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INTRACELLULAR DELIVERY USING MICROFLUIDICS-ASSISTED
CELL SCREENING (MACS)

CROSS-REFERENCE TO RELATED APPLICATION
{6681 This Apphceation claims benefit under 35 U S.C. § 119(e) of the U.S. Provisional Application
No. 62/533,801 filed July 18, 2017, the contents of which are incorporated herein by reference o its

entirety.

FIELD OF THE INVENTION
[6002] The ficld of the invention relates to methods promoting cellular uptake of an agent by

microfluidics-assisted cell screening (MACS}-induced cell compression.

GOVERNMENT SUPPORT
[8683] This invention was made with Government support vader Grant Nos. GMO81563 and
GMUO9378 awarded by the National Instifutes of Health, The Government has cerfain rights n the

mvention.

BACKGROUND

{80604} The capacity to deliver small molecule, protein, DNA or RNA based therapies s hindered by
the mability for thesc reagents to readily cross the cellular membrane and thus requue cellular
modification to facilitate delivery. An efficient method for intracellular delivery 1s a critical step in the
rescarch, development and tmplementation of small molecule, protein, DNA or RNA based therapics.
Hstabhished methods, for example chemicals or elecinical pelses to breach the membrane and deliver the
material mto the cyvtoplasm, have draw backs and effect cell viability. Existing methods are often
difficult to modify and highly specific to their particular application.  Morcover, many clinically
mnportant cell types, such as stem cells and iumune cells, are not properiv addressed by existing
methods. There 1s thus a need for more robust and precise technique capable of addressing the needs of

modern biological and medical research.

SUMMARY
[6685] The methods disclosed herein are based, m part, on the discovery that MACS is useful m
promoting cellular uptake of an agent present i the media in which cells are suspended 10, Accordingly,
one aspect of the mvention described herein relates to a method for uptake of an agent into a cell or

population thercotf using a microftuidic device by passing a first flow fluid through a flow channel of the
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microftuidic device, the flow channel being at least partially bounded on a first side by a flexable laver of
the microfluidic device and being at least partially bounded on an opposing second side by a rigid laver of
the microfluidic device, the first flow fluid including a plurality of a first type of cell therein and a first
agent; pressurizing a conirol channel formed 1n the flexible laver of the microfluidic device such that the
flexible layer phyvsically compresses at least one of the first type of cell in the first flow fluid agamst the
rigid layer to induce at least one temporary perturbation in a2 membrane of the at least one of the first type
of cell; and caunsing a portion of the first agent to be taken up by the at least one of the first type of cell
through the at least one temporary perturbation in the membrane of the at least one of the first type of cell.

{8086} In some embodiments, the aspect further compriscs passing a scoond flow fhud through the
flow channel of the microftuidic device, the second flow fluid mcluding a plurality of a second type of
cell therein that 1s different from the first type of coll and a second agent; pressurizing the control channel
formed in the flexible laver of the microfluidic device such that the flexable layver physically compresses
at feast one of the second type of cell in the second flow fluid against the nigid laver to mduce at least one
temporary perturbation in a membrane of the at least one of the sccond type of cell; and causing a portion
of the second agent to be taken up by the at least one of the second type of cell through the at least one
temporary porturbation i the membrane of the at least one of the second type of cell.

[8067] In some embodiments, the method further comprises mamually  adjusiing the rate of
compression between the flovwing the first and second tvpe of cell or population thereot,

{8608} In some embodunents of aspects desertbed horemn, a fivst and second agent s taken up by the
first and second tvpe of cell or population thereof.

16009 In some embodonents, causing the portion of the first sod sscond agent to be taken up
mcludes continuing o flow the floid through the flow channel with the control chansel pressurized.

{8616} 1o other cmbodiuents, causng the portion of the first and second agent o be taken up meludes
adyusting a flow rate of the fhad through the flow channel with the control channel pressurized.

{6011} In another embodunent, causing the portion of the first and second agent to be tzken up
mciudes stopping the flow of the flud through the fow chansel with the control charmel pressorized,

18812} In soree embodunents, the first and second agent are not ool permenble.
{861 3] In one embodiment, the fivst and second agent are the same.
{8614} In one embodiment, the first and second agent are ditferent.
{

|
015] Non-limiting examples of an agent include a DNA-staining dye, a fluorescent molecule, a
plasmid, a vector, a protein, a nucleic acid, a polypeptide, recornbinant DNA, RNA, siRNA, shRNA,
miRNA, a compound, a small molecule, an antibody, a virus, a quantum dot (Qdot), a chromosome, a

nucler acid that encodes receptors for CAR T-cells, a drug, a therapeutic, an anti-sense oligonucleotide

3]
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{ASQ), an mRNA, an RNA aptamer, a protein aggregate, a protem fibril, a nanoparticle, a polysacchande,
a lipid, an organclie, a mitochondunion, a prokarvote, a microbial cell, and a bacterial cefl.

18616] In some embodunents, the fisst and second fow fhud that flows through the fluid chasned
compriscs colls and an ageot. In one smbodiment, the first and sccond {low thnd further comprises an
exiracelular growth factor,

[6617] In one embodiments of aspects described herein, the first and second cell type are different.

j6018] In one embodiment, the first tvpe of cell is a prokaryotic cell and the second type of cell s a
cukarvotic cell.

{8819} In one embodiment, the first type of cell and the second tvpe of cell are different eukaryotic
cells.

16626} In one embodiment, the first tvpe of coll and the second type of cell are different prokaryotic
cells.

{8621} In onc embodiment, the first type of cell and the second type of cell are different diameters.

[6622] In one embodiment, the first type of cell and the second type of cell are different shapes.

j8623] Non-limiting examples of coll types mnclude a prokaryote, a microbial cell, a bacterial cell, a
veast cell, an artificial cell, liposome, a generally rod shape with a diameter that s less than two
micrometer and a length that is less than ten micrometers, a generally rod shape with a diameter that s
between about 0.2 micrometers and about two muicrometer, a eukaryotic cell, a mammalian cell, an
oocyte, a red blood cell, a white blood cell, a human cell, has a generally biconcave shape with a diameter
that 1s between about two micrometers and about twenty micrometers, and has a diameter that is between
about one micrometers and about twenty micrometers.

{8824} One aspect described herein relates to methods to for using a microfluidic device comprising
flowing a first flow flaid through a flow channel of the microftuidic device, the flow channel being at
least partially bounded on a first side by a flexible laver of the microfluidic device and being at least
partially bounded on an opposing second side by a rigid layer of the microfluidic device, the first flow
fluid including a plurality of a first type of cells therein and a first agent; pressurizing, to a first pressure, a
control channel formed in the flexible layer of the microfluidic device such that the flexible layer
physically compresses at least one of the first type of cells m the first flow thud against the rigid layer to
mduce at least one temporary periurbation in a membrane of the at least one of the first type of cell and
permitting the at least one of the first tvpe of cell to take up a portion of the first agent therethrough;
passing a second flow fluid through the flow channel of the sucroftuidic device, the second flow fluid
imcluding a plurality of a second type of cells thercin that s different from the first type of cells and a
sccond agent; and pressurizing, to a second pressure that i1s different from the first pressure, the control

channel formed in the flexible fayver of the wucrofhudic device such that the flexible laver physically



WO 2019/018497 PCT/US2018/042638

compresses at least one of the second type of cells in the sccond flow fluid against the rigid laver to
induce at least one temporary perturbation in a membrane of the at least one of the second type of celis
and permitting the at least one of the second type of cells to take up a portion of the second agent
therethrough.

[6025] In one embodiment, the first flow fld 1s passed through the flow channel at a first time
point.

[8626] In another embodiment, the second flow tlud 1s passed through the flow channel at a second
time point.

{8827} In yet ancther embodiment, the second time point is a least 0.1 seconds after the first time
point.

{6628} One aspect described herein relates the method comprising passing a fhud through a flow
channel of a microfluidic device, the flow channel being formed by a flexible laver and a cover laver, the
flexible layer including a control channel therein that extends generally perpendicular (o the {low channel,
the thud inclhiding an agent and a plurality of colls therein; and pressunzing the control channel such that
(1} a constriction 1s formed i the flow channel, and (1) at least one of the phurality of colls in the fluid 15
physically compressed between the flexible laver and the cover layer at the formed constriction to induce
at least one temporary perturbation in a membrane of the one of the plurality of cells and permitting the at
teast one of the plorality of celis to take vp a portion of the agent therethrongh.

[6629] In one embodiment, the method further comprises adjusting a flow rate of the fhud in the
flow channel.

160636] In another ombodiment, the adpsting includes adjusting the flow rate of the fluid n the flow
channel to zcro flow. Another aspect described herein relates the method comprising passing a flud
through a flow channel of a microfloidic device, the flow channel being formed by a flexsble laver and a
cover layer, the flexable layer including a control channel therein that extends gencrally perpendicular to
the flow channel, the fluid including an agent and a plurality of cells therein; pressurizing the condrol
channel; forming a consiriction in the flow channel; physically compressing at least one of the plurality of
cells i the fhuid between the flexible laver and the cover layver at the formed constriction; mducing at
loast one temporary perturbation in a membrane of the at least one of the plurality of cells; and causing
the at least one of the plurality of cells to take up a portion of the agent through the at least one temporary
perturbation of the membrane.

16631} In one embodiment, manually pressurizing the control channel causes the compression o
OCCUE.

[8632] In another embodiment, manually pressurizing the control channel causes the at least one of

the plurality of cells to be physically compressed.
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[6633] In yet another embodiment, the physical compression of the at least one of the plurality of
cells induces at least one temporary perturbation in the membrane of the at least one of the plurality of
cells.

{8834} In onc embodunent, a pressure differential between a pressure inside the at least one of the
plurality of cells and a pressure of the flow fluid causes the at least one of the plurality of cells to take up
the portion of the agent through the at least one femporary perturbation of the membrane.

[8035] In another embodiment of the aspect described herein, prior to the at least one of the phlarality
of cells beoing physically compressed, a prossure differential between a pressure mside the at lcast one of
the phlurality of cells and a pressure of the flow flwd is insafficient to cause the at least one of the plurality
of cells to take up the portion of the agent.

Definitions

[8036] “Physical compression” and “compression” refer to the application of inward pushing forces
exerted on a cell to reduce its size or deform the cell, and are used mnterchangeably herein. Compression is
a product of pressurizing the control channel. Compression reduces the cell size by at least 1%, at least
2%, at least 3%, at least 4%, at least 3%, at least 6%, at least 7%, at least 8%, at least 9%, at least 10%, at
feast 11%, at least 12%, at Jeast 139, at least 14%, at least 153%, at least 20%, at least s, at least 30%,
at least 35%, at least 40%, at least 45%, at least 50%. at least 55%, at least 60%, at least 65%, at least
70%. at least 75%, at least 80%, at least 3%, at least 90%, at least 95%, at least 99% or more compared
to the size of the cell prior to compression.

[6037] “Flow fluid” 1s any phyvsiologic or cell-compatible buffer or sclution. For example, a flow
fluid 1s cell culture modia or phosphate-buffered saline. Flow fluid can also comprise the agent intended
to be taken up by the cell.

[8638] With regard to cells, the term "isolated” means that the cell is substantially free of other cell
tvpes or cellular material with which it naturally occurs. For example, a sample of cells of a particular
tissue type or phenotype is "substantially pure” when i is at least 60% of the cell population. The
preparation 15 at least 75%, at least 90%, and at least 99% or 100%., of the cell population. Purity is
measured by any zappropriaie standard method, for example, by flow cytometry or fluorescence-activated
cell sorting (FACS).

{6639} With regard to an agent, an "isolated” or "purified” small molecule, nucleic acid molecule,
polvnucleotide, polypeptide, or protein, is substantially free of other cellular material, or culture medium
when produced by recombinant techniques, or chemical precursors or other chemicals when chemically
synthesized. Porfied compounds are at least 60% by weight {dry weight) the compound of interest. The
preparation is at least 75%, at least 90%, or at least 99%, by weight the compound of interest. For

egxample, a purified compound is ong that 1s at least 90%, 91%, 92%, 93%, 94%, 95%, 98%, 99%, o
pic, ap P

(]
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100% (wiw) of the desired compound by weight. Purity is measured by any appropriate standard method,
for example, by mass spectrometry, column chromatography, thin laver chromatographv, or high-
performance hiquid chromatography (HPLC) analysis. A purified or isolated polvnuclectide (ribonucleic
aotd {(RNA)Y or deoxyribonucieic acid {DNAY is free of the gencs or scguences that flank it i U8
naturally~occurring state. Examples of a an isolated or punified nuclec acid moleculs melude: (3) a BNA
which is part of a naturally occurring genomic DNA molecule, but 1¢ not flanked by both of the nucleic
acid soquences that flank that part of the molecule in the genome of the orgamism m which it naturally
occurs; (b) a nucleic acid incorporated into a vector or o the genomic DNA of a prokarvote or
cukaryote in a manner, such that the resulting molecule 1s not identical to any naturally occurring vector
or genomic DNA; (¢} a separate molecule such as a cDBNA, a genomic fragment, a fragment produced by
polymerase cham reaction (PCR), or a restriction fragment; and (d) a recombinant nucleotide sequence
that is part of a hybrid gene, 1.¢., a gene encoding a fusion protein. Isolated nucleic acid molecules
according o the present mvention forther molude molecules produced svathetically, as well as any
nucleic acids that have been altered chemically and/or that have modified backbones.

[6646] As used hercin, a “perturbation” in the cell membrane or wall 1s a breach in the cell that
allows material from outside the cell to move mto the cell {¢.g., a hole, tear, cavity, aperture, pore, break,
gap, perforation).

{8641} The term “optional” or “optionally” means that the subsequent descnibed event, circumstance
or substituent may or may not occur, and that the description mcludes mstances where the event or
circumstance occurs and instances where it does not.

16042} As used horemn, the torm “comprising” means that other clements can also be present in
addition to the defined clements presented. The use of “comprising” indicates wnclusion rather than
hmitation. The term “consisting of” refors to compositions, methods, and respective componenis thereof
as described herem, which are exclusive of any element not recited m that description of the embodiment.
The term permits the presence of clements that do not matenially affect the basic and novel or functional

characteristic(s) of that embodiment of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[8043] FiGs, 1A and 1B show the operating principle of MALS, (FIG. 1A} MACS works by
serially visiting three states of the valve. Once Peonirol and Pilow are set, thres valve configurations
can be achioved only by combinations of on and off states of Peontrol and Pflow, which s controlied
by the attached selenoid valves. (FIG. 1By By using higher pressure or stiffer chips, MACS allows
racchanial shvwing down of diffugion, hooce the visualwation of smgle ovioplasmic molecules as

small as wndividual proieiog.
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16044] FIG. 2 series of oress scetion views of the example microflnidic platform,

[O045] FIG. 3 is a picture ilostrating the exterior of an evample implementation of a
micrefinidic platform configured for celf sereening and imaging,

[8046] Fliz. 4 is a process {low diagram for a method in sceordance with the currest subject
vaticr.

16047] Fizs. SA-SC shows the MACS fabrication, (FIG. 54) Schomatices summarizing
photolithography, device makmng and bondmez. After the condrel laver 15 prepared (efty, it 15 shigned
and bonded onto the flow channel {muddle).  Aftor the two lavers adhere, the two-laver PDME clup 18
bonded to a cover glass {right). (FIG, 3B} Transparcacy raasks for flow {efty and costrol {nght)
tavers. The mset shows the et filters in more dotml, (FIG, 80} Gt dwoungh at the mlets after holo

punchung, (Topy Without sopropano! treatment, there are PDMS crumbs stuck to the chasnel
{marked with a red arrow). { Boitony After sopropanad freatment, the debris 1 removed from the mist
holes.

[B048] FIG. 6 shows a detailed schematic of antomated bmaging with MACS, Pmch valves
ensure puidirectional Hlow and flow selection. Aftor cach sampling, 3 cleaning routine is done by
rinsing the pressure twbe for cells (PT) and the MACS chip. A nommally open (NO) pinch valve
allows rapid discardiog of the lefiover rinsing hquids mio the wasie,

[80349] FiGs. 7TA-TE shows the capturing of rare phenotypes and their retrizval psing MALK.
(F1G, TAY Cells continpously flowing through the FOV m the half-open state. Scale bar (white), 23
. {FIG, 7By The cell of wderest — an KEP-expressing cell, whech are difuted by a factor of
100,000 peing GFP-expreossing eolls—is captured in the closed state and 15 detecied {(circled). Scale bar
{white), 10 wm. {FIG, 7C) Minor modificabon of MACS aoables coll retnevall Left. Masks for flow
(top} and control {(bottom lavers. The flow-focusing feabwe 15 shown within the semi-transparent
gray box. This feature 13 optional, and allows for the celis to trickie through the central region of the
flow channel and provent cell accumulation at the channel sides. [t also allows for adjusting the coll
denstty on the FOV: when the side sircame {of media) are stronger, the nuddle stream gobs thinaer,
thereby diluting the cells at the FOV. Right Schematios of cell retrieval. The volume that s rapped
when valves 14 are closed {with the control valve open} 1s shown by the red dashed line. {FIG, 78}
Circled 1w the captured cell of mitorest m Fig. 4b withun the trapped volume, which s outhned by the
red dashed line. Shown s bright field and BFFP fluorcscence mmazes overlmid. Scale bar (whue) is
$3 um. {FIG, TE) Whes the trapped valume using the o phase i3 collected. grow cells overnighi and
poaged them on the agar pad; the RFP-expressing cells were enriched. This scheme allows for the
mmediate rotrioval of cells @t low ool densies. At high densitics, a second round 15 necessary o

achiove 100% purity. Seals bar {white), Zum.

~J
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{8036} Fidvs, 8A-8C show dye uptake upoen pressing, The celle are first mixed with propudium
wdide and then squeezed by the control laver valve of the MACUS device. Top and bottom panels
shinw two different celis (FIG. 84) bnghtficld chanrel (FIG, 8B) propduum wdide fluorescence
channel night after pressing {FIG, 8C) propudium wdide floorescence channel 2 mam after prossing.

{8651 FIG. 9 shows integration of growth chambeors with MACK, Schematic showing sampling
from a growth chamber whers the optical density of a growmmg culture can be monitored in ros
time, Passive asration of the culiwre 15 achieved through the normally open (NOY pinch valve, which
s connocied 1o open air by defauki The pressure o the growth chamber i turned. oloss the "To A’
pirech valve, open the “To Growth Chambee pinch valve and open the "Master’ pminch valve causing
colls to flow from the growth chamber to the PT. The detector — placed at 1867 with respect o the
smitter — measores the transmission of light through the sample, which serves as a motric for optical
density (OD600Y after ealibration {Toprak, B, ot gl Not Prome,, 8(3}3:335-07, (2013)).

[8052] Fidz. 18 shows single-molecnle counting in £ cofi, Left, (Tep} The anabvais code
puthnes the cell boundary and displays the spots detected from  single molecules of SprE-
mNeonGreen  within  mdividual  cells. (Bottem) Population-wide distribution of 5prE abundance.
The expermmental data {(blue bars) is shown overlaid with a theoretical Potsson distribution {(rod dots)

of the same average.

DPETAILED DESCRIPTION
16053] Embodiments of the wmvention provide fechnigques for applyving controlled deformation to a
celf for a predefervuned arsount of me in order (o canse portucbations in the coll membrane such that
chemucal or biological matorials {c.p.. agords) can be deliverad o the ingide of the cell. The doformation
can be caused by, for example, pressore induced by phvercal compressien. fa one exaraple, a micretfhadic
svatem {MACSY meoledes g structure that contrels and/or manipulates thuds by geometrically confinng

the fhaids on a small scale (c.g., sub muthibtor-volumes such as microlitres, nancliers, or pwoliters). The

sucrofluidic systens 15 capable of mtraceilnlarly delivering virtnally any agerd into & cedl, for example, a
sraall moleculs, an antibody, or nucler actd The svetorn consisis of one or more microthudic channels
with # constriction that the cells pass through: the flow channel, which the cells pass through, and the
control channel, which is manually prossurized to physically compress the flow channel The celis flow
through the microfluidic flow channel suspended v a lupuid medinm, referred o heremn as “flow fuid”

that s pressurs drives through the svstem. When g colf 18 compressed, 113 membrane v disrupted causing
teraporary parturbations 10 the membrane that allow for an agent to pass through the membrane and
rosuliing in the uptake of the agent that is present i the flow thnd, The rate of compression s a function

of the size of the tarset cell, bui on the same order or smabler than the cell diameter. Following
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compression, colls are incubated n the flow thod containing an agent that 15 1o be taken ap by the cell.
The perturbations {e.z., pores or holes) created by the methods descnbed horein are not formed ag aresult
of ascembly of protein soburuts o form g moliimeric pore sinucture soch as that oreated by complemant or
bacterial hemolveins, Gther embodinents are within the scope of the describad subjact matter.

8654 ] Microftuidics Assisted Cell Screening (MACS)

[6635] The MACS platform, disclosed m US2015/0247790, incorporated herein by reference, enables

high thronghput microscopy-based screening. MACS utilizes a soft flexible polvmer to trap colls flowing
through a flow channel. Once trapped, the cells are imaged and then released. By repeating thus process
over and over again, MACS enables an increase 1n the nwmber cells that can be tmaged cach minute and
provides for detecting rare events and rare cellular phenotypes. The nnaging capability has been tested on
both prokaryotes and cukaryotic cells (cukaryotes have typically a many times larger cell volume than
prokarvotes). MACS enables localization of single molecules in cells. MACS can also be used for
analysis of cell growth rates, and can detect weak fluorescent signals. As described herein, MACS can be
used to facilitate cellular uptake of an agent.

[8856] The micre fhadic platform includes a flow channel, which s bordered on one side by a cell-
covermg clement and on an opposing side a polvmer laver. The cell-covering element can inchade, for
example. a cover slip, and the polymer layer can mchide, for example, a soft polymer such as PDMS,
PDMS belongs o a group of polymeric organcsilicon compounds that are commonly referred to as
sificones. F is also called dimethicone. The shear moduhus of the soft polvmer, e.g., PDMS, can vary with
preparation conditions, but can be less than 30 GPa, and 10 some implementations between 100 kPa to 3
MPa. The microfhudic platform further includes a control layer within or on top of the polymer layer that
is capable of selectively exerting a force (e.g., expanding} towards the cell-covering element. The conirol
channel can include, for example, a dead-end channel formed from the polymer layer that s running in a
perpendicular divection to the flow channel. Since, in the example, the polymer laver can be formed of a
soft and flexible polvmer (e.g., PDMS), the control channel can be actuated by jection of water or other
fluid 1nto the contrel channel. The injected fluid causes an increase m pressure, which causes the flexible
polymer to expand {(e.g., stretch or deform). Cells such as bacteria or mammalian cells suspended in a
flow fluid can travel through the flow channel. A camera or other imaging means can optionally be
located such that cells traversing the flow channel are within the camera field of view whon they are
trapped by the control layer. The position in the flow channel for trapping, compressing, and imaging the
cells is referred to as the pinch point or the camera field of view. The camera can include a microscope or
other lens and a light source {ec.g.. darkficld. brighifield, laser, sirobe, and the bke) for focusing and

ilfuminating the cells in the pinch pont.
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{6637} It should be understood that the control channel 1s formed from the polymer layer and the cell-
covering clement resides betwoen the flow channel and the camera,

16658} In the example shown 1n FIG. 1A left, no pressure is applied to the control channel. The flow
channel s open such that the cells flow freely in the flow channcl traversing the imaging camera field. In
the example shown in FIG. 1A center, the control channel is pressurized by imjection of water. The
polvmer laver (c.g., thin PDMS membrane) can deflect to seal against the cell-covering clement (c.g.,
covership) due to the flexibility of the polymer. Flow rate or the pressure apphied to the flow channel can
then be adjpusted to a level that would be able to overcome the pressure where a seal at the pinch point s
broken shghtly. When this occurs the cells can start slipping between the polymer laver and the celi-
covering clement. These cells are physically compressed. In the example of FIG. 1A night, illustrating a
closed state, flow can be stopped or reduced. The polvmer laver (e.g., PDMS) collapses against the cell-
covering clement {(e.g., coverslip) 1n a closed state and imraobilizes the cells for subsequent imaging. New
cells from the flow fhed can be mtreduced/rapped/compressed/unaged by repeating the cycle illustrated
m FIG. 1A In some examples, sumply collapsing the PDMS membrane agmnst the cells, (1.¢., going
directly from FIG. 1A left to FIG. 1A night, and skappmng FIG. 1A muddle), can lead to displacement of
the liquid and the cells altogether resulting i no cell trapping,

[8059] F1G. 2 is a senies of cross-section views of the example microfluidic platform illustrated in
FIG. 1A, The cross section views are at an angle perpendicolar (o the view illosirated in FIG. 1A {e.g., the
flow of the flow channel 118 1s mto {or out of) the figure). In the example ittustrated n FIG. 2, the flow
channel 110 has a domed or curved cross section. When pressure 18 applied to the control channel 125, the
pinch point 135 can be considered in a closed state. Thus, the micrefluidic platform can operate similar to
a valve, in which the flow of the fliid 1o the flow channel 118 15 controlled.

[8666] FIG. 3 15 a picture illusirating the exterior of an example implementation of a microftuidic
platform configured for cell screening and muaging. The platform ncludes multiple parallel flow channels
116, which arc perpendicular to muliiple paralle! control channels 125, The dead-end channel nature of
the control channels 125 is visible. Each control channel 125 can be controlled independently (e.g., with
microftuidic pumps). Similarly, the {flow of each {low channel 118 can be controllied mndependently (e.g..
with microfluidic pumps). The seven contrel channels 125 and seven flow channels 1318 define
mitersections or pinch pomts that can be used independently. In the example implementation, both flow
channels 110 and control channels 125 are 200 um wide. Due to the small footprint of the valve it 15
possible to scale this up even {urther up-to hundreds of intersections for the uninierrapted screening of 96-
well plates.

16061} FIG. 4 1s a process flow diagram 8806 for a method i accordance with the current subject

matier. At 810, a pressure is applied to a polymer layer 105 to constrict a flow channel 116, The polymer
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laver 105 can form a scal with a cell-covering cloment 118, The flow channel 118 has a flow of samples
or cells 120 suspended in fhud. The flow can be applied to the flow channel 118 at a pressure (c.g.,
applied by a pump). At 820, the flow pressure can be increased such that the seal is broken, allowing
sarapies or cells to ship between the polviser layer 103 and the cell-covering element 135, Optionally, at
838, the tlow prossure can be reduced (e.g., stopped, paused, or curtailed) such that some of the samples
or cells are immobilized between the polymer taver 105 and coll-covering element 115, Optionally at 830,
the immobtilized samples or cells can be imaged by, for example, a camera with a microscope.

18662] MACS can include a three-state valve configuration (as dhustrated i, eg., FIG. 1A left
{open). FIG. 1A muddle Chalf-open), and FIG 1A right (closed) which cnables astomated. high-
throughput microscopy that capitalizes on the push-down valve design. (Monolithic microfabricated
valves and pumps by multilayver soft ithography. Unger M A, Chou H P, Thorsen T, Scherer A, Quake S
R. Science. 2000 Apr. 7; 288(5463):113-6.) In one implementation, a screening throughput rate of 4,000
cells/menute and greater 18 possible. Additionally. the screeming can be performed by microscopy, hence
mformation on precise cell morphology, cell size, and accurate flucrescence intensity s readily attamable.
It 15 also possible to obiain spatial localization of ntercelhular structures. The current subject matter can
detect tluorescence to single-molecule detection sensitivity. By controlling the PDMS stiffness and the
apphied pressure, molecules can be forced to diffuse more slowly in the cyvtoplasm of the compressed cell
When (cytoplasmic) molecules of mterest extst in very low numbers per cell, they can be directly
visualized, and their abundances can accurately be quantified by direct counting fluorescent spots.

[8B63] Using MACS, cells can flow continuously as a single-laver without stopping (which enables
sifting through many more cells within a certain time, hence substantially higher-throughput) untd a rare
event of intercst shows up within the field-of-view and flow may be stopped o capture the cell-of-anterest
such that detaled mages (e.g. in different fluorescence channels) can be acquired. MACS can potentially
be uvtilized to assay how cells respond to shear flow (compare with BioFlux by Bucher Biotec) or how
cells resist applied pressures (e.g., for screening the effects of cell-wall targeting drugs). With the proper
alterations, MACS can lend itself to microscopy-based cell sorting or enrichment.

{8864} The velocity at which the cells pass through the flow channel can also be varied to conirol
delivery of the agents to the cells. For example, adjusting the velocity of the cells through the channel can
vary the amount of time that compression 1s applied to the cells, and can vary how rapdly the
compression is applied to the cell (e.g., slowly or acutely). The cells pass through the system at a rate of at
feast 0.1 mum/s such as 0.1 mov/s to 3 m/s, and between 10 mm/s to 500 mam/s, although other speeds are
possible. In some embodiments, the cells can pass through the system at a rale greaier than 5 m/s.

[8665] The colls can be driven through the flow channel by various methods. For example, prossure

gas cvimder, or compresser), 8 vacumm can be

can be applied by a pump on the entrance side {ez.,
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apphed by a vacuwm pump on the exit wide, capilfary action through a tube, and/or the svstom can be
graviyy fod. Displacement based flow svstems can also be used {c.g., svringe pump, poristaltic pumnp,
raanual syringe or pipoite, pistons, o). Hxomplary flow rates through a single chargel 10 are on the
order of 1 ul 1n 3 fow secordds. Addutionally, flow flowd can nclude one of more lubricants (phuons or
other surfactants) that can be designed to roduce or chmmate cloggimg of the channel and vmprove
viabiitty,

[86366] The control and flow channels can be fabricated from various matenals such as silicon, glass,
ceramics, crystalline sobstrates, amorphous substrates, and polvmers {e¢.g.. Poly-methyl methacrylate
{(PMMA)}, PDMS, Cyclhic Olefin Copolymer (COC), ete). Fabrication 18 clean-room based, and can use,
for example dry etching, wet ctching, photolithography, mjection molding, laser ablation, SU-8 masks,
etc. One exemplary channel 1s approximately 200 pm wide, though other dimensions are possible

18667} An advantage of the technology described herein over other devices 1g the ability to manually
adjust the comprossion rate to induce uptake of an agent into anv ool tyvpe.

18068} Maneal adivsimend of corapression raic

[8069] In one aspect of the wvention, a first flow fluid 1s passed through a flow channel of the
microfluidic device, the flow channel being at least partially bounded on a {irst side by a flexable layer of
the microfhudic device and being at least partially bounded on an opposing seccond side by a rigid layer of
the microfluidic device, the first flow fhud includes a plurality of a first type of cell therein and a first
agent. A control channel formed in the flexible layver of the microfluidic device such that the flexible layer
physically compresses at least one of the {irst type of cell in the first flow flnd against the nigid laver to
mduce at least one temporary perturbation in a membrane of the at least one of the first type of cell,
causing a portion of the first agent to be taken up by the at least one of the first tvpe of cell through the at
least onc temporary perturbation in the membrane of the at least one of the first type of cell. The aspect
further comprises a passing a second flow fluid through a flow chanusel of the microfhuidic device, the
second flow fhud moeludes a plurablity of a sccond type of cell therein and a second agent. A condrol
channel formed mn the flexible laver of the microfluidic device such that the flexable layer physically
compresses at feast one of the second tvpe of cell in the second flow fluid agamst the ngid layer to induce
at least one temporary perturbation in a membrane of the at least one of the second type of cell, causing a
portion of the second agent to be taken up by the at least one of the second type of cell through the at least
one teraporary perturbation in the membrane of the at least one of the second type of cell.

[8676] In one emboediment, the portion of the first and second agent to be tshen uwp moeludes
continuing to pass the first and sccond flow fluid through the flow channel with the control channsl
pregeurized. In one embodiment, the causing the porticn of the ficst and second agent i be faken up

wcludes adjusting a flow rate of the first and second flow fluid through the flow charnnel with the coatrol
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channel pressurized. In another embodiment, the portion of the first and second agent to be taken up
mncliudes stopping the flow of the fust and second flow fluid through the flow channel with the condrol
chansel pregsurized.

{8871} In oue orabodiment, the second ageet i3 the same as the first agent. In another embodouent,
the sccond agent 1s different from the first agent.

16672} In one embodiment, the first tvpe of cell 15 a prokarotic cell and the second tvpe of cell 15 a
cukaryotic cell. In one embodiment, the first type of cell and the second type of cell are a different
prokarvotic cell. In one embodiment, the first tvpe of cell and the second type of cell are a different
eukaryotic cell. In one embodiment, the first type of cell and the second iype of cell are a different
diameter. In one embodiment, the first type of cell and the second type of cell are a different shape.

16673} In another aspect of the mmvention, a fust flow fhud is passed through a flow channel of the
microfluidic device, the flow channel being at least partially bounded on a first side by a flexible laver of
the microfluidic device and being at least partially bounded on an opposing second side by a rigad layer of
the microfluidic device, the first flow fluid mcluding a plurality of a first type of cells therein and a first
agent. A control channel is pressurized to a first pressure, a control channel formed n the flexible layver of
the microflmidic device such that the flexible laver physically compresses at least one of the first tvpe of
celis in the first flow fluid against the rigid laver to induce at least one temporary perturbation in a
membrane of the atl least one of the first tvpe of cell and permitiing the at least one of the first type of cell
to take up a portion of the first agent thercthrough. Passing a second flow fluid through a flow channel of
the microfluidic device, the tlow channel being at feast partially bounded on a first side by a flexible layer
of the microfluidic device and being at least partially bounded on an opposing second side by a rigid fayer
of the microfhindic device, the second flow fluid chuding a plurality of a second iype of cells therein and
a second agent. A control channel s pressurized o a second pressure, a conirol channel formed 1 the
flexable layer of the microflmidic device such that the flexable layer physically compresses at least one of
the second type of cells in the second flow fluid agamnst the rigid laver to induce at least one temporary
perturbation in a membrane of the at least one of the second type of cell and pernutting the at least one of
the second tvpe of cell to take up a portion of the second agent therethrough.

{8674} In one embodpuent, first flow fluid 1s passed through the flow channel at a first time pomt. In
another embodiment, the sccond flow fhind is passed through the flow channel at a second time point.

[8075] ln one embodiment, the tirst and second time pownt are seguential and do not ocour at the same
tirme. In one embodiment, the secorud time point cocurs al least 8.1 ms, at least | minude, at foast 1 howr, at
feast 1 day, at least | week. at least 1 woanth, st least T vear. at least | decade, or at feast 1 century or more

after the first time pomt,
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{8876} In onc aspect desortbed herein, g fluid 18 pasved through a flow channel of a mucrothadic
device, the tlow chamnel being formed by a flesible laver and a cover laver, the flexible laver mcluding a
control channet therein that oxionds gonorally perperdlicalar to the flow channel, the fluwd mehuding an
agent and a plarabity of cells theren; and pressuriang the control channel such that a constriction is
formed in the flow channel, and at least one of the plurality of cells in the fhod s physically compressed
between the floxibie laver and the cover fayver st the formed consiviction to mduce at least one tempormy
perturbation in a membrane of the one of the pluraliy of cells and pormuting the at least one of the
plurabity of cells to take up a portios of the agent thersthrough

18877} In one smbodiment, the aspect further comprises adjusting a Hlow rate of the flow fhud in the
flow channel.

16078] In one embodunent, the adpusting includes adjusting the flow rate of the flow fhud m the flow
channel to zero flow,

18679] In asocther aspect described herein, 2 flow fluid s passed through a flow chasnel of &
micrefluidic device, the flow channel beimg formed by a flexable laver and a cover laver, the Hexible layer
mehiding a control channel therein that extonds generally perpendicular (o the flow chamnel, the fluid
mecluding sn sgent and a plurabity of cells thereun the control channel 13 prossurized such that it forms a
consiriction in the flow chanrel, resulting i the phyeical compression of at feast ane of the plurabiy of
colls in the fhud between the [lexible laver and the cover laver at the formed consiriction; indocing at
least one temporary perfnrbation v a8 membrane of the at loast one of the plurality of cells; and causing
the at least one of the plurality of cells 1o take up a portion of the agent through the at least one temporary
perturbation of the membrane,

{8088} In one embodiment, pressurizing the control channel causes the compression of the flow
chanoel to ooour. In ancther erobodiment, pressunzing the control channed causes the at least ope of the
plurality of cells to be physically compressed.

[0081] In one emboediment, the physical comprossion of the at least one of the plurality of cells
mduces at loast ong tomporary porturbaiion 1o the mombrane of the at least one of the plurality of cells

{8082} In one orsbodument, a pressure differential betwesn a pressure made the at Jeast one of the
phurality of cells and a pressare of the flowimg fluid causes the at least one of the plurality of cells to take
up the portion of the agent through the at least one temporary perturbation of the membrane,

[8083] In one embodiment, the at least one of the pluraliy of cells boing physically compressed, a
pressure differential between a pressure insude the at least ong of the phlurality of ceds and a pressure of
the flowing fluid is meufficient to canse the af least one of the plarality of cells o take up the porbion of

the agent.
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{8084 The rate of compression iy adjusted by altering the rate of fhud (for example, water) injection
through the control channel lncreasing the volume of the control chamnel results m an mereased
compression rate in the fow channgh

{{N}SSE In one erabediment, the pressure in the condrol channel 18 1ncreased ot least 1%, at loast 2%, at
feast 3%, af least 4%, al least 5%, af least 8%, at teast 7%, af least 8%, @t least 9%, at least 10%, 11% at

1y

fenst 12%, at least 13%, at least 1454, at least 15%, at least 16%, at least 17%, at feast 189, at least 19%,

o

at least 20%, at least 21%. at least 22%, at least 23%. at least 24%, af least 23%. &t least 26%, at least

27%. at least 28%, at least 299, at least 30%. at least 319, at least 32%, at least 33%. at least 34%, at
baast 35%, at least 36%, at keast 37%, at feast 38%, at least 39%, at least 40%. at keast 41%, at feasi 42%,
at least 43%, at least 449, at least 45%, at least 46%. at least 47%, at least 48%. f least 49%, at least

50%, at least 31%, at least 52%4%, at least 53%. at least 34%, at least 559, at least 36%. at least 37%, at
tzast 38%, at leasi 399, at least 60%, at least 6194, at least 62%, at least 6395, at teast 64%, at least 63%,
at feast 66%, at least 67%, at feast G6HE%, at least 69%, at least 70%, at feast 71%, af least 72%, at least
735, at least 74%. at least 75%, at loast 76%, at least 77%. at least 73%, at loast 79%, at loast 50%, at
feast 81%, at least 829, at least 83%, at loast 84%, at least 859, at least 86%, at least 87%, at least 85%,
at loast 89%, at loast 90%, at loast 91%, at least 92%, at least 93%, at least 94%, at least 93%, at least
96%, at least 97%%, at least 98%, at feast 999 or mare prior 1o passing the second flow Houd comprising a
second type of cell or population thereof and a second agent.

{8686} In one cobodiment, the prossure m the control channel 1 decreased at least 1%, at least 29, at

teast 3%, at least 4%, at least 5%, st least 6%, at teast 7%, at least 8%, &t least 9%, at least £6%, 11% at

e

east 12%, at least 13%, at least 1494, at least 15%. at loast 16%, at least 17%, at least 18949, at teast 19%,
at beast 20%, at leasi 21%., at ksast 22%, at least 23%., at least 24%. at least 25%, at least Z26%. at least
27%. at least 28%, at least 29‘5’6, at least 30%., at least 319, at least 32%., at least 33%, at loast 34%, at
foast 35%, at foast 36%0, at loast 37%, at foast 38%, at loast 39%, at feast 40%, at loast 419, at feast 42%,
at loast 43%, at loast 44%, at loast 45%, at least 46%, at least 47%, at least 48%, at least 49%, at loast

5%, at least 31%, at least 52%, at leasi 53%. at least 54%, at least 35%, at leasi 56%. at least 37%, at

baast SR%, at least 39%, at keast 60%, at feast 61%. at least 62%, at leasi 633‘6, at least 64%, at leasi 63%,

at least 56%, at least 67%, at lcast 68%, at least 69%. at least 70%, at least 7%, ot least 729, at least

735, at least 74%. at least 75%, at loast 76%, at least 77%. at least 73%, at loast 79%, at loast 50%, at
toast 81 %, at least 829, at lcast 83%, at loast B4%, at least 859, at teast 86%, at least 87%, at least 88%G,
at feast 89%., at least 90%, at feast 91%, at least 92%, at least 93%, at least 949, al least 95%, at least
6%, at least 97%. at least 98%, at feast 99% or more prior to passing the second flow fluid comprising a

sccond type of cell or population thercof and a sccond agent.
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{8687} One skalled e the ant can determune the optimal rate of compression required for mndividaal
celf tvpes. Brefly, to determine the rate of compression that mduces the highest level of upiake of an
agent can be dotormined by applyving various rates of compression fo the celll starting with low
compression and gradually morcasing the rate of compression. Using a fluorescent agent allows for rapid
analysis of agent uptake n the cells g, via floorescence mucroscopy. The optimal compression rate
would be one that induces the ughest level of uptake without compromising cell viability, as measured by
activation of apoptosis or other cell death pathways.

{8089} The uptake of molecule s diffusion-based rather than endocvioss Le, agant(s) to be delivered
to a cukarvotic cell are present i the ovtoplase rather than m ondosomes following passage through the
device. Little or no sgent appoars v endosomes following cell westment. For example, larse molecules
are taken up more slowh thas smaller molecules. Condrollod compression of the colis keads to suporior
delivery of target agends while preserving the viahibity and mitegrity of the cells. After treatrsent, coll
viabtliyy 18 botweoen 70-100%, e.g., typical wiabahiy ¢ 90% after treatment. By comparison, previous
delivery methods using lugh shear rates alone for seconds or mulliseconds have beon shown o lead 1o
poor viabiliy of cells after freatment. {n cownirast to prior techmigues, the methods of thus invention
subjecis the cells to a pulse of shearmmg ranging from 1006-1600 Pa v a very short pericd of time
(approxumaiely 108 microscoonds) as the cell passes throogh the constricton. The present vendion,
however, are fundamentally difforent from previens toclmgues. In the present mvention, there 18 an entire
mechanical deformation of the cell as i passes through the compression, whach can mmpose different
shearing forces than prior tochrigues. In some embodiments, the cells are not subject o an clectne
current. 1o other smbodiments, 2 combination treatment 18 used, o.g., mechanical deformation vsing the
device described herern followed by or preceded by electroperation (2 tvpe of csmotic transfection in
which an oloctric current i nsed to produce temporary holes m cell membranes, allowing entryv of nucleio
acids or macromolecules).

186906 Several parameters can indluence the delvvery of the agend 1eto the cell. For exampie, the rate
of the compressien, the operating Hlow speeds throogh the flow channel (e, cell transit time to the
compresmon), concentration of the asgent in the flow fluid, and the amount of ume that the ooll
reeovers/ncebates in the flow fhnd after compression can affect the absorpuon of the agent o the cell
Additional parameters fluencing the delivery of the agent into the cell can include the velociy of the
celf durmg the compression and 3 oell compression rate. Such paramatory can be designed (¢ control
delivery of the agent. The composition of the flow tluid (o2, salt concentration, senpn contend, ¢ic.} can
also mmpact delivery of the agent. As the cell s compressed, the deformaton/stress mduced by the

compression tomporanly causes perturbations to the colf that causes passive diffusion of the agent through
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the pertwrbation. In some cmbodiments, the cell s ondy deformed for brief period of time, on the order of
100us o ousimize the chance of activating apoptotic pathwavs through cell signaling mechanisms,
althoogh other durations are possible {c.g.. rasging from nasocseconds to hours) Imtial cheervations
described herom have ndicated that absorption of the agent by the coll oocurs on the order of minutes
aftor the cell 19 comprossed. In some cmbodiments, the uptake of an agent occurs at least | sec afier
compressin. In othor embodiments, the uptake of an agent socures af feast 5 gecs, at least 10 secs, at least
20 secs, at least 390 cecs, at least 40 seos, at least 30 sacs, at least § man, af least 2 mans, at least 3 mins, at
feast 4 mine, at least 5 mang, at least 1O mins, at least 30 puos or more after compression. The time for
uptake may vary for difforent agents.

16091} n some ombodiments with certain tvpes of celle, the cells can be meubated w one or more
solutions that aud 1 the sbsorpion of the delivory matenial o the tderior of the cell. For example. the
celis can be rcubated m a depolymerization solution such a¢ Lastrencolin A {61 yug/ml for 1 hour prior
to delivery 1o depolymertze the actin cvioskeleton. As an additional example, the cells can be incubated in
19 uMM Colehioms (Sigma) for 7 bours prior 1o delivery 1o depolvmerize the microtubule network. Thess
raethods can help i oblaiming gone expression when debvermg DNAL

[8692] As described o more detail below with rogard 1o the cxamples, MACS and the related
methods have z broad range of applications. For example, the current subiect matter can be applied 1o
regonerative medicine soch as to onable coll reprogramming and stom cedl ditferentiation. The corrent
subject matter can  be  appbed {o  ipusunology  sach as for  antigen  presendation  and
enhancement/suppression of unmune activity through delivery o dendritic cells, monocyies, T celis, B
cells and other ymphoeytes. Parther, maging and scusing can benefit from improved delivery to target
colis of quastusy dois, carbon nasotubes and antibodies. Additionally, the curront subject matier has
application in cascer vaccines and reeearch, such sz for cieculating twmor ceoll (UTC) 1eolation and
Lymyphoma treatmant. The method alse provides a robust platfons to screen for active siRNA and small
molecale compounds capable of treating 3 disease or manipulating coll behavior.

16093} The iwevention described herein has been successfully domonstrated v one example whers the
cotis weore nduced o take-up othorwise mombrasc-impermeable dve (og., propidinm wdide, FiGe 24
A0). Average cell throughput has been measared on the order of 186 cells/minute, and average delivery
officiency has been meanwed at 30%. All tests were performed at 37°C,

Cell tvpes

16094} Aspects of the mvention describe a svstem can be used with, for exampie but not luniied o, £

o

o~
2

i, figgion veast, eammalian cells, and bodding veast. It 5 possible to nse other ool ivpes, and even
aritficial cells and Bposomes. As a new platform for cell-based, hugh throughput sorcemng {HTS), the

platform can be used, for example, in the pharmaceutical snd bistechnology mdusines for the

[u——y
3
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identification of lead drugs, perfonm toxicity tests, screon for antibiotics effects, and carry out functional
genomice seroens, Cells or cell clusters are punified/iselated or enniched for the desired coll tvpe.

18095] 1o one embodiment, the fust type of cell is a eukarvotic ool and the second tvpe of cell 16 3
prokarvouic cell In another embodiment, the st and second type of cell are different evkarnvotic cells. In

vet another embodiment, the first and second type of cell are difforent prokaryotic cclla.

16096] Non-luniing examples of tvpe of colle that the first and second tvpe of cell can be include a

cukarvotic cell,

3 prokaryvete, a microbial coll, a bacterial cell, a veast cell, an artificial cell, posome, a
zenorally rod shape with 2 diameter that i3 loss than two nucrometer and a longih that 5 foss thas fon
micrometers, a generally rod shape with a diameter that 18 between about 8.2 microreiers and about two
micromeler, mammalian cell, ooovte, red blood cell, a white blooed cell, a human cell, a cell having a
generally biconcave shape with a dismeter that 5 between abowt two micrometers and shout twenty
gucromaters, and a cell baving a diameter that 18 betwoon about one sucrometers and about twoaty
YRECTOTNE TS,

18697} Agents for upiake

8698 Aspects of the mvention desoribed herem relate to the compresmon of 3 first type of cell or
popuiation thersof 1o induce the uptake of a first agent, followed by the compression of a second tpe of
celf or population theroof to mduce the optake of & sccond agent. In some embodiments, the first and
second agent are the same. In ancther emboediment, the first and second agent are different,

{80699} Non-hmiing examples of an azent that the first and second agent can bo nclude 3 DMNA-
staming dye, a fluorescent molecule, a plasmid, 8 vector, a protein, a mucleic acid, a polypepiide,

rocombinant DMNA, RNA, siRMA, shRNA, nuRNA, a2 compound, a small molecule,

, an antibody, a virus, a

guantum dot {Qdot), a chromosome. a nucleic acd that encode receptors for CAR Tecells, a drog, a
therapeuatic, an anti-sense ohigonocleatide {ASO), an mBMA, an RMA aptaraer, a protein aggregaie, a
proton fibril, a4 nanoparticle, a polveaccharide, a lipid, an organelle, a mitochondrion, a prokarvote, a
mderobial eell, and a bacterial cell. An sgent can be solated or purified.

[66160] In some cmbodiments, the agent to be taken op by the cell (s prosent 1n the flow fluid,

{80181 In one emboediment at least 1%, at least 3%, at least 10%, at least 13%. at least 209, at least
25%, at least 309, at least 35%, at least 40%, af least 4596, af least 30%. at least 53%, at least 60%, at
fenst 65%, at least 70%, at least 73%, at least 30%, at least 85%,, at least 90%, at teasi 953% or more of the
colis that pass through the flow channel take up the agent present 1n the flow thed fellowing comprossion,

160162] One chifled in the art can detennine whether the agont has boor taker up by the celle. For
example, the uptabe of a fworescont moleculs can be assessed by fluorescence microscopy. In addion,
flow oytometry or flucrescence activaled cell sorting (FACS) can be vsed (o identify the percentage of

cells that have taken up a fluorescent molecule.
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[66183] Colls are suspended n flow floid along with the agent to be taken up by the coll. Typcal cell
concentrations can range, for exampls from 10" to 197 colle/ml The concentration of the agent can range
from, for example 10 me/md to 0.1 pe/ml The concontration of the agent should be optinuzed for the
medividual agent, and can be done by one skilled 1 the art. The agent may be added to the flow fluid
betore or mmediately after compression dopending on the desired setwp given that the cellular
periurbations rematn opan for 1-3 puautes. The flow floid may be composed of a mumbar of salts, sugars,
growth factors, apounal-derived products or any other component necessary for praper cell proliferation,
maintanung coll health or induction of cell signabing pathwavs. Additional materials ruay also be added to
the flow thud. For example, surfactants {o.g., ploronics), antibiotics, and/or bulking materials can be
added to the flow fod.

[80104] Aficr the cells are compresgsed, the colis are allowed to incubate/rocovar by silting i the flow
flard. Dunog thus time, the cells will uptake the agent present 10 the flow fuid through the induced
perturbations wn the cell membrane or wall, One mechanism of uptake 15 diffusion-based, where larger
motecules are absorbed at a slower rate than smaller molecules. The cells sre allowed to meubate/recover
in flow thud for on the order of 2-5 minutes, although other durations are possible. n other emboediments,
the cells incubate for at feast 1 sec, at least | mun, at feast 2 ming, at least 3 ming, at feasi 4 ming, at leasi 5
raing, at least 6 mins, at least 7 puns, at least ¥ mins, al feast § mins af least 10 suns, af feast 13 mins, at
feast 20 mun, at least 30 mms or more after compression. The time m which cells moeubate may vary for
different sgents and/or cell tvpes. Duning the time that the cells are moubating/recovering m the flow
flud, matecal from eide the coll may also release from the cell mio the flow flwd Doring the
meubatonfrecovery perod, certain condilions can be controlied to ensure that delivery quantibies of the
agent are consistent acress the oell population. For example. post-compression, convective delivery
mechanisme that impinge agent onto the incabating/recovermg cell can be used.

[60165] Some embodiments of the technology described hercin can be defined according to any of
the following numbered paragraphs:

1} A method for uptake of an agent into a cell or population thereof using a microftuidic device, the

method comprising:

a. passing a first flow fluid through a flow channel of the nucrofludic device, the flow
changel being at lcast partially bounded on a first side bv a flexible layver of the
microfluidic device and being at least partially bounded on an opposing second side by a
rigid layer of the microfhudic device, the first flow fluid mcluding a phurality of a first
type of cell therein and a first agent;

b. pressurizing a control channel formed in the flexible layer of the microfhudic device such

that the flexible layver physically compresses at feast one of the first type of cell in the
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2)

3

9)

first flow flmd aganst the rigid laver to induce at least one temporary perturbation n a
membrane of the at least one of the first type of cell; and
c. causing a portion of the first agent to be taken up by the at least one of the first type of
cell through the at least one temporary perturbation in the membrane of the ai lcast one of
the first type of cell.
The method of paragraph 1, wherein the causing the portion of the first agent to be taken up
mcludes continmng to pass the first flow fhaud through the flow channel with the control channel
pressurized.
The method of paragraph 1, wherein the causing the portion of the first agent to be taken up
mcludes adjusting a flow rate of the first flow fhud through the flow channel with the control
channel pressurized.
The method of paragraph 1, wherein the caosing the portion of the first agent to be taken up
inclades stopping the flow of the first flow fluid through the {low channel with the coutrol
channel pressurized.
The method of paragraph 1, wherein the agent 1s nommally cell impermeable.
The method of paragraph 1, wherein the agent 1s a DNA staining dyve.
The method of paragraph 1, wherein the agent 1s a fluorescent molecule.
The method of paragraph 1, wherein the agent 15 a plasmid.

The method of paragraph 1, wherein the agent i1s a vector.

10} The method of paragraph 1, wherein the agent 1s a protemn.

11) The method of paragraph 1, wherein the agent 1s a nucleic acid.

123 The method of paragraph 1, wherein the agent is a polvpeptide.

13) The method of paragraph 1, wherein the agent is recombinant DNA.

14) The method of paragraph 1, wherein the agent 1s RNA.

15) The method of paragraph 1, wherein the agent 1s siRNA.

16) The method of paragraph 1, wherein the agent 1s shRNA.

17y The method of paragraph 1, wherein the agent 1s miRNA.

18) The method of paragraph 1, wherein the agent is a compound.

19) The method of paragraph 1, wherein the agent 1s a small molecule.

20) The method of paragraph 1, wherein the agent is an antibody,

21) The method of paragraph 1, wherein the agent is a virus.

223 The method of paragraph 1, whercin the agent is a quantum dot {Qdot).

23) The method of paragraph 1, wherein the agent 13 a chromosome.
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24Y The method of paragraph 1, wherein the agent encodes chimenic antigen receptors {(CAR) for
CAR-modified T-cells (CAR-T).

25) The method of paragraph 1, wherein the agent is a drug.

263 The method of paragraph 1, wherein the agent i¢ a therapeutic,

27y The method of paragraph I, wherein the agent 1s an anti-sense oligonucieotide (AS0).

28y The method of paragraph 1, wherein the agent 1s an mRNA.

29) The method of paragraph 1, whorein the agont 15 an RNA aptamer.

30) The method of paragraph 1, wherein the agent is a protein aggregate.

31y The method of paragraph 1, wherein the agent i¢ a protein fibrid,

32) The method of paragraph 1, whorein the agent is a nanoparticle.

33) The method of paragraph 1, wherecin the agent is a polysacchanide.

34) The method of paragraph 1, wherein the ageant 1s a lipid.

35) The method of paragraph 1, wherein the agent 1s an organclie.

36) The method of paragraph 1, wherein the agent 1s a mitochondrion.

37) The method of paragraph 1, wheremn the agoent 1s a prokaryote.

38) The method of paragraph 1, wherein the agent i1s a microbial cell.

39) The method of paragraph 1, wherein the agent 1s a bacterial cell.

40) The method of paragraph 1, wherein the fluid includes an extraceliular growth factor.

41y The method of paragraph 1, wheremn the type of cell is a prokaryvote.

423 The method of paragraph 1, wherein the tvpe of cell is a microbial cell.

43) The method of paragraph 1, wherein the type of cell is a bactenial cell.

44 The method of paragraph 1, wherein the tvpe of cel 1¢ a veast cell.

45) The method of paragraph 1, wherein the type of cell is an artificial cell

463 The method of paragraph 1, wherein the type of cell 1s liposome.

47y The method of paragraph 1, whercin the type of cell has a generally rod shape with a diameter
that 1s less than two micrometer and a length that is less than fen micrometers.

483 The method of paragraph 1, wherein the type of cell has a generally rod shape with a diameter
that is between about 0.2 micrometers and about two micrometer.

49y The method of paragraph 1, wherein the type of cell 1s a eukaryotic cell.

50) The method of paragraph 1, wherein the type of cell 15 a mammalian cell.

51) The method of paragraph 1, wherein the tvpe of cell is an cocyte.

523 The method of paragraph 1, wherein the type of cell 15 a red blood cell.

53) The method of paragraph I, wherein the type of cell 1s a white blood cell.

34) The method of paragraph 1, wherein the type of cell 1s a human cell.
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55y The method of paragraph 1, wherein the type of cell has a generally biconcave shape with a
diameter that is between about two micrometers and about twenty micrometers.

36) The method of paragraph 1, wheremn the type of cell has a diameter that is between about one
micrometers and about twenty micrometers.

57y The method of paragraph 1, further comprising:

a. passing a sccond flow fluid through the flow channel of the microfluidic device, the
second flow fhud including a plurality of a second type of cell therein that 1s different
from the first type of cell and a second agent;

b. pressurizing the control channel formed m the flexible layer of the microfluidic device
such that the flexible layer physically compresses at least one of the sccond type of cell in
the sccond flow flud against the rigid laver to induce at least one tomporary perturbation
in a membrane of the at least one of the second type of cell; and

¢. causing a portion of the second agent to be taken up by the at least one of the second type
of cell through the at least one temporary perturbation n the mombrane of the at least one
of the second tvpe of cell.

58) The method of paragraphs 1 to 57, wherein the second agent is the same as the first agent.

59) The method of paragraphs 1 to 57, whercin the second agent is ditferent frorn the first agent.

60) The method paragraphs 1 to 37, wherein the first tvpe of cell 1s a prokarotic cell and the second
type of cell 15 a cukaryotic cell.

61) The methed of paragraphs 1 to 37, wherein the first tvpe of cell and the second type of cell arc a
different prokarvotic cell.

623 The method of paragraphs 1 to 37, wheremn the first type of cell and the second typeof cell are a
different eukarvotic cell.

63) The method of paragraphs 1 to 37, wherem the first type of cell and the second tvpe of cell are a
different diameter.

64) The method of paragraphs 1 to 537, wherem the first tvpe of cell and the second type of cell are a
different shape.

63) A method of using a microfluidic device, the method comprising:

a. passing a first flow fhud through a flow channel of the microfluidic device, the flow
channel being at least partially bounded on a first side bv a flexible layer of the
microfluidic device and being at least partially bounded on an opposing second side by a
rigid layer of the microfhudic device, the first flow fluid mcluding a phurality of a first

tvpe of cells therein and a first agent;
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b, pressunzng, to a first pressure, a control channel formed in the flexible laver of the
microfhuidic device such that the flexible layer physically compresses at least one of the
first type of cells in the first flow fluid against the rigid layer to induce at least one
teriporary perturbation in a membrane of the at least one of the first type of cell and
permitting the at least one of the first type of cell to take up a portion of the first agent
therethrough;

c. passing a second flow fluid through the flow chamnel of the microthudic device, the
second flow flmd including a plurality of a second type of cells therein that is different
from the first type of cells and a second agent; and

d. pressurizing, to a second pressure that is different from the first pressure, the control
channel formed 10 the flexible laver of the nucrofluidic device such that the flexsble layer
physically compresses at least one of the second type of cells in the second flow fluid
against the rigid layer to induce at Icast one temporary perturbation in 3 membrane of the
at least one of the second type of cells and permitting the at least one of the second type
of cells to take up a portion of the second agent therethrough.

66) The method of paragraph 63, wheremn the first flow flmd 1s passed through the flow channel at a
first tune point.

67) The method of paragraph 63, wherein the second flow fhuid is passed through the flow channel at
a second time pont.

68) The method of paragraph 63, wherein the second time point 18 a feast 0.1 scconds fellowing the
first time point.

693 A method comprising:

a. flowing a fhud through a {low channel of a microfhuidic device, the flow channel being
formed by a flexable laver and a cover layer, the flexable layer including a control channel
therein that oxtends gencrally perpendicular to the flow chanuel, the fhud mcluding an
agent and a phlarality of cells therein; and

b. pressurizing the conirel channel such that

1. aconstriction 1s formed m the flow channel, and

1. at least one of the plurality of cells m the fluid 1s phyvsically compressed between
the flexible laver and the cover layer at the formed constriction to induce at least
one temporary perturbation in a membrane of the one of the phurality of cells and
permitiing the at least one of the plurality of cells to take up a portion of the

agent therethrough.
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70) The method of paragraph 69, further comprising adjusting a flow rate of the flow fluid 1n the flow
channcl,

71) The method of paragraph 69, wherem the adjusting inchides adjusting the flow rate of the flow
thud in the flow channel to zero flow.

72) A method comprising:

a. passing a flow fluid through a tflow channel of a microfluidic device, the flow channel
being formed by a flexible laver and a cover laver, the flexible layer includimg a condrol
channel thercin that extends generally perpendicular to the flow channel, the fhud
inchuding an agent and a plurality of cells therein;

b. pressurizing the control channel;

¢. forming a constriction in the flow channel;

d. phvsically compressing at least one of the plurality of cells in the fluid between the
flexible laver and the cover laver af the formed constriction;

wducing at least one temporary perturbation 1n a membrane of the at least one of the

o

plurality of cells; and
f. causing the at least one of the plurality of cells to take up a portion of the agent through
the at least one temporary perturbation of the membrane.

73) The method of paragraph 72, wherein pressurizing the control channel causes the compression of
the tlow channel fo occur.

74) The method of paragraph 72, wherein pressurizing the control channel causes the at least one of
the plurahity of cells to be physically compressed.

75) The method of paragraph 72, wheremn the physical compression of the af least one of the plurality
of cells mduces at least one temporary perturbation in the membrane of the at least one of the
plurality of cells.

76) The method of paragraph 72, wherein a pressure differential between a pressure nside the at least
one of the plurality of cells and a pressure of the flowing fluid canses the at least one of the
phurality of cells to take op the portion of the agent through the at least one temporary
perturbation of the membrane.

773 The method of paragraph 72, wheremn prior to the at least one of the plurality of cells being
physically compressed, a pressure differential between a pressure mside the at least one of the
plurality of cells and a pressure of the tlowing fluid is msufficient to cause the at least one of the

phurality of cells o take up the portion of the agent.

EXAMPLES
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Example 1

a flow channel and gently compressing the ceiling of the channel This setup traproves the statistical
power and automation capabilities of microscopy while retaining or even increasing the sensitivity of
maging of non-adherent cells. Bt works for a wide range of cell types, sizes, and shapes without
modifving the device dimensions, while keeping cells in the chosen growth medivm with minimal
perturbations unti the moment of imagimmg. MACS 1s compatible with the 96-well plate format and
raakes it possible to capture exceadingly rare cells in a population. For E. cofi, it was further shown that
MACS allows os to exert controlled pressure to slightly flatten and widen the cells. preswmably by
expelling some water molecules. The diffusion of cytoplasmic proteins then slows down by orders of
magnitude — enough to ensure that fluorescont proteins do not move away from a diffraction- linuted
spot during typical exposure times 1o fluorescence imaging7, 11. The fluorescent proteins thus
effectively behave as if they were temporarily fixed. As opposed to chemical fixation, this procedure
does not guench the fluorescence signal, and makes it possible to accurately identify single fluorescent
proteins n cells. It was previously quantified this effect by applyving the method to single fluorescent
proteins as well as  fluorescent protems-fluorescent protein fusions, by counting photo-bleaching
stepst}, and by comparing the results to other methods!0, showing that the approach makes it possible
to accurately count the number of fluorescent protemns per cell even when cells contain just one or two
protein copiest O, The flattening of colls in the z-dimension and widening in the x-v plane also helps with
counting in three wayvs: by reducing the projected auto fluorescence per arca unit and thereby increasing
the signal-to-noise ratio for FP detection, by further separating the proteins from each other to reduce
the risk of spatial overlap, and by making it possible to keep the whole cell s focus. Increasing the
pressure further compresses cells enopgh to make them take up compounds that otherwise could not

cross the membrane, or to evaluate cell membrane or cell wall mutants.

developed by Quake and co-workers!2 and consists of two lavers: cells are injected through a flow
channel, while a control layer that runs above— perpendicular to the flow channel- can be pressunized to
collapse the flow channel ceiling on cells. The simple design, straightforward operating principle, and
the utilization of well-characterized valves render MACS robust and reproducible.  The  valves
themselves can be actuated millions of tomes without signs of fatigue, and the major hmitation
for long-~term stability of MACS s instead the eventual accumulation of debris at the mntersection of
the control channel and the flow channel. Optimizations were carried for cell loading mnto the chip,

surface passivation, and media preparation to munimize debris, designed cleamung protocols, and
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fabricated chips with an array of mdividual control/flow channel intersections to be able to swiich to
new intersections after debris builds up.

1661068] The MACS platform 1s cheap to build and compatible with a wide range of cell types and
microscopes.  However, the original setup was invelved and required extensive tailloring. A more
streamlined and standardized platform 1s presented herein, including detailed steps for building and
using the sctup as well as the code for data acquisition and analvsis. Although the experiments described
here are carried out on £. coli cells, the setup works for a wide range of non- adherent cell typest!.

[8G189] Microfluidics device design and fabrication.

1601 18] Described herein s a protocol for fabricating and assembling the flow and control layers of
the PDMS MACS chips using soft-lithography. In brief, a UV light is used (Fig. 35A) and patierned
transparency masks (FIG. 3B} io etch desired features o a laver of photo resist (PR} deposited onto
clean silicon wafers to create negative master molds for each layer. The actual PDMS is case on cach
and align them.

186111} More specifically, the AutoCAD 1s first used to design high-resclution transparency masks
{Cutput city) for the pattern 10 the flow and countrol layers. Maximum resolotion for prnting this mask
s recommended, using the emulsion-side down (i.e. features are printed on the non-glossy side}, to
ensure mimimal distances between the printed side of the mask and the PR on the wafer. A detailed, stop-
by-step protocol is described in the PROCEDURE section.

166112] The silicon wafers are cleaned by sequentially squirting generous amounts of acetone,
methanol and Milli-Q water (Millipore Corporation) while spinning the wafers on a spin-coater. The
wafers are dnied for 5 min on a 65 "C hotplate before using the spin-coater to deposit positive PR AZ10x¢
{AZ Electronic Materials) to a height of 10 pm on top of the water. The transparency mask is dlummated
with UV light to etch out the desired pattern in the PR (FIG. 5A), and the wafer is subsequently heated to
round off the rectangular channels 1nto dome-shapes (aka reflow) with a final channel height of ~8.3 pm,
which is essential for proper valve closurel2. The wafer is baked on a hotplate overnight to stabilize the
positive PR, A master mold for the simpler control laver of the device is similarly built, by spin-coating
the negative PR SU-R 2023 {MicroChem} to a 25 um thickness on a wafer, and UV patierning il using
the transparcncy mask for the control channels. These steps produce the siheon masters from which the
PDOMS chips are molded (FIG. 5A).

166113] PDMS 5 mixed from a two-part sticone clastomer kit (Slvgard 184, Dow Corning),
consisting of a base (part A) and curing agent (part B) in particular weight ratios (part A:part B} To
produce the MACS chips from the masters. a spin-coat 20:1 PDMS on the flow channel masier at 12350
rpm for 45 sec to vicld a ~63 pm thick PDMS membrane. With this thickness and PDMS ratio, the

ounimum pressure required to close the valve is ~5 psi. I even gentler cell handling 15 required, a
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thinner membrane can be made to allow the valve to close at lower pressures. For the control channels,
5:1 PDMS is poured onto the control layer master. After both lavers are partially cured at 65 °C for 33
rain, PDMS 1s peeled off the control layer master, punch holes through the inlets and align the control
channel slabs to the flow channel. Both lavers are cured for another 4 h at 63 "C to achieve thermal
bonding, and cutf out the now two-tayer chips from the flow-layer wafer using a new razor blade. Holes
are punched in the two-layver chips and somicate them in isopropanc! for 30 mun to remove debris (FIG.
5C) produced during hole punching. The chips are rinsed with Milli- Q water and sonicate in Milk-Q
water for 30 min before leaving the chips to dry for 4 hours at 65 “C. Finally, the two-layver PDMS chips
permanently plasma bonded (o glass coverslips. Freshly bonded chips are kept at room temperature for
at least one day to regamn the native surface properties following plasma treatment.

[66114] Basic vanations to the protocol can be made depending on the requirements of a given
application. For instance, for specific applications, such as maximizing throughput, it may be necessary
to alter the device dimensions, in which case, other parameters (such as pressure or PDMS membrane
thickness or stiffuoess) also need to change to maintain optimal performance!3. For the stiffer MACS
chips used for mechanical slowing down of diffusion of cytoplasmic molecoles, the chips are left at
63 °C for 3 days after plasma bouding to cover glass. Alternatively, the stiffacss of the PDMS membrane
can be mmcreased by using an A:B ratio greater than 28:1. In some applicaiions, e.g. when assessing
mechanical integrity of cell wall mutants or sgueczing cells to force them to uptake material, even higher
pressure 1s required. For such devices, bath the flow and the control channels are produced with 10:1 or
even 3.1 PDMS, and bond ther together using oxygen plasma, resulting 1o an even stiffer chip.

[88113] Operating principle of MACS and automation.

[86116] To mgect cells or collapse the control layer, liquids pushed out from airtight pressure tubes
(PT). Introducing pressurized air into the pressure tube drives out liguid, either mio the flow channel or
used to pressurize the control layer to push the valve downwards. MACS is thus based on imaging
cells that pass through flow channels while regulating pressures to partially or completely collapse
the flow channel ceiling. Driving flow with air pressure rather than syringe pumps allows for casy
streamdining and fast response times.

[80117] When operating MACS, the sumplest scheme of simply collapsing the valve after stopping
the flow yiclds extremely poor trapping efficiency due to the rapid displacement of hquid. Instead,
MACS relies on three distinct valve siates — open, half-open, and closed — which are achieved by
controlling both the pressure of the control valve (Peontrol) and the pressure driving the flow (Pflow) of
the cells (FIG. 1A). Depending on the pressures applied to control and flow channels, this causes cells

to flow rapidly through the flow channel (FIG. 1A [eft), trickie through the flow channel in a



WO 2019/018497 PCT/US2018/042638

monolayer (FI1G. 1A middle), be gently held against the cover slip (FIG. 1A right), or be squeezed
against the cover slip with greater pressure (FIG. 1B)

1601 18] After setting up the chip, mounting it on the microscope, and identifving a wvalve
intersection, cells are injected into the chip. After cells arrive at the imaging FOV, the Pcontrol is turned
on. The recommended setting Peontrol = 20 psi for a chip with the dimensions reported here. The next
step s to identify the appropriate flow rate to achicve the half-open state. Specifically, the half-
open state operates with (Pflow , Pcontrol) = {on, on) but in order to achieve the actual half-open state
where cells trickle between PDMS and coverglass, it is necessary to adjust the magnitude of Pflow o a
fevel that is just high cnough o break the seal between PDMS and the covershp. This coccurs al a value
of Pflow~18 psi for a chip with tvpical dimensions, given Peontrol = 20 psi. When the pressures are
chosen properly and (Pflow, Peontrol) = {(on, on), the cells should start shipping through the FOV as a
monolaver. When the flow is stopped — (Pflow, Pcontrol) = (off, on) — the closed state 15 achieved. Just
before image acquistion, the value of Pcontrol can be re-adjusted depending on the imaging
requirements. For imstance, in single-molecule counting experiments, Peontrol 18 set to 30 psi just
prior to imaging. An imaging cycle thus consists of miroducing new cells in the open state, trapping
celis by transitioning from the open to the half-open to the closed state, and then imaging cells
compressed with the desired pressure. Each cvele typically takes ~2-13 s (corresponding to ~240-1800
frames per hour), but even higher throughput can be achicved by using large channels and an automated
stage (see below). Cells are generally trapped in a subregion of the total footprint of the valve
intersection (approximately 100 wm = 50 ym out of 200 pm x 200 wm), which can be varied with slight
modifications of Peontrol and Pflow.

j60119] Compressing colls 1 this contrelled manner can slow down the didffusion of cvtoplasmic
fluorescent proteins (FPs) almost 100-fold, allowing us to detect them on a standard total internal
reflection fluorescence (TIRF) setup with minimal perturbations until the moment of mmaging, as is
extensively characterized elsewherel!l Although this can in principle be achieved by simply using
higher pressure (as in FIG. 3B), a better performance is achieved by using stiffer PDMS chips rather than
higher values of Pcontrol, since using higher pressure increases the risk of delaminating the microfinidic
chip.

1861 20) Appiication {: High-throughput imaging.

[80121] As a proot-of-concept for the stabilitv and throughput capabilities of MACS, unattended
anapshots of approximately 106 £ coli cells were acquired in a 4-hour time window at a single valve
mtersection.  Conventional avtomated xy-stages can achieve a comparable performance in terms of

sampling speed, but cells are then kept on the surface for long time pertods before imaging, which can
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change their properties. MACS, on the other hand, keeps cells growing in the desired medium and brings
in a fresh sample every time.

166122] To achieve a throughput of 3500-5000 cells/min depends on parameters such as
magnification, trapping area, ccll density etc. Typically, 250x magnification (100x objective combined
with 2.5x camera lens) is used for the single-molecule counting, and 60-100x for high-throughput data
acouusition, For larger cells, lower magnification can be used to retain lugh throughput. Rather than
carrving out distinct cycles of cell trapping and imaging, MACS can also run constantly in the half-open
valve state to flow a stream of cells through the FOV (FIG. 7A). This sacrifices image quality somewhat
but can be used to detect rare phenotypes, for example where the readout is fluorescence levels
above some threshold, or the presence of a locabized signal.

1661 23] The throughput of MACS is limited by the time between successive rounds of cell trapping
and on a longer time scale, by the eventual accumulation of debris m the FOV. Debris accumulation is
onlv problematic during actuation of the valve and the presence of sample flow. Debris does not get
stuck permanently and 15 eventnally washed away unless pressed against. If the mtersection used does
get filled with debris, one of the many unused intersections on the same chip can be used for 1naging,
since intersections not actively in use, do not collect debris. The time between rounds of cell trapping 1s
typically dominated by the time it takes cells to stop moving when the channel 1s n the closed state
(tolosed). Optimizing iciosed for cach apphcation 18 recommended since the sensifivity fo such
movement dopends on the experiment. For single-molecule counting experiment, it 1s often a 15 sce
{tclosed = 15 sec) wait, but often the wait 15 only 1-5 sec when exact localization of single molecules 1s
not required. The optirnal value for tclosed may also display chip-to-chip variability and depends on
faciors such as cell density and cell type.

[80124] If the FOV of the camera is small compared to the total cell trapping area, a substantial
specd-up can be achicved by using an automated stage and moving the FOV to cover the entire trapping
arca. When even greater throughput is needed, it is also possible to modify the dimensions of the chip to
fabricate larger valves and thus larger cell trapping arcas. In principle, it could also be possible to run
and tuage several intersections stmuhlancoushy to mcrease throughput further.

{86125] For a given cell density 1 the medinm, the coverage within the FOV can be adjusted by
simply changing parameters such as Pflow and Pcontrol as well as the duration of the half-open state.
Modifying cell density is particularly important for the single-molecule counting assay, because it is hard
to exert enough pressure on each mdividual cell to slow down diffusion in arcas with very high local
density of cells.

186126} Reducing the cell density can also be important, e.g. when carefully guantifying fluorescent

levels between cells, since the pont-spread function of light can cause light emitted from one cell to be
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atinibuted fo its neighbor cells. Cells in areas of high coll density can then artificially appesr brighter. On

a concentration device since the half~open state can function locally as a “sieve’ and permits gathering
statistics that would not be possible via tradiional sample preparations {such as agar pads). which
simply spread cells on cover glass surfaces.

18G6127) Application 2: Retrieving cells with rate phenotypes.

[6¢1 28] The setup can also be used to screen farge numbers of cells, identify rare cells of interest for
higher-gquality imaging, and then retrieve those cells into test tubes. For example, it s possible to run
MACS m the highest throughput mode, where cells are constantly moving through the device and
mmaged m video mode as they trickle by (FIG. 7A), and use real-time image analysis to identify cells of
mterest. By imstantancously switching to the closed state, those cells can be trapped for high-quality
imaging. To illustrate this capability, a cell colture of an £ cofi stramm expressing GFP is taken and
spiked it with a fow cells from an RFP expressing strain. On-the-fly mmage processing allowed for
detection of the cell of miterest (i.c., a red cell) as it appeared within the FOV (FIG. 7B). Although the
detection rates depend on muliiple parameters such as flow rate, cell density, and the closing properties
of the valve, in our inial runs, cells diluted 1:18,000 and 1:100,000 were detected within, on average, ~3
seconds and ~30 secounds, respectively. This allows us to estimate the occurrence probability of rare
phenotypes of mterest, and then characterize those phenotypes with more detailed imaging.

[86129] Minor modifications to the design make it possible to retriove the rapped cells from the
device, allowing us to corich or even directly isolate rare phenotypes (FIG. 7C). In this modified design,
two inlets and outlets are controlled via on-chip valves (valves 1-4). Durning screening, the MACS device
is m the half-open state and cells are nuaged as they flow past the FOV to the waste (valves 3 and 4 are
closed, and valves 1 and 2 are open). When a rare FOV with the cell-of- interest is detected (FIG. 7B),
cell flow s stopped mimmediately, thus switching the MACS device to the closed state. At this point,
detailed images can be acquired, if needed. Next, all inlet and outlet valves (valves 1-4) are closed, and
release the control valve (FIG. 7D). Then valves 3 and 4 are opened allowing oil to flow mto the chip and
sending the trapped volome out for coliection. When cells grew overnight and imaged on agar pads. i
was observed that the RFP-cxpressing cells were highly enniched (FIG. 7E). Using an o1l phase for cell
collection provides precise control of the volume that is retrieved. To facilitate the collection using the
oil phase, the chips are treated with a commercial water repellent!4 {Aquapel) after plasma bonding.
These chips are kept at room temperature until use.

1806130)  Application 3: High-pressure MACN jor single-molecule imaging and intracellular

delivery.
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[66131] Described herein s the method for how this setup can be used to 1mage cells of varving
sizes and shapes with high throughput, without tailloring the exact dimensions of the device, while
keeping cells in the desired growth medivm untidl the time of imagmg to reduce stress, and cven
reirieving rare cells of mterest. However, perhaps the most sinking feature of this device 18 that it allows
us to apply pressure i a controlled way to colls, such that the diffusion of cyvtoplasmic protens can be
slowed down by two orders of magnitadeHd . Without wishing to be bound by theory, it is believed this
reflects the interesting finding that the £ coli cytoplasm is close to a glass transitionl3, where stightly
compressing cells expels some of the water from the cytoplasm and appears to make the movement of
cytoplasmic proteins transition from almost free diffusion to crowding.

186132] Regardloss of the underlving mechanism it was found that the slowing down of diffusion
allows for visualization and cven accurate counting of fluorcscent proteins at exceptionally low
abundances, using conventional TIRF microscopy setups!®.ll As opposed to chemical fixation
protocols, this mechanical fixation can be achieved with no loss of fluorescence, and exiensive controls
with photobleaching steps and tandem dimer FPst! indicated close to all mature fluorescent molccules
were detected.

166133] The increased pressure also flatiens cells, which improves counting in several ways. First it
ensures that the autofluorescence is lower per projected area of the maged cell, thereby reducing the
background for counting. Second it can ensure that more of the cell is within the imaging focal plase. In
fact, for . coli growing 1n rich media, imaging setups typically keep most of the cell in focus, but
not entirely. Mild flattenung is then enough to achieve focus throughout the cvtoplasm. Thud, by
‘pancaking’ cells slightly the projected area is greater, which reduces the probability that mdividual
molecules will have overlapping pormt-spread functions and therefore cannot be separated.

631 34] Practically, the increase m effective pressure was found to be the casiest to achieve by using
stiffor PDMS chips. Specificallv, 1t is recommended to keep the chips at 63 “C for three days after
plasma bonding to coverslips to achieve enocugh stiffening to induce cytoplasmic slowing down. Unless
the pressure is greatly increased. which can cause other problems, pressing the chips without such
‘aged’ chips does not cause safficient slowing down (o visualize proteins within the typical 10-100 ms
wiegration times of the CCD camera. For single-molecule nnaging it also becomes critical to properly
clean the glass surfaces, or clse fluorescent background spots can masquerade as actual fluorescent
proteins. A cleaning  protocol described by EIf er o/ is recommended to clean glass coverslipsi0.
Alternatively, glass coverslips can be kept under oxygen plasma for 10 mm. [t 15 also essential to wear
glovesthroughout since touching the involved surfaces with bare hands can cause substantial fluorescent

impurities. The growth media can also mtroduce fluorescent particulates. For F. cofi, 1t was found that
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the standard LB broth, wiuch is lughly fluorescent, can be substituted for M9 media supplomented with
10% LB without compromising the growth rate but greatly reducing false positive counts due to
fluorescent impuritics. The MOPS-based rich defined medium EZRDM (Teknova) works even better
for this purpose. By paving close attention to cleaning procedures at different stages. as few as 0.3
spots/cell can be achicved for a control strain that does not oxpress the fluorescent proteinst?,

[86135] Another feature of MACS is the observation that compressing cells 1a the closed state forces
them to uptake molecules. Specifically, extra stiff chips are used, made by plasma bonding two 10:1
PDMS lavers, cells can be pushed on harder causing them to uptake a DNA-staining dve that 1s normally
cell impermeable (propidium iodide, Thermo Fisher) (FIGs. 8A-8C). This procedure also allowed us
to  distingoish wild type cells and cell wall mutants, since the latier uptake more dye at lower
pressures than the wildtvpe.

[86136]  Integration of growth chamber.

j80137] It 15 possible to incorporate a growth chamber upstream of MACS, allowing for on-demand
microscopy coupled to real time monttoring of population density, ¢.g. wusing batch cultures or
turbidostais. This is particalarly convenient when studying population dynamics of multiple cell types
that change 1n density over time. A complete schematic of a growth chamber incorporated with MACS 15
shown m FIG. 9. It is suggested that paying attention to the aseration needs during the growing culture.
This configuration does not necessarilv atlow for optimal acration without other modifications, since the
rigorous stirring or shaking required for optimal acration can interfore with OD60OG measurements.  For
experiments that require active acration or shaking, the OD600 measurements can be separaied from the
growth flask. A detailed description of this setup is in preparation. With further modifications, it is
possible to implement treatment of the samples with drugs or inducers without affecting the rest of the
growing ccll culture. The growth chamber can be modified to run in specialized modes, such as
tarbidostat or chemostat, by using peristaltic or solenoid pumps.

{80138] This sngle, simple device serves many purposes — increasing throughout compared to
conventional microscopy, ensuring that cells can be grown m the desired liguid cultwre until moments
before imaging in 96 well plates, if desired, retrieving rare cells of mterest, pressing on cells to achieve
accurate mechanical fixation to count individual molecules, and squeezing cells to force them to uptake
chemicals that otherwise could not pass throvgh the membrane. Though MACS does not have the
advantage of trackmg cell hneages that some other microthudic devices provide, it also does not need to
be precisely tatlored to the exact cell sizes and shapes of a given sample, as i1s required to use those
devices. In fact, the same device can simultaneously be used for cells that vary >100-fold in volume. It
can also serve as an orthogonal test that growth chamber methods truly reflect cell growth in suspension

cultures.
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{86139] For the single-molecule counting measurement, an £. coli strain where a low-abundance
protein (SprE) had been fused to GFP (mNeonGreen) is used at its native chromosomal locus. An
gxogenous copy of a second fluorescent protein (CFP) on the chromosome served as a segraentation
marker and allowed identification of cells and their boundarics (FIG. 10). For this experiment, chips that
had been cured for 3 days at 65 “C after fabrication and thus were stiffer were used. Cells were injected,
accumulated in the half open state, and trapped with an imaging presswre {(Pcontrol) of 30 psi
Approximately 13 seconds after trapping, cells were imaged using a 50 mW 314-nm laser with HILO
modality on an EMCCD camera at video rate (33 Hz, te. 30 msec exposure time). The provided
MATLAB code, AnalvzeMacsInteractively, was used to analyvze the data, see Supplementary Manual
for a detailed description of using the code. Under these growth condifions, the average mumber of SprE
per cell was ~14 and the population-wide distribution of SprE abundance 1s close to Poissonian.

[80140] Rowung MACS 1 the condinoous mode, £ coff cells ware detocied that are proficicot
plasreid conpugation — a leading cause of horizontal gene transter asd the spread of antibiotic resistance
genes.  Because the expression of wansfor (#ra) gones 1s associated with lugher metabolic burden and
moreased sensitivity to male-spooific phages. many conjugative plasmids are naturally repressed!?. For
sxample, under Iaboratory copditions, it is kaown that plasmid R1 twns on the compogation machinery at
froquensies bolow 1973 per coll and gonerstion!®) but oven order-of magnitude estimates have proven
challenging because the events are so rare. To identify these rare evenis a ofp gene was placed at the very
end of the transfor operon and wsed MACS to wdentify cells exprossing CFP {data not shown). Data
suggosts that the iro operon is activated al a frequency of approximately 1070 per cell and generation,

under our conditions,

Esample 2

188141} Delivery of DNA or RNA molecules info leukocytes,

[661421 Poripheral blood mononuciear cells (PBMCs) are 1solated from haman whole blood using a
density gradient centrifogation mothed with Ficoll-Hyvpagoe as desoribed {(sec g T J Fuss, ef of |
{zolation of whols mononuclear celle from periphoral bleood and cord blood, Curr Prowme fmmunol,
Chapler 7:Umt7.1., (2069)). Loukocyice are solated from PBMCs following 3 published protosol (sue
c.o. 5 Armmilli, ef ol Ramd isolation of leckooyte subsets from fresh and crvopreserved peripheral blood
mononuclear cells m climcal research, Crye Lesters, 33(83376-84, (2012)). T cell sub-popuiations of
spocial intorest are further curiched using antibodies agamst specific CD {cluster of differentiation)
surface markers (including but not hmied 1o CDR3, T4 or CDY)Y for posmive/nesstive selection and

flucresconce activated coll soring (FACS) or magnetic activated cell sorting (MagraSort Cell Separation
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Technology, ThermoFisher Scientific} Purtfied homan T cells can alse be purchased from a vendor {o.g.,
Astarte Biologics). For ntracellular delivery, the leukocyvies or punified 7 cells are first suspended m the

destred growth mediom or in Ix PBS with copplomenis (o g

B

3% FES) and thoo reixed with the nocleie
aotds {o.g., plasoud DNA or mRNA) that encode the proein of interest (e.g., 3 chumeric apBigen recaptor
or a GFPF markery. The flow floid 15 optionally pre-incubated for up to | hoor at 37 °C or directly run
through the flow chasnel of the MACS device 1o cnable intracelivlar uptake of the nucleic acid
motecules. For T celis that are modified to expross # chimenc antigen recoptor (CAR), functional testing
and procf-of-concept siudics ame paerforreed as proviouslv desoribed (soe g E. & Cheadle, er ol

Chumeric antigen receptors for T-cell based therapy, Methods Mol Biol | 907 64366 (2812)).

Example 3

180143] Defivery of recombinant proteinsg into red blood cefls (REUs)

[60144] The MACS device s vsed o deliver a recombinant protein {(e.g., phenvialanine hydroxylase
or a GFF marker} inte the ovioplasm of red blood cclls (RBCs) Blood 15 collected from a pationt by
vempuncture performed by one skilled 1 the art, for examples a trmned phichotomist. RBCs are dsolated
from the patent’s blood followmg a standard protocel. {n short, the blood {(o.g., 10 mi) is contrifuged for
3 min at 3040 g to separate hematroerst {red, lower laver) from plasma (vellowish, upper laver), which s
then gently asprraled with a micropipettor and discarded. The hematocrit fraction 1s resuspended with 136
mM MNaCl (o a total volome equvalent to the onginal vohume of the blood sample, and the final selution
15 centrifuged for 5 mun at 300 g, This wash step is repeated twice, and the supematant is replaced with Ix
PES (pH 7.4) after the final contnfugation step. The purified KBCs are mixed with the recombinant
enzyrae (e.g, 0.1 te 10 mg/mb) and the solution 15 run through the MACE device to enable miracellular
uptake of the recombinant enzyraes. The loaded RBCs are collected from the ontlet of the MACS device
and temporanly stored {see cg I R Hess, An update on sohutions for red cell storage, ¥Vox Sang,
SHE3I13-9, (20063, The KBCs that are loaded with the recombinant snzyme are then used for enzyme
replacernent therapy (ERT) by autolagous bload transfusion {Le., collection followad by retnfusion of the
patient’s own RBCs). For example, RBCs that are loaded with recombinant human phenyvialanine
hydroxylase are given to a pationt who suffers from phenyiketouna (PELD and lacks a functional PAH
gene, which resulis in low levels of phenvialanine hydroxylase. The RBC wansfusion 13 performed
adhoring to previcusly descnbed gmidelines {sce og. J. L. Carson ot al., Red blood cell transfusion: a
chotoal praciice gudehine frorn the AABRB, drm fnfers AMed | 157(1)49-538, (26123, Biace RBCs have an
average lde spap in the baman body of ~120 davs (b Shomin and R Rittenberg, The bfe span of the
human rod blood cell, J Biol Chen, 166(2):627-36, (1946)), 1t 15 contemplated that the patient can receive

a transfusion guarterly or bimnsually, Allogencic bicod transfusion (1o, RB{s are collocted from a
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matched donor) 1s performed following the same basic steps as desenibed above. The recombinant protein
can also be debivered mmto other non-adhoront cell tvpes, ncluding but not hmited to lenkoovies, siem
celis, or other progerutor cells, These cells are puridfied following standard protoculs kuown to a porson
skidlad o the art.

[86145] To measure and optinuize the intracellular debvery officiency, GFF 15 nsed as the delivery

agent and the porcentage of GFP-posttive BBECs is quantified with flow cytometry,

Example 4

18G146] Delivery of mitochondria into pocyies.

861471 Mitochondrnia are punfied ssing standard protocols knows to known to one skalted m the art,
for example differential condrifogation and/or Ficoll gradient contnfugation {see o.g. .M. Preble, er o,
Rapud iselation and pucfication of sutochondaa for transplantation by tissue dissociation and difforential
Blteation, J Vis Fxp, (91031682, (2014} Oocyies are obtaned from sexually mature puce as deoseribed
{see oo, b Van Blerkom, e o/, Mitochondrial wansfer between oocvics: potential applications of
mitochondrial donsation and the issue of heteroplasmy, Fum Reprod., 13(1012837-68, {1998} The
purified nutochondria and cocvtos are pre-mixed (final concentration of mitochondria s about 1 me/mb)
and mun through the MACS device 1o enablc indracetinlar upiabe of the nmutochondria by the coovies. To
validate that the mutochondna are successtully taken up by the cocvies, the prified mitochondna are
stained in vifre with Mitotracker Green FM (ThermoFisher Scientific), which tocalires to mutechondria
regardiess of mitochondrial membrane potential, and the cocvies are mmaged by fluorescense mucroscopy
after they are collocied from the outlet of the MACUS device Altematively, DAPI (ThermoFisher
Scienttfic) is psed to stratn the nutochoendrial DNA (GutDNA) /s vitre following a peblished protocol (ML
Dellimger and M. Geze, Detection of mitochondnal BNA m living ammal cells with fluorescence
microscopy, 204(Pt 3y 192.202, (20011, Oocvies that are not incabated with Iaboled mutochondria are
used as a negative control for the mucroscopy. It 18 known that nutochondrial transfer mto oocytes from
patients with repeated waplantation fatkure after IVF treatment increases the chinical pregnancy rate (C. C
Huoang, er ¢, Birth after the mnjection of sperm and the cvioplasm of tripromucleate zygotes 1uto
metaphase I cocyies in patients with repeated implantation failure after agsisted fertilization procedures,
Fertil Steril. ) 72(43:.702-6, (1999)} but this process reguires micromjection, which is labor intensive and

low throughput.

Example 8

[80148] Loading bacteria with g payicad for in vive cancer therapy.
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[66149] Certin  bacteria  {e.g.. Salmonella, IEscherichia coli, Clostridium, Listeria, or
Sifidobacterium) can grow mnsule twmors and oven specifically accumulate within cancerous tissue upon
systemic adounisitation (9.9, gesiion or sdravenous wjection ), which makes these bacieria well-cuited
as delivery vehlucles for cancer therapy (see e.g. M. Tangney, Gene therapy for cancer: dawry bacteria as
delivery vectors, Discov Med. | (321195200, (20103, However, loading bacteria with a small-molecule
drug as a payioad is challenging using oxisting metheds. The MACS device 1s used 1o lead a bacterium of
mierest with a small-molecule anti~cancer drug (e.g., dosorubicin or taxol} by bneflv imcubating the
hacterial cells in the presence of high concentration (Le.. 10 uM to 1000 mM) of the small molecule, and
then running the cell suspension through the MACS device to enable mtracellular uptake. Drug loading
can be improved by adding a compound to the growth mediam that facilitates intracellular uptake (e.g.,
Pluronic F-68) and/or a bactenial efflux pump inbibitor {¢.g., phenvlalanine arginyl beta-naphthylamide)
to prevent doug outflow. As a positive control for intracellular uptake, a cell-impermeable fluorescent dve
like Alexad88 (ThermoFisher Scientific) is used and the amount of dye in the bacteria is guantified using
fluoresconce microscopy. To demonstrate that the drug-loaded bacteria localize to cancer cells /72 vive and
shrink tomors, a study with C37B6 mice bearing BI16F10 melanomas i1s conducted as described (M.
Pawelek, et af., Tumor-targeted Salmonella as a novel anticancer vector, Cancer Res., 57(20).4537-44,
(1997)). Bacteria that are not loaded with a drug or loaded with an inactive control corapound are used as

a negative control for the mouse study.

Example &

100150) Porallielize ihe MACUN device to merease its throughput for intraceflilar delivery,

{88151} To morease the throughput of the MACS device for iniracellular delivery of an agent, a
PMDS-based microflatdic chip that accommodates over 10,000 individual pressure-countrolied MACS
umits that are all synchronously operated, 1s designed. The basic operating principle of the highthroughput
MACS device 15 identical to the existing, standard MACS device (B. Okumus et o/, Mechanical slowimng-
down of cvioplasmic diffusion allows i vivo counting of proteins n 1ndividual cells, Nar Commun.,
7:11641, (2016)). This parallel design greatly increases the throughtput for intracellular delivery of an
agent because a very larger nomber of cells are now compressed in parallel. This MACS device 15
operated as a stand-alone system, which does not require a microscope.

j60152] All publications cited herein expressly incorporated herein by reforence n their entiretics.
References for Example |
{11 Tracy. B. P, Gaida. 5. M. & Papoutsakis, E. T. Flow cytomeiry for bacteria: enabhing metabolic
engineering, synthetic biclogy and the clucidation of complex phenotypes. Current Opinion in

Riotechnology 21, 85-99 (2010).
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CLAIMS

1. A method for aptake of an agent into a cell or population thereof using a microftwdic device, the
method comprising:

passing a first flow fhud through a flow channel of the microfhudic device, the flow channel being at
least partially bounded on a first side by a flexible layer of the microfluidic device and being at least
partially bounded on an opposing second side by a rigid layer of the mucrofludic device, the first flow
fluid including a plurality of a first tvpe of cell thersin and a first agent;

pressurizing a control channel formed in the flexible laver of the microfluidic device such that the
flexibie layer phvsically compresses at leasi one of the first type of cell in the first flow fluid against the
rigid laver to induce at least one temporary perturbation in 2 membrane of the at least one of the first type
of cell; and

causing a portion of the first agent to be taken up by the at least one of the first type of cell through
the at least one temporary perturbation in the membrane of the at least one of the first type of cell.

2. The method of clapm I, wherein the causing the portion of the first agent to be taken up melades
continuing to pass the first flow fhud through the flow channel with the control channel pressurized.

3. The method of claim I, wherein the causing the portion of the first agent to be taken up includes
adjusting a flow rate of the first flow fluid through the flow channel with the control channel pressurized.

4. The method of claim 1, wherein the causing the portion of the first agent to be taken up includes
stopping the flow of the first flow fluid through the flow channel with the control channel pressarized.
5. The method of claim 1, wherein the agent 1s normally cell impermeable.
6. The method of claim 1, wherein the agent is a DNA staining dye.
7. The method of claim 1, wherein the agent is a fluorescent molecule.
8. The method of claim 1, wherein the agent is a plasmid.
§. The method of claum 1, wherein the agent is a vector.
10, The method of claim 1, wherein the agent 1s a protein.
1. The method of claim 1, wherein the agent 15 a nucleic acid.
12. The method of claim 1, wherein the agent is a polypepiide.
13. The method of claim 1, whercin the agent is recombinant DNA.
14. The method of clmm 1, whereimn the agent 1s RNA.
15. The method of claim 1, wherein the agent 15 siRNA.
16. The method of claim 1, wherein the agent 1s shRNA.
17. The method of claim 1, wherein the agent is miRNA,

18. The method of clanm 1, wherein the agent is a compound.
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19. The method of claim 1, wherein the agent 1s a small molecule.

20. The method of claim 1, wherein the agent 1s an antibody.

21, The method of claim 1, wherewn the agent is a virus.

22, The method of claim 1, wherein the agent is a quantum dot {Qdot).

23. The method of claim 1, wherein the agent is a chromosome.

24. The method of claun 1, wherein the agent encodes chimeric antigen receptors (CAR) for CAR-
modified T-cells (CAR-T).

25. The method of claim 1, wherewn the agent is a drug.

26. The method of claim 1, wherein the agent is a therapeutic.

27. The method of claim 1, wherein the agent is an anti~sense oligonucleotide (ASQ).

28. The method of claim 1, wherein the agent 1s an mRNA.

29. The method of claim 1, wherein the agent is an RNA aptamer.

34 The method of claun 1, wherein the agent is a protein aggregate.

31, The method of claim 1, wherein the agent 1s a protein fibril.
32. The method of claim 1, wherein the agent 18 a nanoparticle.

33. The method of claim 1, wherein the agent is a polysaccharide.

34. The method of claim 1, wherem the agent s a lipid.

35. The method of claum 1, wherein the agent is an organclie.

36. The method of claim 1, wherein the agent 1s a mitochondrion.

37. The method of claim 1, wherein the agent 1s a prokaryote.

38. The method of claim 1, wherein the agent is a microbal cell.

39. The method of claim 1, whercin the agent is a bactenial cell.

433, The method of clawn 1, wherein the fluid includes an extracellular growth factor.

41, The method of claim 1, wherein the type of cell 1s a prokarvote.

42, The method of claim 1, wherein the type of cell 1s a microbial cefl.

43. The method of claim 1, wherein the type of cell is a bacterial cell.

44 The method of claim 1, wherein the type of cell 1s a veast cell.

43. The method of clamm 1, wherem the type of cell is an artificial cell.

46. The method of claim 1, wherein the type of cell 1s liposome.

47. The method of claim 1, wherein the type of cell has a generally rod shape with a diameter that 1s
less than two micrometer and a length that 15 fess than ten micrometers.

48. The method of clamm 1, wherein the type of cell has a generally rod shape with a diameter that 15
between about 8.2 micrometers and about two micrometer.

49. The method of claim 1, wherein the type of cell 15 a cukaryotic cell
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. The method of clamm 1, wherein the type of cell 1s a mammalian cell.

(] (]
_— D

. The method of claim 1, wherein the type of cell 1s an cocyte.

-
N2

. The method of claim 1, wherein the type of cell is ared blood cell.

3. The method of clamm 1, wherein the type of cell 1s a whate blood cell.

n Ln
98]

.

. The method of claim 1, wherein the type of cell is 3 human cell.

[
(]

. The method of claim 1, wheremn the type of cell has a generally biconcave shape with a diameter
that is between about two micrometers and about twenty micrometers.

36. The method of claim 1, wherein the tvpe of cell has a diameter that is between about one
micrometers and about twenly micrometers.

57. The method of claim 1, further comprising:

passing a second flow fluid through the flow channel of the microfluidic device, the sccond flow flid
including a plurality of a second tvpe of cell therem that 1s different from the first tvpe of cell and a
second agent;

pressurizing the control channel formed in the flexsble taver of the microfludic device such that the
flexible layer physically compresses at loast one of the second type of cell in the second flow fluid agmnst
the rigid laver to induce at least one temporary perturbation in a membranc of the at least one of the
second tvpe of cell; and

causing a portion of the sccond agent to be taken up by the at least one of the second tvpe of cell
through the at least one temporary perturbation in the membrane of the at least one of the second type of
cell.

58. The method of claims | to 57, wherein the second agent is the same as the first agent.

59. The method of claims 1 to 37, wherein the second agent 1s different from the first agent.

60. The method clamms 1 to 57, wherein the first type of cell is a prokarotic cell and the scoond type
of cell 1s a eukaryotic cell.

61. The method of claims 1 to 37, wherein the first type of cell and the second type of cell are a
different prokaryotic cell.

62. The method of claims 1 to 57, wherein the first type of cell and the second type of cell are a
different eukarvotic cell.

63. The method of claims 1 to 537, wherein the first type of cell and the second tvpe of cell are a
differont diameter.

64. The method of claims 1 to 57, wherein the first type of cell and the second tvpe of cell are a
different shape.

63. A method of using a microfluidic device, the method comprising:
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passing a tirst flow flaid through a flow channel of the microfhudic device, the flow channel being at
least partiallv bounded on a first side by a flexible layer of the microfluidic device and being at least
partially bounded on an opposing second side by a rigid laver of the microfluidic device, the first flow
fluid including a phurality of a first type of cells therein and a first agent;
pressurizing, to a first pressure, a control channel formed m the flexible layver of the microfluidic
device such that the flexible layver physically compresses at least one of the first tvpe of cells i the first
flow fluid against the rigid layver to induce at least one temporary perturbation in a mombrane of the at
least one of the first type of cell and permitting the at least one of the first tvpe of cell to take up a portion
of the first agent therethrough;
passing a second flow fhud through the flow channel of the microfluidic device, the second flow fluid
meluding a plurality of a second tvpe of cells therein that is different from the first type of cells and a
second agent; and
pressurizing, to a second pressure that is different from the first pressure, the control chanunel formed
mn the flexible laver of the microfhudic device such that the tlexible layer phvsically compresses at least
one of the second type of cells i the second flow fhud against the rigid layer to induce at least one
temporary perturbation in a membrane of the at least one of the second type of cells and permitting the at
least one of the second type of cells to take up a portion of the second agent thercthrough.
66. The method of claim 63, wherein the first flow fluid is passed through the flow channel at a first
pme point,
67. The method of claim 63, whercin the second flow flmid is passed through the flow channel at a
second tune point,
68. The method of clamm 63, wherein the second time point is a least 0.1 scconds following the first
tirne point.
69. A method comprising:
flowing a fluid through a flow channel of a mucrofluidic device, the flow channel being formed bv a
flexible layer and a cover laver, the flexible laver including a control channel therein that extends
generally perpendicular to the flow channel, the floid meluding an agent and a plorality of cells therein;
and
pressurizing the control channel such that
(1) aconstriction is formed in the flow channel, and
{(11) at least one of the plurality of cells m the fluid 15 pbysically compressed between the
flextble faver and the cover laver at the formed constriction to induce at lcast one temporary
perturbation 1 a membrane of the one of the plurahty of cells and permitting the at least one of

the plurality of cells to take up a portion of the agent therethrough.
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70. The method of clamm 69, further comprising adjusting a flow rate of the flow fluid i the flow
channel.

71. The method of claim 09, wherein the adjusting mcludes adjusting the flow rate of the flow fluid
in the flow channel (o zero flow.

72. A method comprising:

a. passing a flow fluid through a flow channel of a microfluidic device, the flow channel
being formed by a flexible layer and a cover laver, the flexible laver including a conirol channel
therein that extends generally perpendicular to the flow chanuel, the fluid mncluding an agent and
a plurality of cells therein;

b. pressurizing the control channel;

¢. forming a constriction in the flow channel;

d. phvsically compressing at least one of the plurality of cells in the fluid between the
flexable laver and the cover laver at the formed counstriction;

e. nducing at least one temporary perturbation m a membrane of the at least one of the
plurality of cells; and

f. causing the at least one of the plurality of cells to take up a portion of the agent through
the at least one temporary perfurbation of the membrane.

73. The method of claim 72, wherein pressurizing the control channel causcs the compression of the
flow channel to occur.

74. The method of claim 72, wherein pressunizing the control channel causes the at least one of the
plurality of cells to be physically compressed.

75, The method of claim 72, wherein the physical compression of the at least one of the plarality of
cells mnduces at least one teraporary perturbation i the membrane of the at least one of the plurality of
cells.

76. The method of claim 72, wheren a pressure differential between a prossure inside the at least one
of the pharality of cells and a pressure of the flowing fluid causes the at least one of the plurality of cells
to take up the portion of the agent through the at least one temporary perturbation of the membrane.

77. The method of claim 72, wherein prior to the at least one of the plurality of cells being physically
compressed, a pressure differential between a pressure mside the at least one of the plurality of cells and a
pressure of the flowing fluid 1s msufficient to cause the at least one of the plurality of cells to take up the

portion of the agent.
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