(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
13 December 2018 (13.12.2018)

(10) International Publication Number

WO 2018/227204 Al

WIPO I PCT

(51) International Patent Classification:
BOIF 13/00 (2006.01) CI2N 5/00 (2006.01)

(21) International Application Number:
PCT/US2018/036952

(22) International Filing Date:
11 June 2018 (11.06.2018)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

62/517,775 09 June 2017 (09.06.2017) US

(71) Applicant: THE REGENTS OF THE UNIVERSITY OF
CALIFORNIA [US/US]; 1111 Franklin Street, Twelfth
Floor, Oakland, CA 94607-5200 (US).

(72) Inventors: KAMALAKSHAKURUP, Gopakumar;
10316 Adobe Circle, Irvine, CA 92617 (US). LEE, Abra-
ham, P.; 11 Murasaki Street, [rvine, CA 92617 (US).

(74) Agent: NGUYEN, Quan; Nguyen & Tarbet, 4199 Campus
Drive, Suite 550, Irvine, CA 92612 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: CONTROLLED ENCAPSULATION IN DROPLETS BY LIQUID-LIQUID INTERFACIAL SHEARING

100

N\

Beads + aguaaus phass

114 e
""'»-.\ \

Continuous Phase

Aqueous Phass N
498 = o

17
16~ |

? 102

Cells + aruecus phass

FIG. 1A

Yigh Sheaw interlacs

130

Dontiruous Phase

wo 20187227204 A1 | I 0E 0000 A

(57) Abstract: A passive, hydrodynamic technique to perform co-encapsulation of one cell-one bead in droplets is described herein. The
hydrodynamic technique utilizes laminar flows and high shear liquid-liquid interfaces at a microfluidic junction to achieve a one-one-
one encapsulation efticiency of about 30%. This technique may he implemented using a microfluidic device to significantly improve
the efficiency of droplet sequencing and other bead based single cell assays.
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CONTROLLED ENCAPSULATION 1N DROPLETS BY LIQUID-LIQIND NTERFACIAL BHEARING

CROSE REFERENCE
{481} This applicatinn clalms priordly 10 U8, Provisional Application No. 82/817,778 filad June 08, 2017,

the specification{s} of which isfare Incorporated herein iy their sntively by reference.

FIELD OF THE INVENTION
{8821 The presant ivvention redates o microfluldic devicrs, namely, W encapsulation of samples using

droptet-based microffuidic devices.

GOVERMMENT SUPPORY
{843} The inventions were mads with govermnment support under Grant No, 1382185 awarded by the

Natioral Solence Foundation, The government may have cerlain rights in the inventions.

EACKGROUND OF THE INVENTION

[igad] Single-cll anadysis s 2 fekl thal shudles the genmics, ransoriptemiog, prolemmins  and
metabolomics af the single cell level. Conventional techniques to perform single cell analysis are flow
cytomelry and automated microscopy. To addrass the wids rangs of spplications for smg&e cell analysis,
these convendional methods are offen coupled with microfiuidic devices. Microfiuidic devices and systems
are configurad o process {s.g. move, mik, separate} small volumes of Hold, typloally in the rangs of
piontiters to microliters. In addition, the microfluidic devices can spatially colieot single calls in micro wells,
palterned surfaces, and varous Yraps bassd on mechanical, magnelic, hydrodwnamin,  opical,
dislectrophorsiic, and acoustic principlies, These microihuidic devices can be used for various applications
including privding, bio-chemical assays, drug discovary, sl A dass of minrofiuidic devines and systems
mchides micrafiuidic droplst generating and manipulading devices configured o manipulade disorste
droplets. Droplet-hasad miomiuidic devicas can he canfigured 1o perform g variaty of opemdions, such as
for example, tansportation of droplats, storage of droplets, mbing of droplets, analysis of droplets, st
For exampls, Hess devices can be usad as nicrorpaciors o achieve controlied and rapid mixing of ulds
andior o synthesize droplels and encapsulate vardous biologica! enditles for blomedicing  and

biotechnology applications.

{803} Droplst-based single oolf assays are based on the ability 1o encapsulate and confine singls celis In
individual droplets and anable genome wide exprassion profiling. One-one-one ancapsulation in droplets
fs a oritical unit operation i single call high-throughput screening and droplet sequenaing. Most aingls cell
ancapsulations in droplels are performed randomly and ave diclaled by Polsson atatistios. Gne of the
currant challsnges in parforming dropisd sequencing {drop-saq) creration in dropleds is achieving high
sfficiancy one cell-one-bead encapsuiation. ¥ has bean recently raported that for genome wide exprassion
profiling, the encapsulation sfficlency is as low as 1.1%, or 1 in 1000 draplets will have a call tharein,

Henoe, there is a need for improved miorofiuldic device and method Tor encapsuiation in single droplets.

[486] The present invention features a passive, hydrodynamic ltechnique fo parform encapsulalion in
droplels uillizing laminar flows and high shear Bauid-liguid inderface ab a miorofluidic Junction, with an
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encapsiiation efficiency of 30%. which could significantly imprwve the efficiency of drop-seq and other
bead basad singles cell assays.

SUMMARY OF THE INVENTION

7T I an objective of the present invention o provide for microfiuidic devices and methods for
ancapsaiating biomolsoidss in droplsls, Embodiments of fhe rosentiom ave givan i the depandent cladms,
Embodimants of the present invantion can be freely cnmbined with eanh oiher i thay are not mudaally

axghusdve.

{881 In some aspects, the present wvention provides an interfacial hydrodynamic technigue that
combines the effects of laminer flow and Hguid-diguid intedacial shearing, resulling in one-one-one
encapsulation in dropists. Beads, cells and agueous phase introduced through upper, lower and middie
inlats respectively, create distinet laminar fow sireams at a junclion. The flow rales at thres inlets are kept
agual io preverd the bead/call migration axross the streamilies due 1o Magnus forces. The beads and
colls soff-assemble in o single fle along the channal wall whils moving loward the droplet gensration
junclion. Upon reaching the droplet generation junclion, the beads and cedls gat pulled fsw elther side of
the channel wall toward the symmaetrical high shoar interfaces info the droplet. The droplet diameter has
o b large enough to scconmicdsis one cell and one Dead in it This can be achisvad by pracisely funing
the dispersed 1o continuous phase pressure ratio {o).

HIBEY Various smbodiments disoussed herein comprise microfiuidic devices that are configurad fo
encapsulate single particle or celis with kgh fhwough-pit. Various embodinmenis of the microfiuidic devices
cant be configred o provide ancapsulation efficiencies of 30% o higher,  For example, various
mdorofiuidic devices discusaed hersin can be configured 1o encapsulate parficles or cells with an
encapsuiation efficlency of about 30% or greater, in somes ambodimants, the encapsulation efficiency &
meodrized BY e squsezing regin lo neat dripping regime, where 02 < 107 and @ I8 abnut 6.5-1.0.

{810} One of the unigue nventive featurss of the esent invention is the formation of high shear
interfaces betwean the continucus phase and dispersed phase fluid streams can be formad, which
incresses the encepsulation sfficiency.  Without wishing fo imit the present invention o & particuisr
mechaniam or thaory, laminar flow guides the particlesioells along the channel wall toward the high shear
interface, and the high shear interface draws the cells or parlicles toward it at a higher veloolly resuiting i
self-spacing of the oslis, thershy reducing and even sliminating the possibilily of doublads. An importand
advantage of this technigus is that #§ can be muodified based on the deslrad application including single call
or bead ancapsulation {1-1), and 1 celi-1 bead-idroplet encapsulation or 1 callet calbtdroplet

ancapsulation {1-1-1} for different call types and cell sizes.

811 In sone aspects, the methord of encapsulating obe or more solid samples {e.g., blological matarial
comprising ocellular malerial, obe or more oglis, one or more pardicles, one or more beads, st ina
droplet of a fluld {&.g., water) may comprise flowing & disporsed phase fuid stream comprising a soilid
sample {8.g., a bivlogical sample comprising celludar malerial or one or more cells) dispersed in a fuid
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{s.g., waler) hrough & combining channsl; cantrolling the flow rates of the Tow stream 1o eslablish laminar
fow through the combining charnel, flowing & continuous phase fluid through & rontinuous phase channed
that indersscls the combining channal, the contihusus phase Buld belng mmiscible with the dispersed
phase fuid; conrolling the flow rate of the contiruous phase fluid {0 shear the laminar flow of the
disparsed phase fluld stream and generating droplels encapsulating the solid sample in an oulpul
microfiuidic channel.

] Ancther novative aspact of (he subject matler of this applicalion s embodied in a microfiuidic
device, comprising: & cumbining chamnnel configurad o tansport g disparsed phaese fluid stream
compising a solid sample {e.q., & biokgical xample comprising cellular msterial or one or more oadla
dispersad in a fuid {e.q., water) and continuous plase channsls inferssciing the combidng chavmel 1o
form an intersaction reglon. Each oontinuous phase channel is corfigured 1o fransport a contivasous phase
fuld stream. Tha intersaction reglon is configurad o opan inlo an output microfiuldic channgd theough an
aifice, The microfluidic device further comprises a fluid controlier 1o control the fiow rates of the Tluld
sireams o generale droplets snoapsulating the solid sample. The flow rate of the dispersed phase flow
shream can be controliad fo astabliish laminar flow, and the Tow rale of the continuous phase fhid sltream
oan b controlisd to shaar ey laminae fow of the dispersad phase Buld straam in the inlersaction region,

thus genarating droplets that enter the cutput mdorofiuddic charne! wough the orifice.

3] Any fealure o combinalion of festures desoribed herein ame includest within the stops of the
present mivention provided thal the features included I any such combingtion sre not mulusily
inconsistent ag will be apparent from the context, this specification, and the knowledge of one of ardinary
skill in the arl. Additional advantages and aspedts of the present invention are apparent in the following
datailad desoription and claima,

BRIEF DESCRIPTION OF THE DRAWINGS
{814} The features and advardages of the present invention will berome apparsnt from a consideradion of
e following detalied desoriplion presented i connaclion with the sccompanying drawings In whinh:

{15 FIG. 1A shows an exemplary mechanism of one-celbone-head sncapsulation in droplets using
interfacial shearing technique, according o an enbodiment of the presert invention. Beads and cells
introduced from upper and lower inlels solf-assemble along the channel wall while moving toward high
shear interfaces. Al the droplet gensration junction, both the beads and cslls gel pulied toward the high
shear inferface symmetrically frorn both the channel boundaries resuiting in ohe-one-ong encapsulation,
faie] FiG. 18 iz g achematic of the ancapsulation procass using interfaclal shearing.

T FUE. 2 shows 2 norn-liniting compuiationat fluid dynaamic mogdel (GFD) of intarfacial shearing.

{818} FIG. 3 shows a non-limiling embodimeand of one-ong-one {1-1-1}) sncapsulation of 10 um beads and
k-562 cells. The 10 ym beads were introduced from an upper inlet while the k-5682 cells are Howed In
thraugh a lower inlet. Buth the baads and cells align close 1o the channe! wall on the way toward a flow
focusing hinction, Af the junclion, e beads and the cells are pulied toward & symmetrical shear interface
and encapsuiated into draplats,
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{419 FiGs, 424D show steps of 111 socapsuiation of 10 uby bendy from the oy and Hela cells fiom
thir botlom. The encircled droplet indicatss the 1-1-1 droplel.

{3420] FIG. 5A shows the 10 pm beads self-assemile slong the fop channel wall while Heda cells align
along the bholtom wall.

{621} FiG, 58 shows the one cell-one bead encapsulstion in dropisls. The encircled dropists indicale the
1-4-1 droplata

22 FiGs, SA-BE show steps of ohe-one-one encapsulation of 10 wm beads. In FiG 64, baads seif
abun slong the channal walll in FIG. 8B, boads gets pulled by the high shear fow at the boundary. In
FiGs, 8080, beads enter the droplets frum two sides and arg ancapsulated in FIG. 88, The encirnled
dmgiei shows the 1-1-1 dropleds,

FIS23] FIG, TA is B graph of encapsulation efficlancy vs. droplel diamster, The encapsulation efficiency
incresses with the droplet dinmeter, resches a maimum, and decresses thereafier due o mulliple
sncapsuiations in one droplat

B4 FIG 78 is a graph of 1-1-1 encapsulation officiency v, pressure ralio of dispersed phase o
continuous phase (). The encapsulation efficlenny Increases with the dispersed o continuous pressure
ratio (@} reaches 8 maximum, and decreases thereafler due fo multiple encapsulstions o one droplet.
28] FIG. TC isw graph of ponnentration aptimization for encapsulation efficlancy va. osll concantration.
The sncapsulalion sificlency increases with oell concentration, reaches g maimum, and decreases
thereafter dus-fo mullipds sncapsuiations i e dioplel

6] FIG, BA s & schematic Blustration of single call encapsulation in deoplets {1-1) weing inberfaciad
shearing. The cella were introduced from a single infel.

HIGITE RIS, 88 showsong sell sncapuuiation by degpdats of oudls introducet freara g singhs inkd The nirdes
nclivate the singls cells.

028 FIG. DA is an altemalive schematic of single cell encapsulation in droplats {1-1) using interfackal
shearing The colls wers Introduced from two infets.

HIIZY FIG. 98 shows one cell encapsulation in dioplats of cells intraduced fror W inlets. The cirdas
ndicals the singls celis.

(3 DESCRIPTION OF PREFERRED EMBODIMENTS

8311 Following Fsls slamants comasponding o a particidar elemerd referred 1o herein
{99321 100 microfiuicio devics

HIGA3 102 zolid sample

{834} 104 droiplet

HIB33] 108 dispersad phase fluld

{38} 1067 flowy stream
{37108 continuous phase fluld
[3638] 108 high shear interface
a3 110 combining channsl

[ed6] 112 channe! sidawall
843 114 first dispersed phase channel
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{Bea2] 116 sanond dispersed phass channel
HIGE3 117 anuecus phase charmel

jBdgd} 118 aquaous phase fluid

HIg4s] 119 faminar interface stream

[Bddal 120 firsl continunus phase channel
471 130 sacond continuoua phase channal
{I648] 140 intersaction region

{1349} 145 draplel shaaing junction

HGRG] 147 swrifine
{853} 180 ouipul channal
HIS3E 180 fluld fiow controlier

g

D53} As used hersln, the microfluldic devices smploy fluld volumes on the scale of microliters (0% o
plcaliters {‘iﬁ‘“m} that are contained within sub-millimeter acale channsls. The structursl or funclionat
fmaturgs may be dimensioned on the order of mm-scale or less, preferably in the micron scale or less. For
exampls, a diameler or width of a channs! or a dimension of an infersection or junction may range from
<1 wim o greater than 1000 um. Alternatively or in addition, & length of 3 channe! may rangs from 0.1
wrn 1o greater than omesoals. The microfiuidic devics may ampioy aclive or paasive lechnigues fur fluid
ransport andd droplet production. Compared to the aclive gpproach, which fluid manipuiation ivwabves the
use of micropumps and microvabves, the passive approach akes advaniags of the chavacteristic fow field
i microfuidics to control the rderfacs and capilfary instability, and conseguantly b producs droplets.

{3634 As used herady, the term “high shear interface” refers 1o @ high velodily Hquid-iquid interface formed
batween two immiscible Hguids, Generally, the continuous phase flow rate is greater than the flow rate of
the dispersed phass. For instanes, the continuous phase fow rale may be sbout 2-5 times greater. At the
angueous-off irderizcs, the high cordinuous phase fow rate imparis e same veloclly o the disparsed
phase st the inferface. Hence, the dispersed phase at the inlerfacs is al 8 higher velonity (shear) than tha
butk.  As used herain, the tamm “laminar fiow” rafers to flow of a fluid In lavers that do not mix. One of
ordirary skilt in that an would understand that at lower Reynold's numbars {<10}, 3 laminar fiow {s always
extablished in the microfiuidic channal. The fluid fiosws in paraliel lovers with no Izleral miking but with

some minar diffusion.

{IS5] A knows ooons of ordinary skl I dhe et in & geomsinemadialed regime, O squeszing regime,
the droplet generalion depends only on the size of the wifice and the flow rate ralio of the dispersed
phase fo the continuous phase flow rate, whereas inferfacial tension and viscosity has no significant
influence. Tha tranaition balween the geometry-mediaded ragime to & dripping ragime is dicladed by the

Capiflary numbser {Ca), Ca = 55 where u is the viacosity, v ia the valocity of the continuous phase, and o

o
is the Interfacial tension bebween the two Buid phases, Genarally, in the geomelry-madiated regime, Ga s
<tF I e dripping regime, Ca may be 2 107 and interfacial tersion and viscosity can predict the

formadion of droplets.
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[B436) SAMPLER FOR ENCAPSULATION

HIBRT] In various smbodiments of the present invendion, the samples fv ancapsulation may be
ndoroparticles. The microparticles may be beads. Examples of beads inolude, but arg not imited 1,
polymer beads, bar-coded beads, fundlionalized beads, and magnatic beads. In some embadimants, the
beoads may have a size or dimension, such as a dameler or width, ranging from about .01 gm o aboud
20

FRH381 In other various embadiments of tha present invention, the samples for encapsulation may be calls.
Any particudar opll fype Fronvany-organisrn may be used i the methods and yystems of e presend
rpvavdion. The cells may have a size or dimansgdon, such ax 2 dismeler or width, ranging from about 8.1
pre eaboud 20 pa. i soms smbodiments, the cells miay e wild type cells or ganetically mogiisd calls. In
oiher embodiments, the oslis may be celis harboring one of more mutations, healthy cells, diseassd cells
or unhaslthy cells, ale. For sxample, in some ambodimands, the celis may be prokaryotic cells {(84g.,
bacteria, archashacieria, o) in other embodiments, the cells may be sukarvolic cells such as single-
celled sukaryoles, fungal colls {e.g. veast, mold, sls.}, snimal cells, mammalian cells {s.g. cells from a
human, non-human primate, modent, rabbil, shesp, dog, ol sic), and non-mammalian celis {(s.g. cells

from insects, repliles, amphiblans, birds, ele )

ae plant cellx or glgal onlls. Norddimditing and non-exhaustive sxa W\;:«%as of plant cellx include calis foam
con, stwvbean, wheast, oollon, grass, Howsying pdents, frulttbeading glants, irmes, tuberous planis,
potatoes, root plants, carrots, peanul, nuts, beans, legumes, and squashes. i is 1o be understood that the
term “plant cell” encompasses all types and stagas of plard calls and is rot imited 1o the aforementionad
examplas, Non-imiting and pon-axhaustive examples of algsl calls include cells from Chioralla sp.,
Nannochioropsis sp, and Botryocoonus sp. s 0 be understood thal the term “aigal cell” encompasses
all types of algal celis and s not Hmilsd jo the aforemantioned examplas. One of the diglinguishing
charactaristics that plant and algal cells have over animal celis is a cell wall that surrounds a ool
mermbrang 1o prwide rigidity, strength, and shuchure o the casll The cell wall may ba comprised of
polvsaccharides including cadlulose, hamiveliuluse, and pectin.  Sintllar o phant and algal cells, the fungal
calls alst have a cell wall, which may be conmprised of pulysaccharides including glucans, mannans, and
chitin.

{36661 In other embodiments, the cells tsed i the present invention may be profoplasts, which are ibtagt
plant, bactarial or fungal cells that had its cell wall completely or partially removed using either mecharios

or enzymatio means.

{81} In vet othar embodimants, the cells used in the praserd invention may be & {elrad. The demm Netna!”
= usad fov hersin do rafer o & single stuclure comiwised of four individual physically atlached
components. A “microspors” v an invlividusd hapledd shructure produged from diplold aporoganous calls
{e.g.. microsporoyte, pollen mother cell, or malooyte] following meiosis. A microspore {etrad refers fo fowr
individusl physicelly altached micraspores. A "pollen grain” is a malure gamelophyie containing vegetiative
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whysically attached pollen grains.

6] ENCAFSULATION

HEG ] Microfusidic devices ingluding droplet generglion portions gan De used 1o oreale droplets of a8 fuid
{e.g.. ol orowader), Microfhulgic devives that include dioplel generalion porions can be used o sfudy
chemicad raaclions, iy drag delbvery, i drug discovery, ele, One mathod of generading droplets In
migrofiuidic devices comprises flowing a first Hquid (e.9., wader} theough & first channel and o second Bquid
{g.g.. oty that is imwdiscible wilhy the first Bauid through channels intersecting the first chavwpel. The first
figuld Howing through the frel channel {a.g., water) s broken up 1o forrn discrele droplets a8 2 resultiof
shear forres fram the second liguld. The sizs of the ganeratind findt liquid droplets genaradedt can deprnd
o0 8 varely of factors including velooity of the serond liquid. For example, as the veloclty of the second
fiquid ks Increased, the sive of the first liguid droplets is reduced.

[dad] Referring now fo FIG 1418, In one embodiment, the present invention fealures a method for
ancapsuiating a solld sample (102} in g droplat {104). The meathod may comprise flowing a first fuld (10§}
through a first microfisidic channel (110} at & first fow rate (v such that flow of the first fluld is laminar,
and co-flowing a second fuid {(168) through sach of a sscond miiorofiuicle channel (120} and a thind
microfluidic channe! (130} af & second flosy rate (). In one embudiment, the first fuld (108) may comprise
at least two flow stresims (107} Grie or both of said flow strearms {107} may comprise dispersedd solid
samiples (102} that sadf-assembls near a sidewsll (112} of the st micvofluidic charmel whils flowing
fowards an intersaction reglon {140} The second and third microfiuidic channels {120, 130} can intersect
the first microfluidic channet {110} st the intersaction region {144} such that the sscond fuid streams (108}
intersect the first fiuid (108} and merge to form a droplet shearing junclion {148} within the ntersection
region (140} In some embodiments, the method further comprises adiusting v Ve o both such that sach
of the second fuld streams (108} forms a bigh shear interface {108} with the first fluld (108), and the solid
samplas (102} are drawn o the high shear interface (109}, and generaling droplets (104} al the droplet
shearing function {148} such that aach droplet {104} i substantially sized 10 encagauiale orm solid sample
of corenoapsidats han differant solid samples.

{3465 Acoording to some embodiments, the mathod for encapsulating a3 sofid sample (H2) In & droplet
{104} may include providing & microfiuidic device {100} In some embodiments, the microthsidic device
{100} may comprise 3 combinihy channad {110}, a first continuous phase channal (120} having & portion
thereof disposed on one side of the combining channel, a second continuous phase channet {130} having
a portion thereof disposed on an opposite side of the combining channel, and an outpul channel (150},
The portions of the first and sacand conthucus phase channals can infersent al & forminal end of the
sombining channad 1o form an ibtersection region {140} io which the ouiput channe! (150} is Buldly coupled
thereto. In one emboddimant, the portions of the first and second contintous phasa channels can intersed
the onmbining channal {110} orthogonally such thal the oontinuous phase channels and combining
chanrel form 8 T-junction. Altemalively, the confinuous phase channels tan intersedt the combining
channed (110} at an acule angle such that the continuous phase channels and outpul channel forma Y-
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junction,

{es I some ambodimends, the microfluidic device (100) may further compiise 3 first dispersed phass
channal {114} comprising one of the fow streams (107} forming the disparsed phase fluid (108}, and a
second: dispersed phase chanrel {118) comprising the other fow stream {1073, The Rret and second
diepansed phase chapnsly {114, 118 san merge fo form the combining chanpel {118). i other
embodiments, e microfluidic device {100) may further comprise an aguecus phase chamnel (11T
intarsacting with the first and second dispersad phase channels (114, 118 The aquetus phase channal
{117y may comprise aqueocus phase fuid (118), whish fiows In the combining chamnel (118} such that the
agusous phase fuid (118) forms a laninar interface stream {118) batween the two flow strsams (107).

{3467} In other embodiments, e devics {100} may frther comprise a fluid fow oonfrofler (1a)
configured to perform operations, Thess operation can include adjusiing vy of the disparsed phase fluid o
astabliah faminar flow in the combining channal (110} such that the solid samples (102} assemble near 2
sidowall {113) of the combining channel whils flowing towards the inlersection region {1403, adiusting v..
v,,, of both such that aach continuaus phase fluid stream {108} forms g high shear interface (108) with the
dispersed phase fluid {168} &l the inlersection region {140} and the solid samples {102} are drawn lo the
high shear Interface (108} whils flowing through the intersection region {144}, and adjusting v, V., or bath
to generate droplets {(104) &t the droplet shagring junction {145} such thal each droplet {104) is
subistantially sized 1o sncapsulaie a solid sample {108} In qne embodiment, the flow in the microfluidic
davice {100} and adjustmand of the Tow rates may b pressure~drivan, Preferably, the microfluidic davice
{100} ylilizes passive technigues io control fluid flow.

{3668} In various ambodimants, the width of the varlous miorofiuidic channels {s.g.. the first and second
dispersad phase and agugous phest channels {144, 116, 117} Be combining channel {118} and the
contirnious phase chamels {120, 130 can range froem about 25 pm o about 78 um. For examplss, the

witkth of the valous minroliuidiy channels can e in @ rangs betwerny sboud 30 pra o about 80 gm.

[0a% In other smbodiments, a width andfor langth of the intersection region can be about 346 times the
width of the vardous microfiuidic channels {e.g. e combining channgl, the first continuous phase
channgl, or the sacond continuous phase channal). For examgple, the width of the intersection region may
be about 180 pm, which is about three times the widlh of 8 50 um incoming microfluidic channgd, in
another smbodiment, the length of the interseclion region may be aboul 200 pm, which is about four imes
he width of a 50 pm incoming microfluddic channels,

476 In some embodimends, the width of the wifice may be about 540 pm. For example, in one
smbodimands, the widih of the mitfice may De sbout 5-15 pmy sboud 10220 o, sbout 36-30 s, o abot
304G . By other smbodimanits, - the width of ihe aulput channel may widen fram the width of the orifice
0.8 maximun width, The maxdnusn. width of the outpid channe! can be aboid 2+10 timss the widih of the
orifics. Forexamples, for a 30 g orifice, the output channal widens from 8 mirdimum width of 30 pm o a
maximur width of about 120 gm. In further ambodiments, the width of the output channel may be reduced
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after reaching #s raximum,

{18711 Consistant with the embodiments desoribed above, an exemplary implementation of the msthod
may sonyriss Bowing a dispersed phase fuld (108} through the combining channe! {110) at g firal flow
rate {vgl and adbssting v of the dispersed phase Buid {108} fo establish faminar flow in the combining
shannet {110} such thad e solid sampdas (103} assambie near o sidewall {112} of the combiining chennsd
while flowing fowards the infersaction reglon {140). In one ambodiment, the disparsed phase Huid (106}
gy combrise of loast hwo How Mreams (1071 wiltvone orboth of The flow streams (107} having dispensed
sofid samples (102). Continuous phase fuld sirsams (108} co-fow through sach of the Hrst and seoond

cortinuous phase charnels (120, 130} al & second flow rale {v, ). The continuous phase fluld slisams
{108} can idersscl the dispersed phase fuld (106) at the intersection region {148} such that & dropiat
shearing unclion {145} is formed within the intersection region {140} as the continuous phase fuid
streams {108} merge with the disparsed phase fluid {106}, The droplet shearing junction {1458} can
comprise an orifice {147} thet fluidly couples the oulput channad (150} fo the indersaction reglon {140). The
mathod confinues with adjusting vy, Ve or bolh such thal sach conlirnious phase fluld stream (108} forms
a high shear interface {109} with the dispersed phase Thuid {108} st the inlersection region {148). The solid
samplas (102} are drawn o the high shear interface {108} whils Sowing through the inlersection region
{140). vy v, of both are further adjustad o generate droplats (104) encapsulating one solid sampde (102}
at the droplet shearing junclion {148} Preforably, each droplat {104} can De subslantiatly sized o

encapsitads said solid sampls (102).

{973 I one amibodiment, as shown in FIG. 3-88, the method and microfluldic device can be adapted o
oo-encapsulats two different samples inone dropisd. For example, the dispersed soid samples (102) may
comprine & pluraiity of oolls Sowing in one of the fow streams (107}, and a pluraiity of parlicles flowing in
the other flow stream {107) When fowing through the combining shannsl (110, laminar fow of the
dispersed phase fuid causes the colls o assembie near the sidawall (1128} and the particles o assemble
near an opposing sidewall (112b}) At the inlersection region {144}, the cells are drawn 1o one high shear
interface {108a) and the parlicles are drawn o the other high shear inferface {[1080), theraby enabling one
cell and ons particle {o be co-ancapsulated in one dropdat (104) ax sald droplet (104} s formed &t the
droplet shearing junction {145). The droplst {104} co-ancapsulating the one celt and one particle can then
be released front the arifice {147} into the oulpid channe! (154).

{473} In another ambodiment, as shown in FiGs, 8A-88, the method and miorofluidic device oan be
adapted to sncapsulate a single sample in ong droglet. The dispersed aolid samiples {102) may compriag
sither calls or padicles. The colls or parlicles enter the combining channel (110} from one or hoth of the
first and sacond dispersed phase channely, and one sofid call or partivle (182} s encapsulated ax the
droptet (104} is Tormed al the dropled shearing junclion (1458} The droplat {104} ennapsulaling the ong
sofid sanpls (102} is relsasad fronn the arifice (147) into the oulput channel {150}

H T Microfluidic droplet generators ulilizing the droplet genaration method described above can be used
io comparimenialize or encapsulate & single cell or & bead comprising single cell, celiular material or
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some ather blological matedial in a sihgle waler droplel,  Driplels endapstlating a single cell fr bead can
be uselul for single cell assays of cells {e.g.. cancsr cells o immune celis) thal exhibil binlogical
heterogeneily for which assays that provide a population average may be insufficient. Encapsulationof a
single call {one oall) andior a single bead {one-baad) in a single droplst can be useful for high-throughput
soreaning of single coll. As praviously desaribed of prior technioologies, the efficiency of sncapsuiating a
single pell {one call} andior a single bead {one-bead) In 3 aingle droplet can be as low as §.1%, Le 1 in
1000 droplats may have a single coll {one cell) andfor a single bead {one-baad) while the remaining
droplats may have no cells andior beads or have more than one call andior ong baad. Withouw! wishing to
Himit the present invantion, this applicadion provides a passive, hydrodynamic technique which can achiove
A ‘ons-one-one’ (one cell andfor one bead in one droplet} encapsulation aificlency of 30% or higher, which
could signiffcantly improve the blomolecular capture efficiency of varlous bead-basest single cell assays.

78] The devios can be sonfigured to sncapsulale one call andior one baad in 8 single droplet of a fuid
{ag., watery by the combinad effet of laminar flow and the high shear iguiddiguid interfacial bourdany Iy
the Hlustrated device of FIG, 1A, a firsd fluid stream comprising a first solid sample (8.9, cells or callular
material} dispersed in o first Suld {e.g., waler} s infroduced through a first incoming microfividic channel
and a sacond fluid stream comprising a second solid samply {e.g.. beads ov particles} disparsed in the
firgt Buid {o.g., water) is infroduced through the second ingoming mivrafhiidic channal, A third fuld stream
somgrising the Brst faid {eg., walder) s intrnduced through the thivd incoming microfluidic chamnel. The
first, second and third fow strsams, collectively referred 10 as a dispersed phase Buld stream, flow into the
sombindng channed.

{3478} In some smbodimants, the velocilies of the firsl, second and thid flow streams can be adjusiad
such that laminar flow i3 established iy the combining charnel, For example. the flow rates of the firt,
seoord and third flow streams can be squal to each other such that laminar fow is established n the
combining channel. By maintaining squal flow rates in the thves incoming microfluidic channels, head/vell
migration across the streamilines due o Magnus foroe can be prevented. Tha first and the second fuid
streams in the combining channed can be separaled by o laminar inferface as & rasull of the faminar flaw,
The constituents of the first solld sample {e.g., cells or celivlar material} self-assemibdle o one sikde of the
faminar imerface and the consiituents of the sscond salid sample {e.g., pariiclss or b\,:szis} sef-axsembis
on another side of the laminar inlerface. For sxample, beads or particles zelf-assemble in & single row
alang a ochannel wall of the corabining channe! adjzoent to the incoming microfluidic channel of the bead
or parlicles, and oalis seif-assembla in a single row aglong the opposite channal wall of the combining
channst adiacent to the incoming misrofiuidio channel of the calls.

977 The laminar flow of the dispamned phase Ruid straam enbers e Rlersestinn region. I the
irdersaction region, the flow rade of the continuous phase fuld streams can be ad} isted o cregte a i gh
shear interface hatween the laminar Sow of the dispersed phase fiuid stream. Calls in ths first flow siream
and the beads or particles in the second flow siraam are puliad awards the high shear interface as shown
in FiG. 1B. The flow rades of the dispersed phase Huld stream and the continuous phase fluld strsams can
be adiustnd o generate droplets having a droplet size langs enough 1o encapsuiate & single cudl from the
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firsl flow stream and 2 single beadiparticle from the: gecond fluld shiearm. The sive of the droplel can
depend on the capiiary number Ca = yWo, whave ¢ is the viscosily of the continuous phase comprising
the second fluld, V is e superficlal velocily (flow rate} of the contirucus phase comprising the second
fluid, and ¢ s the squilibrium surface lension helwaen the continuous phase and the dispersed phase
fuld streams. To gensrate droplsls having an appropriaie size {o encapsulals a single ool andfor single
baad, the capiliary number can be in the range of about 8.01 and about 1 {e.g., about 0.1 In various
ambodimants, the veloclly of the continuous phasa fluid streams can be about 2-10 timas graater that the
valocily of the dispersed phase fuid stream.

IS8 The dropled sizs can alse be condrolled by contralling the pressure ratic betwesn the dispersed
phase Nuld stream and the continuous phase fiuld sirsem. I variots embodiments, & droplet
encapsulating a singls celf and a single headfpanticls can be achieved by controlling the pressure ratic ()
andfnr the flow rate ratio hetween the disparsed phass ard the continucus phass. In some ambadimants,
the pressure ralio andfov the flow rate ratio belweasn the dispersed phase and the continusus phase may
ba about 0.1 {o about 4.5 {e.g., about 0.3} in order to maximize encapsulation efficlency. Depending on
the pressure ratio andfor the flow rate ratio, the generaled droplels can be configured to have a diamester
of about 20 ym to about 100 pm o mailch the size andior concentradion of the incoming nells andfor
beads,

g7 In various smbodiments, the height of the various microfluidic charmels is less than hwice the
dimmstar of the sulid samples {e.g., cells, baads, parlicies, oo} thal are configursd to be dispresed In
disparsed phase fluid. Resticling the height of the various microfuldic channels o be less than twice the
diameter of the solid samplas can advaniageously reduce the chancs that the solid samples roll sver each
other andfor stack over sach other,

B0 PGS, 4440 and SA-BE Hlustrale experimental restilles showing encapsulation of sihgls beads angd
calls it g single droplet using a microfiuidic device of the presertd nverdion.  In the oxperiment, us firgl
fow sirsem comprises Hela cells having & size of abouwt 1 misrons dispersed in watsr and the serond
flonw stresn comprises parlicles/brads having & sise of asbout 10 microns disparsad in water. The

»e\\

concantration of the cells or beads in water can be in the rangs betwesn about 10° ~ 10” cell or beads in 1
od of water. FiG. 5A Hustrates the seif-assembly of 10 um beads slong the channel wall and the self-
assembly of the Hela calls slong the channel wall. FIG. 5B lustrates the droplsts sncapsulating a single

10 micron particle/bead and a single Nela ceff.

g1 FIG. 8A Hlustrates anaother ambodiment of a microfluidic devica that is configured o envapsulale a
single cell in a single droplel.  In condrast o the device depisled in FIG. 1A, the device of FI3. BA
comprises only hwo incoming microfiuidic chamnels inslead of hvee. Cells disperaed in a first fiuld {e.g.,
water) is infroduced through a first microfluidic channad and the Srst fluid is indroduced through the through
& serond microfluldic channal. Laminar flow is sslablished In the combining sharmel stch that the cadls
self-assandie slong the channel wall. By conlrolling the pressurs ratic belween the disparsed phase and
the confinuous phase, the corwentralion of cells In the dispersed phase and the droplet size,
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encapsiiatian of a single call in a single draplet can ke achivved as showt in the droplets of FIG. BB

HHIEE U is noted that cells can be introduced through both the microfluidic channeds. For sxample, as
shown in FIG. 84, calls can be introduced through both the firat and the second incoming channels. In
such embodiments, the prossure ralio belween the disparssd phase and e conlinuous phase can be
adiustad o changs he size of the genevalad droplats o faciilate encapsuiation of & sihgle ool In g singls
droplet, ax shown in e droplats of FIG 8B, In varfous embodiments, the size of the generated droplets
can be uned by adjusting the droplel genaration regimes, The encapsuladion of g single cell in a single
droplel andfor a single bead and a single o=l in 8 single dropliet can be achieved In both gsomeiry
madiated and deipping regimes. For exaople, whert the droplels ars generated in the geomstny-madiated

raginte, the size of the droplsl car b gresier than o ‘equal 1o the 'size of wiifice dlameler. i the dnippdng
regime, whare the droplet break-off cocurs due fo interfacial instability, the droplet size can be less than
the size of the wilfice. In buth regimas, the beads and calls that assemble in single row along the channad
wall are pulled inlo the droplets by the symmaelrical high shear zone rasulling in encapsulation. The
droplel size can be tallored 1o the size of the incoming coelfls andfor concentrationa by conirolling the
progsure andlor fow rate ratio bebween the dispersad phase and the continucus phase and the sapillary
number. Without wishing 1o imit the present invention, the encapsulation sfficiency achieved using the
methods described harein can ba 10% or highar, More prafarably, the encapsulation efficlency achiova
gsing the methods desanbad heradn can be 30% or higher

{3483} EXAMPLES

{1084} The following are non-limiting examples of encapsulation using the interfadial shearing technique of
the present invention. R is o be undersiood that the examples are for Hlustrative purposes only and sre
not infanded to limit the prasent invention i any way. Equivalents or subatifutes are within the scope of
the invention.

{85] Materials and Methuds

Ha%6{ The microfiuidic devices ware fabricated In pudpdimeihvisiioxane (PLSMS) using sofl Bhography.
The PIMS mokded imprints and anocther plain PEME layver wave plesma trealsd and brougitt tugether to
form a pernanent seal The device was el in an oven at 120 "0 ovemnight 1o regain Hs natural
hydrophobiclly. Eihyl oleate and 2% ABIL EM 80 formed the cordinuous phase, and mbdure of water,
lipids (DSPQ and DEPE-PEG 2000), glvears! and surfactant (Pluronic F-G8) form the dispersed phass.
Heda oells and 10 pm beads were suspended In freshly prepared dispersed phase.

{87] Both the conthuous phase and the dispersed phase were infroduced inio the microfluidic chip
using a8 constant pressure source via high speed solencid valves controlied by o oustom-bulll lab view
progrant. One-ong-one encapsulation was monitorsd using 8 Nikon 100-8 inveried microssope and
recorded using a Phantom camera V-310. imege J softwars was used io ansivze the videns frams by

frame, st vield the encapsiiation data,

HIB8R] Resulis



WO 2018/227204 PCT/US2018/036952

{489] A opbe celi-one bead encapsulation provexs B shown in FiEy 48-40 and FiBx 5A48B. To
demonstmie the ons-Cadl-ons-bead ancapsulation it droplets, 10 yny beads were intnduced through an
upper inlel while Hela cells entered through a lower inlel. Refarring o FiG. 54, the beads and oalls then
assermnble single il slong the channal wall while moving lowards & symimelnics! high shear sone.
Fefering io FiGs, TATE, the droplst dlameler can be funed by adiusting (DpiCpy to achiove maximum
encapsuiation efficlency. The encapsulation effiviency horeases with the droplet diameter o {Bp/Cpy;
howavar, i atarts decreasing beyond a thrashold becaune of the multiple encapsudations. By amanging the
calls/ baads single file along the channal wall using laminar fiow, along with the high shaer inferfacn, the

randomness involved in the ancapsulation process by ovarcome 1o & considerable extant

[is] Referring now fo FiGs, SA-GE, 10 pm beatls were infroduced from both the Goper andilowsr infeds
and were ancapsulated into the droplels from sither side of the channel. Referring As shown in FiGs, 8A-
88, the cefls were introduced fram only ong inlet and were encapsulated into single-cell droplets. As
shown in FiGs. 8ASR, the cells were intraduced from teo infels and ware encapsulated inte single-cell
drophets,

{091 Based ob the examples deswribed herein, the presant invention has been damonsiratad lo perfonm
oRE-ONS OF ohe-ong-ong encapsulation i droplels ullising the ‘vombined effect of laminer flow and high
shear liquidiguid interface At the microfiuidic junclion. Thase resulls suggest that this technique can he

apphed fo droplet-bassd high-throughput genomie workflows.
{3092} As used heraln, the term “aboul” refers (o plus or mints 10% of the referencsd number,

{893} Various modifications of the nvention,, in addiion to thosy desoribed horsiy, will be apparent 1o
those shiffed b the art rom the furegoing descrdplion. Such mndifinations are also intanded to fall within
the scops of the appanded clalma. Each refarance clterd in tha prosant appiicalion is wonrporated hereln

by rederence In it antirety.

{394} Although there bas been showrt and described the preferred embodiment of the present invention,
i will be roadily apparent o thoss skiled in the art that modifications may be made thereto which do not
axoesd the scops of the appended claims, Tharalorg, the scope of the Invention is ondy 1o be imiled by
the following claims. Referents susmbens reciied in the below claims ave solaly for ease of examinadion of
hia patent application, and are axamplary, and ars not intended in any way 1o #mit the scops of the olalms
to the pasticilar features having the coresponding referencs numbers in the drawings. I soms
arbodimants, the figurss presonted in this palent application are drawn o scale, including the angles,
ratins of dimensions, elc. Tha figures are undersiond fo be reprasentative only and the claims are nod
fimited by the dimensions of the figurss. I some simbodimants, descriptions of the invantions describert
harein using the phrase “comprising” includes embodiments that could be desuribad ax “consisting of,
and as such the writlen description requirement for claiming one or more embodimants of the present
fnvention using the phrass "consisting of s mad.

P
[}
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WHAT I8 CLAIMED I8:
1. A musthod for encapsulating & solid sarmpde (21 & droplet {104), comprising:
a. providing & microfiuidic device {100} coraprising:
i. & combining channel (110}
i a first continucus phase channel {120) having a porlion thereo! disposed on one side
of the combining channal;
fii. 2 sscond continuous phase channel {130) having 2 portion thereof disposed on an
opposie side of tha combining channel, whereln said portions of the first and
second continuous phase channels intersed! &l a armingl and of the combining
charnnel {o form an injersention region {140, and
iy, @ output channsl {150) fluidly coupled fo ths inlersaction region{ 140}
b, flowing 8 dispursed phase Buid {108} through the combining channs! (110} at & fiest fow
rate {vy), wherein the dispersed phase fdd (108) comprises wl east o flow streams
{107}, wharein one o both of said fow streams (107 comprises dispsrsed solid samples
{102}
¢ adiusting v of the dispersad phase fluid (108} o ssiablish laminar flow i the combining
channal {110} such that the solid samples (102) asgamble near a sidewall {1133 of the
combining channst while fiowing towards the inferssction raglon (1403

o co-flowing @ cordinuous phase Tl atream. {(108) through gach of the Rt and second
cordinuous phass channels {120, 1301 ot a second flow rate (v, wheraln the continunus
phase fuid streams {(108) inlersact the dispersed phasa fiuid (108} ol the intersention
regiors {148}, whergin 8 droplel sheasing junclion (145} ix formedt within the indarssction
region {140} as the cuntirgious phase fluld streants (B} menge with the dispersed phase
Thid {106}, wherain the droplet shearing junchion {145} comprises an wrifice {147) fuidly
coupling the oulput channed (150) (o the intersection region (148)

&. adiusting vy, Vo bothsuch hat sach continuois phase fuld stream {108] forms a high
shear interface (108} with the dispersed phase fald {108] at the intersection reglon (140},
whersin the solid samples {102} are drawn to the high shear Interface (108} whils flowing
through the intersection region (140} and

e

1. adjusting vy, v of bolh  generals dropleis {104} encapsudating one solld sample (1072} a
the droplal shearing junclion (148}, wheraln each droplel (104) s subslantially sized o
encapsulate sald solid sampile (102},

2. The method of olaim 1, wherein the miorofudic device {1004} somprises a first dispersed phase
charmel {114) comprising one of the fow streams (107) forming the dispersed phase fuld (108),
and & second dispersed phase channal {118} comprising the other flow stream {107}, wherein the
first and second dispersed phase channels {114, 118) merge 10 form the combining channed
{110}

3, Tha method of olaim 2, whereln the microfiuldic device (100} further comprisss an aguenus phass
shatmel (117} intersecting with the first and secnd dispersad ghase channads {144, 1184,
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wharein the aguscus phase channe! (117} comprses aquenus phase Buid (T18) whersin the
aquecus phase fluid {118} fows in the combining channe! {110} such that the aquenus phase Huid
{118} forms 8 laniiner inlerface stream (118} between the two flow streams (107).

4. The method of glaim &, wherein the dispersad solid samples {102} comprises g pluralily of cslls
flowing e ong of the flow shreams {107}, and 8 plursiity of panicles fowing in the other flow
streany (107}, whersin whan fiovdng throogh the combining channel (110}, laminar flow of e
dispersed phase fuld causes the colls by assemble naar e sidewal! {1138} and the pardiclas o
sszemble near an opposing sidewall CLIZL), whavein st e idersaction region (3401, tha cells ars
drawn fo ong high shear interface (108a) and the parlicles are drawn o the oiber high shear
indeface (1O9b), wheraln orie cell amyd ony particle are co-tncapsiiatad in e dropiat (108) ax
sald droplet {104) s formed at the droplet shearing junclion {(148), whersin the droplet (104} co-
gricapsuiating he one call and one particle Is released from the orifice (147} into the outpwt

channst (150}

& The wmnihod of olalin 3, whareln the diaparsad solid samplas {103 we ¢ither cells or pavticles,
wherein the disparsed solid samples {1087 anter e combindng channel {110} from one or bodky of
e first and spcond disparsed ghase channels, whereln ane solid samipde (102) s encapsuiated
8 the droplat {104} is formad at the droplel shearing junction {1453, whereln the droplad {104}
encapsulating the one solid sanple {102} is raleased from the witice {147} inlo the oulpw chanhnel
{180y

8, The method of clalim 4, whereln the cells are sukaryotic oelle, prokantic ocells, o & combination
theraof,

7. The mathod of claim 8, whavein the sukaryolic calls ars animad celis, plant cells, algas calls, furyal
oulls, o & combination thereof,

& The method of olaim 8, whersin the prokaryodic colls are bacleris! cells.
8. The method of claim 8, whereln the calls are profoglasts, pollert graing, microspores, or tetrads,
1Q. The mathod of claim 4, wherain the particles are beads,

11. The mathod of claim 1, whersin the portions of the first and sacond continuous phase channals
intersact the combining channet {110} orthogonally.

12, The mathod of claim 1, wherain flow iy the microfiuidio devics (100) s pressure-driven,

13. The methad of claim 1, wherein a withth of the combining channel, the first conlinuous phase
channel, or the sscond continuous phase channe! ranges from abowd 30 unt to about 80 um.

14, The method of claim 13, whersin g lengih and a width of the inlersection region are gach about 3

15
L
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io S imes the width of the combining channel, the firat continuous phase chahneal, or the ssoond
continuous phase channel.

15. A maethod for encapsulating a aolid sample {102} in a droplet {104}, compriaing:

a. fowing a Srst Buid (108 through a Srst microfuidic chanmel {110} ot & Brst Sow rate fvg)
such that fow of the first Huid s laminay, whareln B fivel Tuid {108} comprisns at feast
two fow sireams (107) whersdny one oo bodly of sald fow shrsams {107} comprines
disperssd sobd sarmples (102), whetsiy he solid samples (102} asspmble pear i silowadl
{112} of the Tirsd microfiuidic channel while flowing tawards an intersection region {140}

b, co-flowing a second fluld (108} through each of a second microfluidic channsd (1801 and a
third microfiuldic channe! {130) af & socond Tlow mite (v, wherain the second ang third
miorofhuldic channels {120, 130} intersect the first microfluidic channel {110} &t the
intersection region {140) such that the second fluld sirsams {108} intersect the first fuid
{106} and merge to form a droplet shearing junclion (145) within the intersection region
{140}

. adjusting vy, v, OF both such that sach of the second Suid streams (108) forms a high shear
interface {108} with the first Buld (108), wharely the solid samples (2 are drawn to the
high shear ferfacs {108}, and

d. genarating droplets {104) al the droplet shesving junction {148) such that sach dropdad
{1041 I substandisdly sived fo encapsudaly ong solid sample or coeenoapsulads wo

differed solid sampas,

18, A microfluidic device (100} for encapsulaling 2 solid sample (102} in o dropist {104}, said
miiorofividic devies {100) comprising:
a & combining channel {110) having @ disparsed phase Suid (106} fowing therein al @ first
flow rate {v,), whorsin the dispernsed phass fluid (108) comprisss ot feast two T
streams {107}, whareln one or both of sakd fow streams (107} comprises disparsed solid
samplos (108}
a first oontinuous phase channel (124 having a confinucus phase fuid strearm (108}

&

flowing therein at @ spcond fow rale (v}, whareln & porticey thersof s disposed on e
side of the combining channel;

£ 8 second condiuous phase channel {1309 having a continuous phass fluid siream (108}
flowing thersin st the second flow rale (v}, whavein a partion thereol i& disposed on an
opposite side of the comidining channel;

4. an inlerssction region {140} formad by sald porlions of the firsl and sesond continuous
phase channals inlersecling at s lermingl end of the nombining channel, wheargin the
continuous phase fluid streams (108} intersect the dispersed phase fuid (108} at e
intersection reglon (140}, wherain a drogled shearing junclion (145} is fomend within the
intarsection region (144} as the continuous phase Huid streams {108} merge with the
disparsad phaes fuid (108), whereln the droplet sheaing junction {145} comprises an
orifics {147},
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g, an oulpul channst (150} Buidly coupled fo the intersection region {148} via the orifics
{147 and
f. @ fluld flow controlier {180} configurad o parform operations comprising:

i, agdiusting vy of the dispersed phase fluld o establish laminar flow in the sombining
chianmed {110) such that the solid samples {102} assemble near & sidewsl] (112}
of tha combining channal while flowing towards tha blersaction ragion {140}%

. adjusting ve ., or both such that sach continuous phase fluld atream {108} forma a
high shear inlarface {(108) with the disparsad phase fluid {1086} at the intersection
region {140}, wherein the solid samples {(102) are drawn to the high shear
interface {100} while flowing theaugh the intersection region {1440}, and

i, aolustng Vv, Y. o bolh 1o generate droplets (104} &t the droplat shesring junclion
{1481 surh that each droplst (104} is subsiantially sived fo sncapsulste s solid

sample (102).

17, The device of claim 18 lurther comprising & first dispersed phase channe! {114) comptising ons of
the flow stroams {107} forming the dispsrsed phase fhuid {108}, and a second dispersed phase
channat (118} comprising the other fow stream (107}, whavein the first and ssoond dispersed
phase channals {114, 118} merge o form the combining channel {110}

18. The device of daim 17 further comprising an agquecus phase channst {117} indersecting with the
first and second dispersad phase channels {114, 118}, wherein the squeous phass channel (117}
comprises aqueocus phase fuid (118}, whersin the aguecus phase fluid (118) flows In the
combining charnel {110} such that the agquaous phase fluld {118} forms a leminar interfac
atream {118) hatwesn he two flow streams (107)

14 The davice of alaim 17, wherein the dispersed solid sampies {103} comprisas & plurality of sells
Howing in ong of the Bow streams {107), and a pluralily of parlicles fowing In the other fow
shreany (107} whareln when flowing tfreough: he combining chammel (1103}, laminw fow of tha
disparsed phase fluid causas the oalls 10 sssembie near the sidawall (112a) and the particles to
assemble near an opposing sidewall {1121, wharein at the intersection region (140}, the oslls are
drawn to ong high shear interface (108a) and the particles are drawn o the other high shear
interface {1090}, wherein ong call and one parlicle are co-encapsuialed in ong droplet {104 as
said droplet {1034} Is formad st the droplet sheardng junciion {145), wherein the droplet {104} co-
shcapsuisting the one cell and one particle is relessed from the orifice (147) indo the output
charnad {1509,

20. The device of clalm 17, whersin the dispersad solid samples (102} ave sither culls or patilicles,
whenain the dispersad solid samples enter the combdning channet {110} frony ons of both of the
first and sscond dispersed phase channals, wharein one solidd sample s encapsulnted as the
droplet (104} is formad at the droplet shearing juncion {145}, wherain the droplet encapsulating
the one solid sample is released fram the orifice {147) into the cutput channe! {150},
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