convective intracellular delivery of large macromoleculieseSsfulesults
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in intracellular gene analysisemporary transfection, and gene editing demonsiratest

potentialfor cell VECTto address major challengiescell manufacturing.

The ability of cell VECT to deliver large macromolecules facilitates the intracellular
delivery of high molar mass reawgts for transfection and gene editing. We have
demonstrated proaidf-concept results using EGFP mRNA and plasmid for temporary
transfection of cell lines and primary cells. We validate the use of cell VECT for gene
editing by delivering CRISPRas9 RNP cmplexes for permanent knockout of the TRAC
locus. We further utilize the ability of cell VECT to deliver multiple cargoes by
successfully demonstrating multiplexed gene editing of the TRAC locus and CD5 genes

by simultaneously delivering two CRISREas9 RNP constructs.

Our transfection experiments also revealed some of the limitations faced by cell
VECT in comparison to established electroporation techniques. We observed that
electroporation achieved higheGFP expression than cell VECT when deliveringieG
MRNA and plasmidin our gene editing studies, we aimed to compensate for this factor by
optimizing intracellular delivery with higher magnitude compressions and faster flow rates,
which were facilitated by glagginforced devices. Gene editing efficty using cell
VECT was improved after optimization, but remained lower than electroporation for the
same cell and reagent concentrations. These findings suggest that electroporation, or
possibly the electrophoretic delivery driving mechanism, is ablectoewe higher
intracellular delivery concentration with less limitation due to extracellular reagent

concentration.

112



Macromolecule delivery using cell VECT enables a number of useful applications
for intracellular analysis. The nonendosomal delivery alamencapsulated delivered
molecules to interact directly with the cell interior, which enables the delivery of
intracellular gene expression probes, like Aflaee MRNA probes, directly to the cytosol
without the need to escape an endosome. The rapidenat delivery while maintaining
cell viability allows the nandlares to directly bind target mRNA for a more immediate
readout of gene expression in live cells, which is not possible with standard methods of

intracellular analysis that require cell ily®r fixation

Overall, these results in a wide array of useful applications in intracellular gene
expression analysis, temporary transfection, and permanent and multiplexed gene editing
validate several highly valuable use cases for cell VECT in cell manufacturingpand o

the doors to many more applications.

5.5 Additional Applications

Further applications of interest have included using cell VECT for intracellular
delivery of proteins for ircell nuclear magnetic resonance (NMR) spectroscamnd
labeling stem cells fom-vivo therapeutic cell tracking. These applications have been
explored through collaborations with laboratories at other institutiorselllNMR is
being studied in collaboration with Al exan:
York at Albany.Stem cell labeling fom-vivo tracking is being studied in collaboration

with Heike DaldrupL i nk 6s | ab at Stanford University.
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In-cell NMR protein spectroscopy allows for the characterization of protein
structure and interactions in the intracellulaviemnment to help reveal protein signaling
pathwayg44,45] However, in order to detect a target protein usingeihNMR, the target
signal must be distinguished from the background signal of other cell proteins, which
requires the target protein contmtion to exceed typical physiological levé{s}, 45]
Therefore, the field of htell protein NMR requires efficient methods for intracellular
delivery of the target proteins. The delivery characteristics of cell VECT are advantageous
for in-cell NMR appications. Since cell VECT delivers directly to the cell cytosol, the
delivered protein does not face the additional impediment of escaping a primary endosome

in order to reach its target interaction site.

We demonstrate the application of cell VECT iiatracellular delivery of target
proteins for incell NMR protein spectroscopy. For this study, we delivemgzhchine and
cAMP-regulated neuronal phosphoprotein (DARPB to HeLa cervical epithelial cells.
DARPPR-32 is a neuronal phosphoprotein that ist ph the dopamine signaling pathway
and has been shown to be decreased in the leukocytes and prefrontal cortex of the brain in
patients with schizophrenia and bipolar disoldér49]. Therefore, a detailed study of the
protein interactions and signaliegscade in the dopamine signaling pathway would grant
a stronger understanding of dopamine signaling abnormalities and the associated
psychiatric diseases. DARFR2 delivered using cell VECT can then be analyzed by in
cell NMR and western blot to determineARPR32 presence and locations of

modifications that impact protein function, such as phosphoryldtiguie S51).

Labeling therapeutic stem cells farvivoimagingallows for long term tracking of

cell localization and regenerative progression. However, existing methods for intracellular
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labeling require lengthiaboratory processingyhich poses potential contamtian risks

[50] and can potentially impact stem cell physiology and pot¢styb3]. Furthermore,
because the labeling process usually takes several hours, it is impractical for stem cells to
be harvested, labeled, and transplanted in a single suvgeigvestigated the application

of cell VECT as a method oépidstem cell labelingafacilitate a single surgical procedure

in which stem cells can be harvested, labeled with a contrast agent, and transplanted to
track stem cell localization and engraftrhesithout impacting treatment outcomésgure

S5.2A) [54].

Delivery of multiple contrast agents allows for cell tracking and detection using
multiple imaging modaligs: positron emission tomography (PET) and magnetic resonance
imaging (MRI). For this study, we labeled and tracked adipose itesived stem cells
(ADSCs), which are used in regenerative medicine to treat degenerative joint diseases and
cartilage defest We used cell VECT to deliver ferumoxytol nanoparticles to the ADSCs
for tracking using MR[Figure S52B) [54]. We simultaneously delivered a second tracer
molecule 18Ffluorodeoxyglucose (FDG)or cell tracking using PETF{gure S5.2C)

[54]. This multimodal labeling and imaging allows for quantification of AD&llvery
and engraftment in the disease site using PET, with long term cell tracking and observation
using MRI. Delivery of both ferumoxytol and FDG labeling agents can be done using cell

VECT in a single microfluidic delivery without additional processsteps.
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5.6 Methods

5.6.1 Fabrication ofMicrofluidic Channels

The microfluidic features of this device were molded onto polydimethylsiloxane
(PDMS) and plasma bonded to a glass slide. A reusabl8 Bidld was made using
standard twestep photolithography on alison wafer. To fabricate the devices, a 10:1
ratio of PDMS and crosslinking agent was mixed and poured onto #&raJd to form
the microfluidic channel features by replica moldiRgr permanent gene editing devices,
a glass slide was embedded inte PDMS.The PDMS was then degassed in a vacuum
chamber and cured fdrhrat80°C. The cooled PDMS was then removed from the molds
and outlets and inlets were punched using biopsy punches. The PDMS was then bonded to
cleanglass slides using a plasma ban@DGC32G Harrick) followed by 1 hr in 80°C
oven. After cooling, the channels were passivated ustienge filtered1% bovine serum
albumin (BSA)in DI water. For more detailed device fabrication protocols, please see

Appendix A.1.

5.6.2 Microfluidic ExpelimentalSetup

For SmartFlar&NA probe delivery experimentsells were resuspendedserum
free RPM}I1640.For transfectionand gene editing microfluidic experiments, cells were
resuspended i@pti-MEM before flowing through the devic&he cells weresolated from
culture media and resuspended in buffer at16x10° cellmL with the desired
concentration of target molecules. The <wrlffer suspension was infused into the

microfluidic device at a controlled rate using syringe pumps (PHD 2000, Harvard
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Apparatus)For delivery of constitutively fluorescent moleculasldwing collection from

the outlets, the cells were washed 2X wlithfold volumeDPBS ¢/-) to remove residual
molecules external to the celisfore analysi<Cells transfected with mRN#ere analyzed

at 12, 24, and 48 hour time points following transfection, with peak expression at 12 hours.
Cells transfected with plasmid were analyzed at 24, 48, 72, and 96 hours following
transfection, with peak expression at 24 hours. For experimenthioh cells were
cultured following microfluidics, the microfluidic experiment was conducted inside a
sterile biosafety cabinet. All celandling supplies, including the device, syringe, and
needles, were sterilized by autoclaving. For more detailedofhictic experimental

protocols, please see Appendix A.1.

5.6.3 Cell Culture

K562 cells from ATCC were cultured in RPMB40 supplemented with 10% fetal
bovine serum (FBS) and 1% penicitstreptomycin.PC3 prostate cancer cells (CRL
1435), a gift from BD Biosences, were cultured in-E2K with 10% FBS and 1%
penicillin-streptomycinand passaged using 0.25% Tryp$stDTA. Deidentified and
discarded blood sample was collected from Lam Lab, Georgia Institute of Technology,
under an institutional review board (IRBpproved study for laboratory research on
discarded clinical samples and all methods were performed in accordance with the relevant
guidelines and regulations. Primary leukocytes were isolated from whole donor blood by
density gradient centrifugation. Wileodonor blood was centrifuged at 700 RCF for 10
mins with Ficoll density centrifugation media and the concentrated leukocyte band (buffy
coat) was collectedPrimary Tcells were isolated from healthy donor leukapheresis

product using theEasySep Human Tell Enrichment Kit(Stem Cell Technologies)
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according to manufacturer protocol. Primargdlls were cultured in TexMACS medium
(Miltenyi Biotec) with 100 IU/mL IL-2 (Miltenyi Biotec) and activated with T Cell
TransAct (Miltenyi Biotec) CD3/CD28 nanoparticle-CEll activator at a 1:1 -Cell:
nanopaticle ratio. Experiments took place 2 days aftes€ell activation. Jurkat cells from
ATCC were cultured irRPMI-1640 supplemented with 10% fetal bovine serum (FBS)
1% L-glutamine,and 1% penicillinstreptomycin The cells were incubated at 37°C with

5% QOo.

5.6.4 CRISPRCas9 RNP Gene Editing

The Cas9 nuclease was precomplexed to a gRNA sequence targeting the TRAC
locus (IDT) to form the CRISP®Ras9 RNP. We used the following CRISERs9 gRNA
sequence for TRAC locus editing which has been previously publisteedaidated:
AGAGTCTCTCAGCTGGTACA[31]. To form the RNP, the Cas9 was mixed with a 2.5
molar excess of gRNA and incubated at room temperature for 30 mins. To promote
localization of the RNP to the nuclease for gene editing, we used a Cas9 nuclease
conjugded to a nuclear localization signal (NLS3NLS-SpCasSNLS Nuclease

Aldevron). Cells were processed using a microfluidic device witki®.58ompression gap

and glass reinforcement in OiEM with at 800>L/min with 100>g/mL NLS-Cas9 plus

2.5 molar exess gRNA. For multiplexed gene editing experiments, we precomplexed each
species of RNP individually. For each multiplexed gene editing cell sample, we prepared
100>g/mL NLS-Cas9 plus 2.5 molar excess gRNA for both TRAC and CD5, doubling the
overall amouhof CRISPRCas9 RNP. The two species of RNP were combined with cells

immediately before processing with microfluidics or electroporation. Gene expression was
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analyzed with flow cytometry after 5 days. Gene editing was analyzed by Sanger

sequencing.
5.6.5 DNA Squencing

Genomic DNA from the CRISPRas9 gene editing experiments were isolated
using QuickExtract DNA Extraction Solution (Lucigemccording to manufacturer
protocol five days after delivery experiments. The genomic DNA was amplified using
Phusion HighkFidelity PCR Master Mix (New England BioLabs) according to
manufacturer protocol. The following primers were used to amplify the R&us cut
site: TGC CTG CCT TTA CTC TGC CAforward) andAGG CCG AGA CCA ATC AG
(reverse). Amplification was determined by gel electrophoresis. The PCR products were
purified and then analyzed by Sanger sequencing (Eton Bioscience) and TIDE software

wasused for indel analysis.
5.6.6 Flow Cytometry

Flow cytometry was performed using tB® Accuri C6 Flow Cytometeand
FlowJo analysis software.e@ uptake 6 cyanine3 SmartFlare RNA probesas analyzed
using 488 nm excitation and 588/4ilter. Expression ofGFP RNA or plasmidwas
analyzed using 488 nm excitation &b®B/30 filter Cy5 delivery was analyzed using 640
nm excitation and 670 long pass filter. TCR expression was analyzed by staining with
Alexa Fluor 488antrth u ma n T @Rbody (488 nm excitatin and 585/ filter)
(BioLegend) according to manufacturer protocolAAD (BioLegend) was used per
manufacturer protocol to exclude nonviable cells (488 nm excitation and 670 long pass

filter). CD5 expression was analyzed usiR§ antthuman CD5antibody (488 nm
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excitation and 585/40 filter) (BioLegend). Multiplex antibody staining was done using
Helix NP NIR (BioLegend) viability stain exclusion and compensation to minimize

fluorescent channel crosstalk.

5.6.7 Statistical Analysis

GraphPad Prisnand Microsoft Excel wereaused to perform statistical analysis

(ANOVA and ttest) and generate plots.

5.6.8 Electroporation

Electroporation of Primary-tells was carried out using an Amaxa Nucleofector Il
and LonzaHuman T Cell NucleofectoKit using manufacturer ptocols. Tcells were
electroporated using Nucleofector Progra+@ZB in a 106-L Amaxa cuvette. Jurkat cells
were electroporated using Lonza Cell Line Nucleofector Kit V using manufacturer
protocols. Jurkat cells were electroporated using NucleofectordPnag§001 in a 100-L

Amaxa cuvette.
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5.8 Supplemental Information
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Figure S5.1: Schematic of intracellular protein delivery and analysisSuspended cells
combined with purified protein are infused into the microfluidic device proeinloaded

cells are then analyzed for viability (bottom {afbst) and can then be characterized by
(left to right) incell NMR, fluorescence microscopy, and western blot to determine protein
signal and phosphorylation sites.
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Figure S5.2: Schematic and characterization of multimodal stem cell labelingA) A
heterogeneous cell population containing ADSCs is harvested from tpatetkar fat pad.
ADSCs are concentrated and then undergo labeling with two differerg tfpacer
molecules ferumoxytol nanoparticles and FDG radiotrasanultaneously by cell VECT
before implantation into the cartilage defect. (B) Flow cytometry of ADSCs labeled with
FITC-labeled ferumoxytol particles shows successful delivery to >d50oessed cells.

(C) Delivery of FDG radiotracer to ADSCs using cell VECT is significantly higher than
conventional cancubation when characterized byvitro PET imaging of plated cells.
Cells were processed using microfluidic devices with a>h&campression gap, with 10
mg/mL ferumoxytol and 57 MBg/mL 18FDG.



CHAPTER 6. CONCLUSIONS AND OUTL OOK

6.1 Summary of Major Findings

6.1.1 Aim 1:Characterizing governing parameters of cell VECT

By using microfluidics to precisely induce rapid, brief, large strain compressions,
we elucidated the surprising phenomenon of temporary cell volume exchiaaige
facilitates intracellular delivery of external macromolecul& discovered a behavior
wherein cells initially undergo sudden volume loss followed by fast volume recovery. We
found that induced volumiessis greater forfaster compressions caused by higher flow
rates andarger strains imposed through smaller constrictidis. report the Ericksen
number as a dimensionless parameterization of compression rate andamlastic
properties that can predict the resulting cell volume loss. This relation may inform the
implementation of cell VECT for a wide variety of human cell typ&e also found that
increasedintracellular deliveryrequired multiple ridges spacedcbuthat there was
sufficient time for cells to recover lost volume between each ridge. We used this effect of
volume change and relaxation as a new approach to deliver molecules to cells. Specifically,
rapid compressiodriven volume loss worked in conjuien with cell relaxation to

convectively drive volume and molecules into the cell interior.

The physical cause of this surprising cell behavior can be explained by considering
the relevant forces imposed on the cell by the ridges. The sudden inertalession
under a ridge with stepwise profile is equivalent to a high velocity (~1 m/s) vertical impact

on the cell to disrupt the membrane in a manner akin to a droplet splatter upon a surface.
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The subsequent physical constriction of the cell under tge riesults in rapid transfer of
momentum to the liquid of the cell interior to drive fluid volume out of the cell. The brief
nature of this compression causes cells to relax on a rapid time scale to uptake volume after
compression. The observed rapid resmgvis consistent with rapid, poroelastic recovery

behavior of the cytoplasm at short time scales (<0.5 s) after brief comprsgion

Overall, the phenomenon of cell VECT can be summarized into the following steps:
(1) cell volume loss during rapid egression, (2) cell uptake of surrounding volume and
target molecules during recovery, and (3) repetition of compressions for maximum
intracellular delivery of target molecules. These steps are visualized and identified in

Figure6.1.
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Figure 6.1: Visualized summary of the cell VECT processThe process of cell VECT

can be broken down into the following steps: (1) celln loss during compression, (2)
convective molecule uptake during volume recovery, and (3) repeated compressions for
maximum delivery. The cell membrane will subsequently reseal and retain delivered cargo.

6.1.2 Aim 2: Defining intracellular delivery capabiles and physiological effects on

cells

In this aim, we defined the characteristics and capabilities of intracellular

macromolecule delivery using cell VECTell VECT was shown to be distinct from



current diffusive mechanoporation platforms, both in mechanism and capability. Diffusive
microfluidic mechanoporation methods used gradual constrictions to impart shear stress on
cells in a manner that facilitates smooth cell flow and thus slower defornf2tilnThe
constrictioncreates a shear force on the cell membrane leading to membrane poration and
extracellular molecular diffusion into the cell interior. While diffusion is a universal
transport mechanism, it imposes constraints on delivery due to the inverse relationship
between diffusivity and molecule size. Indeed, diffusive approaches to microfluidic
mechanoporation have shown limited efficiency in the delivery of large macromolecules
[8-13]. We characterized a convective intracellular delivery mechanism that is

nonendosmal and independent of molecule size.

The purely mechanicalmicrofluidic approach avoids many of the prohibitive
drawbacksand detrimental changes to cglhysiology associated with using chemical,
viral, or electrical processind4-20]. This study findsthat cell VECTcausesminimal
impact on nuclear envelop integriiynd exchange of nuclear contents with the cytoplasm,
which suggests that DNA damage does not octhe ability of the cytoskeleton to
regulate cell volume and retain solutes could exgtamminimal impact of cell VECT on
intracellular protein conterdespite the initial volume log421]. Long term cell viability
and proliferation is also maintained, which supports the use of cell VECT in various useful

applications in cell manufacturing.
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6.1.3 Aim 3: Applications of cell VECT

In our studies, we found cell VECT utilizes an advectiominated molecular
driving mechanism to efficiently deliver a wide rangerafcromoleculeso various types
of human cells The simplicity of use and successfubof of concept experiments in
transfection and intracellular labeling demonstrate potential to overcome the most

prohibitive challenges in intracellular delivery for cell engineegpglications.

This work has validated cell VECT as a platform forangllular labeling for cell
analysis and tracking. Nonendosomal delivery of intracellular RNA probes enables real
time analysis of gene expression in living cells. Intracellular delivery of proteins facilitates
NMR spectroscopy that elucidates intracellujarotein modification and signaling
pathways. Labeling of therapeutic stem cells with a combination of imaging contrast agents
allows for multimodal imaging for lonterm spaciotemporal tracking of therapy
progressiotin vivo. Stem cell labeling for multiodal imaging can be done during the same

surgery as the stem cell extraction and transplant.

The cell VECT platform can also be used to deliver reagents that modify cell gene
expression, both temporarily and permanently. Delivery ofintagrating plasnd and
MRNA demonstrated temporary expression of exogenous genes in cell lines and primary
cells. Successful knockout of endogenous genes using CRI&BRgene editing
validated the application of cell VECT for permanent modification of gene expreshmn. T
results of cell VECT in cell labeling, analysis, and gene expression modification support

the utility of this technology for useful applications in diagnostics and therapeutics.
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6.2 Continuing Work

The contributions of this research have enabled a numberseful potential
applications using cell VECT. As a continuation of this thesis work, multiple projects will
further explore cell VECT in several applications of potential significance in research and
clinical settings. The gene editing capability viié combined with viral transduction to
prevent seHkilling in CAR T-cells targeted at-Eell malignancies. A continuation of this
research will investigate multiplexed gene editing in immunotherapeutic cells using cell
VECT. Another project will exploréhe use of cell VECT for gene editing replacement of
the endogenous TCR with an exogenous TCR. A continuing project will study gene editing

of retinal progenitor cells by delivering very large plasmids using cell VECT.

6.2.1 Gene Knockout for CDargeting CART-cells

While CAR T-cell therapies have been proven to be highly effective in inducing
remission in hematological cancetfse primary efficacy o€CAR T-cell therapies has been
in the treatment oB-cell malignancies[22-26]. The implementation of CART-cell
therapies for the treatment Bfcell malignancies is complicated by the occurrence of self
killing, or fratricide, because a CAR construct targeted at T lymphoblasts will also direct
cytotoxic activity against healthyf-cells and therapeutic CART-cells. T-cell acute
lymphoblastic leukemia (RLL) accounts for ~20% of acute lymphoblastic leukemia and
carries a poor prognosis, with a survival rate of <15% with conventional chemotherapy
[27-30]. Only a minority of patients achievremission and qualifyfor allogeneic

hematopoietic stem cell transplantation (HSC3)], and even then thgyear survival
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rate after HSCTis ~50%[32]. Therefore, existing treatment methods feAdOL would

greatly benefit from the development of a V@B AR T-cell treatment option.

The CD5 surface marker is a relatively reliable surface markerT#oell
malignancieandhas been shown to be an invaluable targeting gene agakidt T33-
37]. However, CD5 is also expressed on healthy periphiecalls, thymocytes, and the B
1 subpopulation oB-cells. Preclinical studies of CD%argeting CART-cells have shown
cytotoxic activity directed againstALL cells, but also healthy cells and other therapeutic
cells, and overalliminished efficacy. These filings suggest that-ALL treatment using
CD5-CAR T-cells requires knockout of trendagyenous CD5 gene in the therapeutic cells

to prevent fratricide and improve treatment efficfg3,34]

An ongoing project in our lab combines ranmal CD5 knockout genediting with
viral expression of a CDEAR construct in primary -Eells. The Fcells are first processed
with cell VECT to deliver a CRISPR Cas9 RNP construct for CD5 knockout. Processing
with cell VECT enables permanent gene editing that maintains cability and
proliferation for downstream processing with a lentiviral vector for transduction of the
CD5-CAR gene. The therapeutic cells will be validated usingtro cytotoxicity assays
against FALL and in anin vivo T-cell leukemia xenograft mouseadel The sequential
nonviral knockout and viral knoeik editing steps will result in a therapeutic GD5
targeting CAR Tcell population that is CD&egative, preventing fratricide and improving

treatment efficacy.
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6.2.2 TCR Replacement via CRISPR Cas9

The development of newiral, targeted gene editing techniques is a field of growing
interest in the cell therapy space. The current standard method, viral transduction, suffers
from high manufacture costs and persistent concerns over insertional mutgeres
the random nature of viral editir{d5-18,3840]. Furthermore, results have shown that
targeting the insertion site of the CAR gene to the TRAC locus significantly improves the
antirtumor cytotoxic activity of CAR Jcells [41]. During the manufdare of TCR
therapies, knockout of the endogenous TCR receptor genes is a necessary step to prevent
the formation of unpredictable dimers between the exogenous TCR gene and the
endogenous TCRI2]. Therefore, a continuing project in our lab seeks to atdel VECT
for targeted knockout of the endogenous TRAC gene coupled withrid&dRated knock

in of an exogenous TCR construct.

The overall goal of this project is to validate the application of cell VECT for
targeted replacement of an endogenous getteamiexogenous therapeutic gene. Primary
T-cells will be delivered with CRISRRas9 RNP targeting the TRAC locus, along with a
homologydirected repairlDR) template encoding an exogenous TCR gene. This process
should result in the knockout of the endoges TRAC locus gene and insertion of the
exogenous TCR gene at that site. While this project would specifically demonstrate
applications for TCR therapy manufacturing, the results have strong implications for the
use of cell VECT for any targeted gene esm@iment application, including the treatment of

genetic disorders through the rainal correction of faulty genes.

134



6.2.3 Multiplexed Gene Editing for Next Generation Cell Therapies

The next generation of cdllased immunotherapies require multiple gene ¢alits
improve treatment safety and efficd®p,43] A major cause of disease relapse in cancer
patients undergoing CAR-@ell therapy is a phenomenon called antigen escape, wherein
a subpopulation of tumor cells that underexpress the targeted tumor antigeyes,
allowing the cancer to evade the CAR T thergfgl}. Therefore, next generation therapies
aim to target multiple tumor antigens to prevent antigen escape. Furthermore, the overall
trend of interest toward allogeneic, -tfffe-shelf cell therapies qriires multiple gene edits
to prevent grafversushost reactions. Specifically, inhibitory surface genes such a& PD
are knocked out to ensure persistence of the therapeutic cells, while the endogenous TCR
genes are knocked out to diminish gnagtsushost disease due to the allogeneic cells.
Therefore, as new cdtlased immunotherapies are developed, the demand for multiplexed

gene editing techniques grows.

A continuing project in the Sulchek lab aims to utilize the ability of cell VECT to
simultaneously deliver multiple cargoes in order to deliver multiple species of gene editing
reagents for multiplexed gene editing. Primargells will be processed with CRISPR
Cas9 RNPs targeting PDand both TCR genealpha and beta constant regioriRAIC
and TRBQ. The ability to deliver multiple gene editing reagents without requiring
additional processing steps allows this method to maintain high cell viability for

downstream cell manufacturing processes.
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6.2.4 Gene Engineering of Retinal ProgenitorliSeising Large Plasmids

In addition to the cell immunotherapy projects previously described, we also aim to
apply cell VECT to engineer stem cells for regenerative medicine. Gene engineering of
stem cells is a promising strategy for treating permanentidiss caused by inherited
degenerative retinal diseases. Since these inherited retinal diseases are usually caused by a
single genetic defect, gene correction using CRKERR9 can potentially reverse disease
effects and restore vision. The current stadd#&rategy for correction of genetic defects in
inherited retinal diseases is to use adassociated virus (AAV) to insert the functional
gene into the genome of patient photoreceptor ¢é8s48]. Implementing this gene
correction process in patiedérived induced pluripotent stem cells (iPSCs) enables an
autologous treatment option for patients who have already sustained significant loss of
photoreceptor cells. However, almost 25% of inherited retinal diseases require the delivery
of genes that are weral times larger than the kb packaging limit of AAVs[49]. An
example of one such gene is USH2A, which has a coding length of approximately 15 kb.

Mutations in the USH2A gene are associated with blindness as part of Usher syndrome.

Therefore, retinatherapeutics aimed at correcting blindness caused by USH2A
defects would greatly benefit from an intracellular delivery method that can deliver very
large genetic constructs. Preliminary experiments delivering large gene cons{tQdtb)
show that ceWECT exceeds the transfection efficiency of lipofection, the current standard
method for delivering plasmids that are too large for viruses to package. This ongoing
project aims to optimize cell VECT delivery of large genetic constructs to produce gene
corrected iPSCs. The focus will be on permanent correction of the USH2A gene by delivery

of large plasmid constructs containing CRISE&s9, the USH2A coding region, and an
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antibiotic resistance selection ge argo. Thi

delivery capability to facilitate gene correction therapy in inherited diseases caused by

defects in large genes.

6.3 Conclusions

In thisthesis we characterized theell biomechanical phenomenarherein rapid,
high strain compressions cause cell vaduiwss and recovery We found that thigell
volume exchange caused extracellular moleculeletalriven intothe cell interiorby
convection We refer to this process as cell VEQE]lI volume exchange for convective
transfer We have determined the degiand experiment parameters that govern cell VECT
and provide basic understanding to mechanically induced cell volume exchiémgese
these findings to inform the optimization of the microfluidic device design to improve
intracellular delivery and throughit. We show convection to be powerful driving
mechanism for intracellular deliveryf large macromolecules (>2 MDagspecially in
comparison to diffusion alon&/e also determinthat cell VECT has minimal impact on
nuclear envelop integrity, proteinds, and long term cell viability and proliferaticell
VECT enables new applications for microfluidic molecular delivery, including-high
throughput delivery of large macromolecules and partitdescell labeling, analysis,
transfection, and gene editinbhis work has elucidated a new cell phenomenon with great
potential to serve as a nearly universal intracellular delivery platform for a vafiety

valuable clinical and research applicationbimtechnology.
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APPENDIX A.

A.1 Protocols

A.1.1 Cell VECT Devicé-abrication Protocol

Overview of Steps:

1.

2.

3.

PDMS molding
Cleaning PDMS and glass slide

Bonding PDMS to glass slide

PDMS Molding

1.

Thoroughly mix polydimethylsiloxane (PDMS) with crosslinker in 10:1
PDMS:crosslinker ratio.
Check silicon wafer mold for cleanlisg.

a. Clean with air gun for dust

b. Clean withIPA and DI water for smudge$horoughly dry the mold before

use.

Place silicon wafer mold in baking dish, pour mixed PDMS and crosslinker on top.
Degas the PDMS in vacuum desiccator until all bubatesemoved.
Use enougPDMS such that the PDM&ayer is at least ~5 mm thiclover the
surface of the wafer

Bake PDMS in oven at 80 C for 1 hr .
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7. After cooling,carefullyrelease the PDMS from the wafer

a.

b.

Cut/pull the PDMS away from the edges of the bakiisth
Gently remove the PDMS and wafer from the baking dhgHifting the
PDMS equally from all sides.
I. Use careful, gradual motions, as this is a step at which the wafer is
more likely to break.
Remove PDMS film from the back of the wafer
Gradually Ift PDMS around the edge of the wafer until wafer is fully
released
i. Peel PDMS off the entire perimeter, then gradually release the
PDMS from the wafer equally around the perimeter, working your
way in. Again, use careful, gradual motions, as this iseagterhich

the wafer is more likely to break.

CleaningPDMS and Glass Slide

1. Cutdevices out of PDMS.

a.

Cut in graightrectangles.

2. Punch holest inlets and outletssing biopsy punches

a.

b.

Always keep PDMS pattern side up

Place a soft surface underneath the PDMS to prevent dulling the biopsy
punch. A spare slab of cured PDMS is suitable, or something similar.

Hold biopsy punch from the back, push straight down, perpendicular to the

PDMS surface, punch, pull straight oud, ot twist.
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d. Use 1 mm biopsy punch for inlets and outlets. This corresponds to a 18
gauge needle.
e. Observe that punches are cleardcylindrical. If punches are jagged, use
a new punch
3. Cover the PDMS devices, both sides, with Scotch tape, apply eessupe with
thumb to remove dust. Keep taped until ready to bond.
a. Clean glass slides by tayg with Scotch tape.
4. Check the quality of the devices before bonding.
a. Dondét touch pattern, keep pattern si
b. Move devicego Petri dish with pattern side up
c. Observe all devices under microscope at 5x magnification, make sure entire
pattern is free of dust, channels and ridgesintact, properly formed, and

undamagegdthen tape off the pattern surface until ready to bond.

BondingPDMS to Glass Slide

1. Turn onHarrick Plasma Cleaner and leave on until after bonding process is
complete, leave pump and RF knob off until ready to bond

2. Put PDMS & glass slide face up on plasma bosderple tray.

3. Plasmacleanatoorknobk Z1 ssed, Y valvecqnteolled Y =

4. Turnvalve45 degrees from closed, leave at that setting

5. Place plasma bondsample trayith glass slide and PDMS into plasma bonder

a. Setknobt o cl osed. (Z = cl osed)

b. Vacuum out the plasnzhamberfor 1 minute.
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6. Turn RF to high, turknobtovalvec o nt r o | valeedontfolfed)=

a.

b.

C.

Plasma should form immediately

Plasma color should be bright pink/purple.

Blue plasma indicates not enough oxyg&msure that the valve is 45
degrees from closed to allow a small amioof oxygen into the channel.

Dark purple plasma indicates insufficient vaculinsure the valve is not

too far open (more than 45 degrees from closed), or that the door is properly
closed, and the doorknob is turned to valwentrolled ( Y \alve

contrdled).

7. Immediately after 1 min plasma bonding:

a.

b.

C.

Turn RF oft

Turn pump off

SLOWLY rotateknobt o o p e n (R¥pressurzipgehe fhamber too
quickly can cause samples to move around. Wait until hissing air stops

before opening the door and removthg sample tray.

8. Immediately place PDMS, pattern side downgtassslide, gently tap edges and

sides of channel with tweezers to form fully bonded surface, no bubbles

a. Do not tap on top of the channels, can cause channels or ridges to bond to

theglass slide

9. Label slides with your initials, device specs, and date, transfer-89 &0 oven

for 1-2 hours.

10. Remove devices from oven and let cool to room temperaturepresentative

image of a properly bonded device is showFigure A.1.
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11. Observeall devices under microscope at 5x magnification, make sure entire
pattern is free oflustandchannelsare properly bonded.

12. Store devices in closed containers, away from dust and contaminants.

—— - =

T | i SRR A~ = R

Figure A. 1. Bonded PDMS device Example image of a PDMS device made with the
standard device fabrication protocdhe device is PDMS throughout, bonded to a glass
slide. A correctly bonded device will have fine channel features that are clearly defined
and visible to the naked eye.



A.1.2 Cell VECTGlassReinforcedevice Fabrication Protocol

Overview ofSteps:
1. Apply thin PDMS layer to silicon mold
2. Place glass slides on thin PDMS layer

3. Pour and cure thick PDMS layer on top

Apply Thin PDMS Layer:
1. Thoroughly mix PDMS with crosslinker at 10:1 PDMS:crosslinker ratio.
2. Degas 10:1 PDMS in a vacuutesiccator.
8. Check silicon wafer mold for cleanliness.
c. Clean with air gun for dust
d. Clean withIPA and DI water for smudge$horoughly dry the mold before
use.
3. For a 100 mm diameter wafer mold, apply 4 mL 10:1 PDMS to the surface for a
PDMS layer ~ 0.5 mm thick, tilt to coat the entire wafer surface evenly.
4. Cure the thin 10:1 PDMS layer in 8D oven until fully cured (8.0 mins).
a. Check that the thin PDMS layer is cured by gently tapping the layer over

an empty part of the wafer with a pipet tip.

PlaceGlass Slides on Thin PDMS Layer:
1. Use a glass cutter to cut standard, 1 mm thick microscope slides.
a. Fit the slide dimensions to fully cover the microfluidic channel, but not the

inlets and outlets, approximately 4 mm by 10 mm.
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b. Clean the cut glass with Scbttape to remove glass fragments.
2. Coat one side of each glass slide with a very thin layer of uncured 10:1 PDMS.
3. Carefully place the glass slide PDM&le down onto the cured thin PDMS layer

on the wafer.

a. Gently press on the slide to removelaibbles.

b. Make sure the glass slide does not cover the inlet or outlet regions.
4. Bake in 8&C oven until the glass slides are cured into placel@-mins).

a. Ensure the glass slides are cured into place by gently pushing the glass

slides with a pipet tip.
b. This prevents the glass slides from drifting out of place when the thick

PDMS layer is poured on top.

Pour and Cure Thick PDMS Layer:
1. Pour 40 mL of premixed and degassed 10:1 PDMS on top of the cured thin
PDMS layer and glass slides.

a. Wafer should be in aontainer that is approximately the same size and
shape as the wafer

b. Useasufficientamount ofL0:1PDMS for ths thick PDMS layer such
that the overall PDMS layer is at least ~5 mm thick over the surface of the
wafer.

c. Fully degas the PDMS in a vacuum desiccator if necessary.

2. Cure in 8&C oven for 1 hour.



3. Allow to cool before gently releasing the PDMS from the wafer
a. Release the PDMS very slowly, taking extra care not to rip the thin PDMS
layer off of the embedded glass slides.
4. Once released, tape the PDMS device features to prevent dust contamination.
5. Proceed to standard cleaning and bonding procedures described in Section A.1.1.

6. A complete glasseinforced device should look likeigure A.2.

d :,‘.-.‘.!s’r-rr'ix-,—ffa\r,;. —

»

Figure A. 2. Glassreinforced PDMS device.Example image of a PDMS device with

glass reinforcement. A small glass slide has been cut to fit the device layout, so that it
covers the channel and ridges without impinging on the inlet and outlet regions. The small
glass slide is embedded inside the PDMS, just above the channel features. The device has
been bonded to a glass slide.

15C



A.1.3 General Cell VECT Device Operati Protocol

Experiment PreparatiadiComplete before experiment)
1. Cell flow buffer recipe:

a. 30 mL PBS{/-) +40 mg BSA + 1.6 mg EDTA (11 uL of 0.5M stock) + 10
mL Percoll

b. Filter the buffer with sterile fil

c. Flow buffer is optimal, can use PBS, mediapti-MEM, etc.

2. Passivate devices and syringe/needle with 1% BSA in DI water (sterile filtered)

a. Flush dust out of all needles and tubing using EtOH and DI water.

b. To plug needles into the microfluidic chip, carefully align the needle with
the opening and guide it into the punches using gentle pressure. Do not force
the needle, as this can damage the PDMS punch.

c. Flow 1% BSA through device using syringe, leave eR®a in needle

d. If passivating devices overnight, store the devices in the fridge and cover
the inlets and outlets with tape

e. If using the devices the same day, passivate at room temperature for
>20mins Tape is not necessary, but leave a large droplet @d386at the
outlets to prevent the channel from drying out.

f. Prep at leastwice as many devices as you will need in case of device

unbonding or leaking.
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Experiment Setup
1. Pump
g. Set syringe diameter on pump (Harvard apparatus syringe selection guide).
h. Program the syringe pump to the desired flow rate.
i. Experiments that require tubing can sometimes result in cell loss due to cells
settling at low points in the tubind@.o prevent this, position the syringe
pump above the device, and position the tubingthed it follows a

consistent downward path toward the device, as picturejure A.3.

Figure A. 3: Syringe pump setup relative to micofluidic device.To prevent cell settling

at low points in the tubing, elevate the syringe pump above the device. Position the tubing
so that the path that the cells take from the syringe to the device is consistently downhill,
so that there are no locaw points at which cells can settle.

2. Microscope
a. Place device on microscope stage to observe cell flow if desired

b. Make sure light is off throughout collection of pha&ensitive samples
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3. Prime the tubing and needles by flowing through 1% BSA or buffdrauliguid
droplet forms at the tip of the needle, tapping to remove all bubbles.
4. Leave alarge drop of 1% BSA at inlet so needle will have a Hemucd interface
5. If necessary, flow additional 1% BSA or buffer through device immediately
before useo remove all bubbles
6. Prep buffer:
a. Add 0.3 mg/mL FITCdextranor other desired amounts or types of reagents
directly to cell flow buffer
7. Prepcells:
a. Complete all other prep first to minimize time cells are out of culture
b. Thoroughly resuspend cells @ell flow buffer with moleculeby pipetting
repeatedly.
c. Pass cell suspension through cell strainer (>2X larger thadiagiketey
d. Dilute cells to proper concentration ¢2D x 1 cells/mL buffer)

e. To prevent cell viability loss during longer experirtgefk 1 hour), store

cells on ice until ready to use.

Experiment Run
1. Load cells intahe syringe.
a. Eject any remainind% BSA from syringe, tubing, and needle
b. Uptake cells into syringe and tap to remove all bubbles from syringe, tubing,
and needle

c. Forphotosensitive experiment\wer the syringand tubingwith foil.
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d. Load the syringe intthesyringe pump
e. To prevent cell viability loss during longer experimenkd (hour),tape a
small cold pack onto the syringe.
2. Ensure needle is fully primed withlcsolution, then attach to cell syringe inlet.
3. Keep samples on ice until experiment is complete.
4. If using a microscope,bserve that cells are flowinprough the microchannel
without major clog or bubbles
a. For photosensitive experiments, turn off microscopy light during sample
collection.
5.  When experiment is fully operational, collect fluid from outlets using pipets.

a. Can save effort by plugging pipetgimto outlets as shown ifrigure A.4.

Figure A. 4. Microfluidic device setup on microscope stagelypical setup image of a
singleinlet, singleoutlet microfluidic device on microscope stage. The needle is attached
to tubing and is plugged into the inlet. A pipet tip is plugged into the outlet to collect the
sample (orange fluid).

154



A.1.4 Cell VECT Sterile Transfection Protocol

1. Autoclavemicrofluidic devices, needles, andrgyges in sterilization pouches.
a. Allow to fully cool before use
2. If working with nucleic acids that are sensitive to degradation, clean the BSC work
surface with RNase AWAY decontamination reagent.
3. Use sterile syringe and needle to passivate devicestettire 1% BSA in DI water.
a. Make sure syringe, needle, and device are free of bubbles
b. Passivate at RT for >20 mins in BSC
c. Flush devices with sterile PBS-) after passivatiorieaving a large droplet at

the inlet to prevent the channel from drying.out

AN

. Plugsterilepipet tip into device outlet faamplecollection.

(62

. Spin down cells and wash once with PBS) (

o

Resuspend cells at10x1( cells/mL in serurfree medig Opti-MEM).

\‘

. (Optional) pass cell suspension throwagsterilecell strainer (>2X leger than cells)
to remove aggregates
8. Add transfection payload at desired concentration tengetlia suspension
9. Load cells into sterile syringe with needle.
10.Prime the needle by gently pushing the syringe plunger until a very small droplet of
cell suspension forms at the tip of the needle.
11.Plug the primed needle into the device inlet.
a. Guide the needle into the inlet punch using gentle pressure. Forcingettie ne

could damage the PDMS inlet punch,
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b. The primed needle should form a ligtiduid interface with the droplet at the
inlet, which prevents air from entering the channel.
12.Flow cells through devicesing a syringe pump.
a. Syringe pump should be cleanedwéthanol, then placed in the BSC.
b. To minimize reagent waste and void volume in the setup, attach the needle
directly to the syringe and plug the needle directly into the device inlet, as
shown inFigure A.5.

c. Cells will collect at the sterile pipettg. A barrier pipette tip can be used for

sample collection to minimize contamination.

Figure A. 5. Sterile microfluidic device setup in BSC. Example setup for sterile
microfluidic device operation in a biosafety cabinet. This setup utilizes a needle attached
directly to the syringe without tubing to minimize void volume and reagent waste. The
device is elevated so that the needle can gikggtly into the inlet without tubing. A barrier
pipette tip is plugged into the outlet to collect the cell sample and minimize contamination
risk.

13.Rest cells, undiluted, for 10 minutes after processing.

14. Gently plate cellsn prewarmed culturenedia addesired culture density.
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A.2 Evolution of Device Design

Over the course of this thesis work, the cell VECT microfluidic device design has
undergone several rounds of revisions that were informed by experimental findings. These
changes were made to inope intracellular delivery efficacy, simplify device use and
setup, and increase cell throughput. Numerous design changes have been made to various
aspects of the device design, including the number of inlets, outlets, and channels, and the
geometry of tb channels and ridges. The device design initially used for cell VECT
experiments had originally been developed for cell sorting based on mechanical properties
[1-3]. This design had three inlets: one cell inlet flanked by two sheath inlets to focus the
cdl flow down the center of the microfluidic channel. The design had a single microfluidic
channel and multiple outlets to facilitate fractionation of the inlet cell population into
multiple outlet subpopulationgigure A.6A). The ridges had a diagonal orientation for

directed cell deflection along the slant based on mechanical prop&r8es

As a result of several device iterations, various device design changebd&av
made. To simplify device use and setup, the device design was modified to utilize only one
inlet and one outlet. Removing the sheath inlets simplified device setup and reduced
reagent waste, since the sheaths inlets needed to contain the same& aitocen target
molecules as the cell inlet. The sheath focusing was replaced by serpentine inlet channels
designed to focus cell flow to the center of the ridged microch@agl The ridges were
modified from a diagonal geometry to chevrons that $omeils to the center of the ridge
field to further facilitate cell processing through the ridges without sheath focusing. These
changes helped to improve delivery efficiency. To increase cell throughput on a single

microfluidic chip, a manifold with mulplexed channels was added, such that several

157



microfluidic processing channels could operate from a single cell inlet. This multiplexed
processing was facilitated by the removal of the multiple cell outlets. The overall product
of these design changes cam \bsualized inFigure A.6B. These design changes have
increased the throughput of a single microfluidic chip from*€&lls/min in the original
design to up to and exceeding’ b@lls/min in the new manifold deviceBhe throughput

of a single chip can easily be increased further by multiplexing the device microchannels
in 2 dimensions, with an increased number of mitaomels siddy-side, or in 3
dimensions by stacking multichannel devices on top of each other or creating 3
dimensional multiplexed processing channels through injection moldifge
simplification of the microfluidic setup due to the removal of unnecgasiets and outlets

is shown inFigure A.6C,D.

(A) Outlet (B)

f o
x_\,\mﬁ, Outlet
5

Outlet

e

B

Figure A. 6: Evolution of a device. (A) Initial experiments were carried out on a
micradfluidic device originally designed for cell sorting. This design used multiple inlets
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for sheath focusing and multiple outlets for cell fractionation. The device bag)le
processing channel with diagonal ridges. (B) An evoldedice design exhibitingthe

results of several design revisions. The sheath focusing inlets were replaced with serpentine
focusing channels and chevron focusing ridges. The multiple outlets were consolidated into
a single outlet. The single inlet and outlet facilitates multipigxif the channels for higher
throughput. (C) Operation of the original design requries additional setup due to the
multiple inlets and outlets. (D) The removal of unnecessary additional inlets and outlets
simplifies the setup and operation of the new cedesign.

Many of the design changes were informed by experimental results that elucidated
the mechanism and governing parameters of cell VECT delivery. Since faster cell
compression was shown to increase cell volume loss and improve intracellular delivery,
we incrased the flow rates at which the devices are opeféjedt high flow rates, the
flexible PDMS microchannel can deform due to internal fluid pressure, which can change
the channel height. We analyzed PDMS microchannel deformasomy extrefine
microsope objective focusing on the beginning of the ridge field, where deformation
would be highedi8,9]. Our microfluidic cell volume change experiments were conducted
at flow rates in whichdeformation of thePDMS microchannel and ridges was not
detectable<1 >m). In order to maximize intracellular delivery through rapid compression,
we utilize the devices at higher flow rates with the addition of glass slide reinforcement,
which has been shown to significantly minimize pressudeced PDMS microchannel
deformation (Figure A.7) [10,11] At the highest operating flow rates in our gtass
reinforced devices (808L/min) deformation of thd?DMS microchannel and ridges was

notdetectable (<®m).

Since results showed that repeated compressions resulted in greater intracellular
delivery, the number of ridges on subsequent device designs was increased to >22 to

maximize delivery Figure A.7) [6]. We also increased the spacing between ridges to



facilitate cell relaxation between compressions, which was shown to increase delivery
(Figure A.7) [6]. Smaller compressiondge gaps were used to increase volume loss and
improve delivery Figure A.7) [6]. The faster flow rates also enabled the devices to operate
with a smaller compressigidgegap, 0% of cell diameter, without cells flowing around

the ridgeor clogging the ridgesHowever, we refrained from usinglgegap sizes <20%

of cell diameter; we observed that cells that are rapidly forced through a compriekggon

gap that is too small (<20% of cell diameter) had lowered viability. Sonsatsilundergo

lysis at these extme compression conditions, which can cause clogging of the ridges due
to cell debris. The clogged channel lowers cell throughput, processing efficiency, and cell
recovery. Therefore, to avoid these adverse impacts on cell processing, we used
compressiomidgegaps >25% of cell diameter. We also filter out potential clogging agents,
such as dust and nonviable cell aggregates, using a cell strainer with pore diaaéser

~2X the size or greater thdhat of the average cell diamet@verall, our devicalesign

and protocothanges were informed by experimental studies into the governing parameters

of cell VECT in order to maximize delivery efficiency and throughput.

Side view

Figure A. 7. Schematic of device design features to improve intracellular delivery.

The compressiornidgegap height (k) is decreased t§0% of cell diameter. The distance
between ridges (). is increased to facilitate cell recovery between ridges. The number of
ridges (N) is increased to > 22 to improve delivery. The presence of a glass slide (G) is
added to facilitate higher flow rate, and therefore faster compression, without PDMS
channel deformation.
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Multiple design changes were developed in conjunction witkitiggeinlet device
design in order to facilitate high cell processing efficiency. The sinigé devices no
longer have the sheath focusing flows from the sheath inlets, and therefore cell flow is not
focused through the ridged microchannklg(re A. 8A). Therefore, we introduced
additional design features, serpentine focusing and smaller ridge gutters, to compensate for
the lack of sheath focusingigure A.8B). In the unfocused devices, we observed ~20%
of cells flowing in the gutter region of the deviddgure A.8C). The gutter region, the
space at the outer edges of the microchannel past the ends of the ridges (shown in red in
Figure A.8C,D), is intended only to provide an escape mechanism for dead cells and cell
aggregates that would normally clog the device, but in the unfocused devices result in a
significant portion of viale cells flowing around the ridges without being processed. To
mitigate this effect, we reduced the size of the gutters by half or more, and introduced a
serpentine channel following the inlet that focuses the cell flow through the center of the
microchamel [4,5]. These design features reduced the percent of cells in the ridge gutter
by over half Figure A.8D). An overview of device design changes and the reasoning

behind them is described ifable A.1.
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(A) Unfocused

(C) Unfocused (D) Serpentine focusing

~20% gutter cells <10% gutter cells

Figure A. 8: Device design features to minimize gutter cell§A) Removal of the sheath
inlets resuked in an unfocused, singielet device design. (B) Introducing a serpentine
channel after the inlet allows for cell flow focusing in a sifiglet device. (C) In the
unfocused device design, approximately 20% of cells go unprocessed by flowing around
theridges in the gutter region (red) of the microchannel. (D) In the serpentine focusing
device with 50% smaller gutters, the percent of cells in the gutter region (red) is reduced
by over half.
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Original design

New design

Reason for change

Impact on processing

Sheath inlets

Diagonal ridges

1 channel

PDMS device

Number of ridges:
7-27

Ridge gutter:
100 um

No sheaths, 1 inlet

Chevron ridges

Multiple channels

Glass-reinforced
PDMS

Number of ridges:

>22

Ridge gutter:
50 pm

Sheaths require more
setup, waste reagents

Chevron ridges focus cells
to center of ridges without
sheaths

Multiplexed channels
increase throughput

Enables faster flow rates
without channel
deformation

More ridges results in
more cell compressions

Lower the number of
unprocessed cells in the
gutter

80% reduction in reagent
usage

Enables design to be used
without sheaths

>5-fold increase in
throughput

>4-fold increase in flow
rate, throughput

Devices have sufficient
ridges to achieve
maximum delivery

Cells in the gutter reduced
from ~20% to <10%

Table A. 1: Summary of microfluidic design changes and rationales.
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