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Abstract: We report a novel approach to continuous and scalable production of core—shell droplets and
polymer capsules in microfluidic devices. The described method is also useful in the synthesis of polymer
particles with nonspherical shapes. We used capillary instability-driven break-up of a liquid jet formed by
two immiscible fluids. Precise control of emulsification of each liquid allowed for the production of highly
monodisperse core—shell droplets with a predetermined diameter of cores and thickness of shells. We
also achieved control over the number of cores per droplet and the location of cores in the droplet. We
carried out fast throughput photopolymerization of the monomeric shells and obtained polymer patrticles
with various shapes and morphologies, including spheres, truncated spheres and, hemispheres, and single
and multicore capsules.

Introduction have applications in the encapsulation of drugs, cells, pesticides,

S . o
We developed a novel single-step approach to continuous perfumes, liquid inks, paints, and tonérd!

microfluidics-based synthesis of highly monodispersed spherical Polymer core-shell microparticles and microcapsules are
polymer capsules with controlled number of liquid droplets per 9enerally obtained by interfacial polymerization reactighs?
particle. The described strategy can also be used for the gen-controlled phase separatighlayer-by-layer (LBL) deposition
eration of particles with nonspherical shapes such as truncated® Polyelectrolyte multilayer$;'* coacervatiort? and Shirasu
spheres and hemispheres. We employed laminar flow of threePOrous glass (SPG) monomer emulsification accompanied by
immiscible liquids in a planar microfluidic flow-focusing device ~ Patch or continuous polymerizatidh:®Most of these methods

to obtain a coaxial jet of silicon oil and monomer in the con- '€ €ither expensive or time-consumirig? or they produce
tinuous aqueous phase. Controlled break-up of the coaxial liquid particles with msufﬁuent_control over their size d|str|bu_t|on and
thread led to the production of highly monodipserse droplets morphology**~15 In addition, lack of control over the thickness
with various morphologies. The resultant droplets were continu- Of capsular wall$'4**and exposure of the contents of cores to
ously photopolymerized in the microfluidic reactor to generate th€ reactants used in the encapsulation process may limit the
spherical polymer capsules or particles with different shapes. @Pplications of such particlés:*

Polymer particles frequently have applications largely gov-
erned by their shapes and morphologies. Microbeads with non-
spherical shapes undergo field-induced orientation and assemble(9) () Orive, G.; Herandez, R. M.; Gascon, A. R.; Calafiore, R.; Chang, T.
in topologically complex lattice:* Particles with coreshel 3" Bechar, 3 LNAL Med 3002 0, 104107 (b) Dusseatit. 1. Lebiond.
or multilayer structures are used in coating technologies, optical F. A.; Robitaille, R.; Jourdan, G.; Tessier, J.; Menard, M.; Henley, N;
data storage, security data encryption, and as spherical dielectrig,g

(8) Peyratout, C. S.; Dme, L. Angew. Chem., Int. EQR004 43, 3762
3783.

Benita, S.Microencapsulation: Methods and Industrial Applications

Halle, J. P.Biomaterials2005 26, 1515-1522.
resonator§: 7 Particles with liquid cores (polymer capsules)
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Nonspherical polymer particles have been synthesized by
varying the compositions and properties of continuous and
dispersed phases and the reaction temperatukiernatively,
geometric confinement, uniaxial stretching of spherical polymer
beads’18 liquid dispersion techniqué,and microfabrication
method4'°have been used to obtain polymer microbeads with
various nonspherical shapes.

Synthesis in microfluidic reactors provides a powerful strategy
for continuous, reproducible, and scalable production of inor-
ganic, organic, and bio-organic produéiskRecently, several
groups reported continuous synthesis of polymer particles
(micropheres, ellipsoids, disks, rods, and tubes) in microfluidic
laminar flow reactord22To the best of our knowledge, to date
the preparation of polymer capsules by means of microfluidics
is conducted in a noncontinuous two-stage process which
included (i) the generation of coreshell droplets and (ii) batch-
type hardening of droplet shells by photopolymerization, solvent
evaporation, or gelatiof?. The use of batch processes over-

shadows the advantages of the microfludics-based synthesis

the possibility of continuous and reproducible production of
highly monodispersed particRswith no need for protection
of droplets against coalescence.

Here we report continuous “on-the fly” synthesis of polymer
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Figure 1. (a) Schematic of production of droplets in MFFD by laminar
co-flow of silicone oil (A), monomer (B), and aqueous (C) phases. The
orifice had a rectangular shape with width and height of 60 and.200
respectively. (b) Schematic of the wavy channel used for photopolymeri-
zation of monomer in coreshell droplets. (c) Optical microscopy image

of core—shell droplets flowing in the wavy channel used for in situ monomer
photopolymerization. The scale bar is 20fh. (d) Photograph of a PU
microfluidic system. Polyethylene tubing and microchannels are filled with

a dye-labeled aqueous solution for increasing contrast of image. Scale bar

spherical capsules and particles with nonspherical shapes in ds 2.5 cm. The arrow is pointing to the orifice.

planar microfluidic reactor. The described approach leads to
the production of polymer capsules with precise control over
the size of liquid cores, the thickness of shells, and the overall
size of the particles, along with optional control over the number
of core droplets (later in the text referred to as “cores”) per
capsule.

Results and Discussion

The microfluidic reactor was fabricated in polyurethane (PU)
elastomer by using standard soft-lithography which allowed

(17) (a) Skjeltorp, A. T.; Ugelstad, J.; Ellingsen, T.CQolloid Interface Sci
1986 113 577-582. (b) Sheu, H. R.; Elaasser, M. S.; Vanderhoff J. W.
J. Polym. Sci., Part A: Polym. Cherh99Q 28, 653-667. (c) Okubo, M.;
Konishi, Y.; Sebki, S.; Minami, HColloid Polym. Sci2002 280, 765~
769. (d) Sundberg, D. C.; Casassa, A. P.; Pantazopoulos, J.; Muscato, M.
R.; Kronberg, B.; Berg, 1. Appl. Polym. Sci199Q 41, 1425-1442. (e)
Chen, Y. C.; Dimonie, V.; Elaasser, M. Macromoleculed4991], 24, 3779~
3787.
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J.; Manz, A.Sciencel998 280, 1046-1048. (c) Chan, E. M.; Mathies, R.
A.; Alivisatos, A. P.Nano Lett 2003 3, 199-201. (d) Khan, S. A.; Gunther,
A.; Schmidt, M. A.; Jensen, K. H.angmuir 2004 20, 8604-8611. (e)
Fortt, R.; Wootton, C. R.; de Mello, A. Drg. Process Res. De2003 7,
762-768. (f) Kobayashi, J.; Mori, Y.; Okamoto, K.; Akiyama, R.; Ueno,
M.; Kitamori, T.; Kobayashi, SScience2004 304, 1305-1308.
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P. S.Langmuir2005 21, 2113-2116.

(23) (a) Loscertales, I. G.; Barrero, A.; Guerrero, l.; Cortijo, R.; Marquez, M.;
Ganan-Calvo, A. M.Science2002 295 1695-1698. (b) Berkland, C.;
Pollauf, E.; Pack, D. W.; Kim, KJ. Controlled Releas2004 96, 101—
111. (c) Kawakatsu, T.; Tog@rdh, G.; Trgardh, CColloids Surf., A2001,

189, 257-264. (d) Sugiura, S.; Nakajima, M.; Yamamoto, K.; lwamoto,
S.; Oda, T.; Satake, M.; Seki, M. Colloid Interface Sci2004 270, 221—
228. (e) Okushima, S.; Nisisako, T.; Torii, T.; Higuchi,Tangmuir2004

20, 9905-9908.

(24) According to the standards of the National Institute of Standards and
Technology (NIST), a particle distribution may be considered monodis-
persed if at least 90% of the distribution lies within 5% of the median size
(Particle Size Characterization. Special Publication 960-961, January 2001.

rapid replication of an integrated microchannel protot$pe.
Masters were prepared with features of SU-8 photoresist
(MicroChem, U.S.A.) in bas-relief on silicon wafers. Figure la
shows a schematic of the generation of droplets in a modified
microfluidic flow-focusing device (MFFD}.Three immiscible
liquids A, B, and C were supplied to the MFFD: a 2 wt %
aqueous solution of sodium dodecyl sulfate (liquid C) was
supplied from two sides of the microfluidic device; the oil and
monomer phases (liquids A and B, respectively) were supplied
from the central channels. We used two monomers, tripropy-
leneglycol diacrylate (TPGDA) or ethyleneglycol dimethacrylate
(EGDMA), comprising 4 wt % of photoinitiator 1-hydroxycy-
clohexyl phenyl ketone (HCPK) and a silicon oil (SO) mixed
with 0.2—2.0 wt % of surfactant sorbitan monooleate SPAN
80. We found that an increase in concentration of SPAN 80
above 0.2 wt % only slightly affected viscosity of the silicone
oil and interfacial tension between the oil and monomer phases
(and hence did not lead to a noticeable change in the size of oil
droplets). By contrast, the size of cerghell droplets decreased
as SDS concentration in the aqueous phase increased from 0.2
to 1.2 wt % (for this concentration range the value of inter-
facial tension between the aqueous and monomer phases
decreased).

When a pressure gradient acting along the long axis of the
MFFD forced three liquids into a narrow orifice (Figure l1a),
the monomer stream was pulled away from the top and bottom
walls of the PU mold due to the higher affinity of the water
phase to the PU elastomer and strong contraction of highly
accelerating external phase. Thus, the continuous water phase
surrounded the monomeoil thread which adopted a circular
cross-sectioR® The coaxial jet extended into the downstream
channel and broke up into segments. Under the action of
interfacial tension these segments acquired a spherical shape.

(25) Xia, Y.; Whitesides, G. MAngew. Chem., Int. EAL998 37, 550-575.
(26) Huh, D.; Tung, Y. C.; Wei, H. H.; Grotberg, J. B.; Skerlos, S. J.;
Kurabayashi, K.; Takayama, Biomed. Microdeices2002 4, 141-149.
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Photopolymerization of the monomer droplets was carried (a) T T . T
out in a wavy channel of the microfluidic reactor (Figure 1b). 1 1
Irradiation was carried out by using a UV-lamp (UVAPRINT 10 | i
40C/CE, Dr. K. Hmle GmbH UV-Technologie, Germany), at B
a wavelength of 360 nm and an intensity at the sample location ° 36 - E

of 200 mW/cni. The distance between the lamp and the
microfluidic chip was 15-20 cm. Figure 1c shows the coere 30 4
shell droplets flowing in the serpentine channel. In the course

of experiments regardless of the rate of production of droplets

they were always separated with a gap of the continuous phase;
thus, the droplets did not collide, and their coalescence was
suppressed. Figure 1d shows a photograph of the microfluidic

reactor for continuous synthesis of polymer capsules and

particles with various shapes.

The generation of droplets from a liquid cylindrical jet
occurred due to RayleighPlateau hydrodynamic instability:
under the action of interfacial tension the jet became unstable y y y y
to perturbations with wavelengths larger than its circumference Q,(mirh)
and r.educed its sgrface area by brgaking_up into segments tha}igure 2. (a) Experimental @) and calculated from egs 1 and BI)(
acquired a spherical shapeThe dimensionless parameters variation in average diameter of the coaxial jet and (b) average diameter of
describing the formation of droplets from the horizontally core-shell droplets plotted as a function of flow rate of the continuous
flowing jet are the Reynolds numbdte = pRU/x and the phaseQ,, for Qm_ = 0.30 mL/h,Q, = 0.045 mL/h. Solid and dashed lines

. are there to guide the eye.
Capillary numberCa = uUly1,, wherep, © and U are the
density, viscosity, and the average velocity of the liquid, (a)
respectively,yi, is the interfacial tension, anR is a charac-
teristic length scale of the system. We determined the Reynolds
number afke = pQ/uh whereQ is the volume flow rate of the
liguid andh is the height of the chann&k®In our experiments
the values ofCa andRe were in the range of 0.0Z Re&yop <
0.7, 5x 1073 =< Cagrop = 5 x 1072 (monomer phase) and 11
< Reont =< 82, 0. 06< Caont < 0.5 (continuous aqueous phase).
The average diameter of the coaxial jet, d, in the equilibrium
region was calculated using the continuity equatior?®as =

(b) 1121 ]

d, (um)

[(4/7) (Qurog Uxcond] V2 (€ 1) Wherevy contis the velocity of the

; . - (b) 40+ Cores
continuous phase in the center of the channghnt= 1.5Qcon! COERAl
Achannel Qurop @nd Qcont are the flow rates of the droplet and T
continuous phases, respectively, @ghneis the area of cross- 30+ droplets
section of the downstream channel. The diametgipfddroplets 1 !
generated by break-up of the jet was determined by the value o\o 20
of interfacial capillary wavelengtipreakup 8Sdo = (1.5 preakup
d?)3(eq 2) where interfacial capillary wavelength is the length 10
of the last wave within the coaxial jet before it broke up into
droplets?9:30 ] j [

Figure 2 shows the variation in jet diameter and the diameter L s e e WL O PO IR ST
30 40 50 60 T a0 80 100 110

of core—shell droplets with increasing flow rate of the continu-
ous agueous phase (the flow rates of monomer and oil phases

were constant). In the course of experiments, the averageFigure 3. (a) Typical optical microscopy images of the break-up of a liquid

. . - - jet formed by coaxial thread of silicone o & 10 cst) and EGDMA, and
diameter of the coaxial jet varied from 10 to 86, in the resulting coreshell droplets flowing in the downstream channel. (b)

agreement with values of d calculated from eq 1 (Figure 2a). sjze distributions of the SO cores and SEGDMA core-shell droplets
The average diameter of the cerghell droplets varied from  obtained aQy, = 26 mL/h,Qn = 0.30 mL/h, andQm, = 0.045 mL/h. Scale

20 to 150um (Figure 2b), close to the values of dbtained ~ baris 100um.
from eq 2.

Diameter (um)

Figure 3a shows typical optical microscopy images of the

(27) (a) Rayleigh, J. W. Sroc. London Math. Sod87§ 10, 4-11. (b) Probstein, periodically undulated coaxial eimonomer jet and the resultant
R. F.Physicochemical Hydrodynamijddutterworth Publishers: Stoneham,

MA, 1989. (c) Lin, S. P.; Reitz, R. DAnnu. Re. Fluid Mech.199§ 30, core—shell droplets. The coreshell droplets had a very narrow

85-105. ize distribution (Figur . Th fficient of varian -
(28) Sugiura, S.; Nakajima, M.; Kumazawa, N.; lwamoto, S.; SekiJMrhys. S e distributio ( gure 3b) e .Coe cient o . ariance (de

Chem. B2002 106, 9405-9409. fined as a standard deviation divided by the diameter of the

(29) Cramer, C.; Béter, B.; Fischer, P.; Windhab, E. Chem. Eng. Technol. 0, 0,
2002 25, 499-506. droplets) was below 1.5% and 2.5% for the cores and thecore

(30) Capillary wavelength is the distance between the corresponding points of Shell droplets, respectively. In the flow regimes reported in the

two consecutive capillary waves originating from Rayleigh instabffity, ; ; ;
that is two points that have completed identical fractions of their periodic present work we did not observe the formation of small satellite

motion. droplets.
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Figure 4. Variation in diameters of core®j, core-shell droplets [{J),
and shell thicknesseaJ as a function of water flow rat€),, (a), EGDMA
flow rate, Qm (b) and SO 4 = 10 cst) flow rate Q, (c). (a): Qm = 0.30
mL/h, Q, = 0.045 mL/h; (b): Qw = 28 mL/h,Q, = 0.045 mL/hr; (c)Qm
= 0.45 mL/h,Qw = 28 mL/h. Dashed lines are there to guide the eye.

We varied the rates of flow of the oil, monomer, and aqueous
phases @Q,, Qm, andQy, respectively) to control the diameter
of cores, D, the size of coreshell droplets,D,, and the
thickness of shelld,, [L = (D, — D¢)/2]. Figure 4a-c shows
the effect of the variation in flow rates of the water, monomer,
and oil phases on the valuesidf, D, andL. Generally, increase

7LI'I'I
1 Ag !
e %)
—_— N —)
T e
e ,5"
=<= — (®
e~
e I
. S

in ratio of flow rates of outer to inner phases (that is, water/
monomer or monomer/oil) led to the reduction in size of droplets
produced by the inner phase, due to the increasing shear stress
imposed on the undulated jet of the dispersant liquid. Increase
in the flow rate of the aqueous phase resulted in the formation
of smaller droplets with smaller cores and thinner shells (Figure
4a). In Figure 4b with increasing monomer flow rate, the diam-
eter of core-shell droplets increased, and the diameter of oil
cores became smaller (thus resulting in thicker shells). At higher
flow rates of the oil phase the diameter of cores increased, and
the shell thickness decreased (Figure 4c). The overall size of
core—shell droplets was only slightly affected, since the shear
stress at the water/monomer interface remained almost invariant.
Thus, by changing the flow rate of a particular liquid and keep-
ing the flow rates of the other two liquids constant, we achieved
precise control over the size of droplets, the diameter of cores,
and the thickness of shells. Moreover, by changing flow rates
of two nonadjacent liquids (water and oil) we achieved inde-
pendent control over the size of cores and eaeell particles.

By changing the flow rates of three liquids we varied the
values of interfacial capillary wavelengths and shifted the lengths
and the phases of the capillary waves (undulations) with respect
to each other. In this manner, we produced ecieell droplets
with a different number,n, of cores. Figure 5a shows a
schematic of the approach to droplets with multiple cores. When
the values of interfacial capillary wavelengtii$,eaxup,mand
Apreakup,8® Of the monomer and oil threads, respectively, were
close and “in-phase”, break-up of the coaxial jet produced
droplets with a single oil core localized in the center of the
droplet, Figure 5a, top. The core was aligned asymmetrically
with respect to the droplet center when the capillary wavelengths

Figure 5. (a) Schematics of the formation of droplets with multiple cores. Inner phase: silicone oil, outer phase: monomer liquid. (b) Optical microscopy
image of core-shell droplets with two cores flowing through the microfluidic device. (c) Break-up of the coaxial jet into two-core droplets. (d) Isolated
core—shell droplets comprising a different number of SO cores engulfed with TPGDA shell. Conditions for the formation-efhegrelroplets with two
cores: Qy = 8 mL/h, Qnm = 0.11 mL/h,Q, = 0.052 mL/h; core-shell droplets with three coresQy = 12 mL/h, Qn = 0.16 mL/h,Q, = 0.05 mL/h;

core—shell droplet with four coresQy = 9 mL/h, Qm = 0.155 mL/h,Q, = 0.054 mL/h; core-shell droplet with multiple coresQ, = 10 mL/h, Qm

0.165 mL/h,Q, = 0.052 mL/h. Scale bar is 40m.

J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005 8061
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Figure 6. (a) Ternary phase-like diagram of hydrodynamic conditions used
in the production of droplets with various morphologies. To accommodate
all flow rate ratios on the same diagram we usgd = 240Q,, Q'm =
120Qm, Qtotal = Q'o + Q'm + Qu. Filled symbols correspond to hydrody-
namic conditions used for the production of droplets shown in Figures 3a
and 5d. Droplets with asymmetrically aligned core) (vere obtained at

Qw = 18 mL/h,Qm = 0.50 mL/h,Q, = 0.012 mL/h. Droplets with a small
monomer inclusion adjacent to the oil surfaE® (vere produced a®y =

6.0 mL/h,Qyn = 0.025 mL/h,Q, = 0.20 mL/h.

were “shifted in phase”; this configuration did not relax during
photopolymerization.

Core—shell droplets with multiple cores formed fdreakup,m
> Abreakup,o that is, when the frequency of the break-up of the
oil thread exceeded the frequency of the break-up of the

a different number of oil cores. The fluid cores did not coalesce
when they were engulfed with a monomeric shell.

Figure 6 shows a ternary “phase” diagram of hydrodynamic
conditions for the production of coreshell droplets with
different morphologies. To meet the requirement of ternary
diagrams (that is, the sum of three variables is constant and
equal to 1) we plotted on each axis the ratio of flow rate of a
particular liquid (water, oil, or monomer phase) to th&l flow
rate of three liquids. We covered the whole range of flow rate
ratios on the same diagram by usi@, = 240Q,, Q'm
1200Qm, Qiotal = Qo + Q'm + Quw. Filled symbols correspond to
hydrodynamic conditions used for the generation of droplets in
Figures 3a and 5d. In an early stage of evolution of a monomer
droplet (and after close-to-complete emergence of an oil droplet),
break-up of the jet produced droplets with a small monomer
inclusion adjacent to the surface of oil droplet (region A). In
the later stages of monomer droplet formation, the size of the
monomer inclusion gradually increased (region B). Ultimately
single-core droplets with classical cershell morphologies
evolved in a broad range of liquid flow rate ratios (region D).
In an early stage of the evolution of an oil droplet, break-up of
the jet produced droplets with a small oil inclusion adjacent to
the surface monomer droplet (region C). Droplet morphology
was also controlled by reducing the flow rate ra®q/Qotar
under these conditions an oil core in the ceséell droplets
was misaligned with respect to the droplet center (region E).
Droplets with multiple cores were obtained in regimes|F

We obtained polymer particles with different shapes by in

monomer thread, Figure 5a, middle and bottom. The cores wereSitu photopolymerizing a monomer in the ceighell droplets

monodispersed when the value feakup,"Was commensurate
to the integer number of preakup,e FOr Qm/Qw = 0.02 andQy/

Qw = 0.003 the number of ail cores increased with increasing
flow rate of the monomer and/or decreasing flow rate of the
oil. Figure 5b-d shows the break-up of the coaxial jet into
core—shell droplets with two cores per droplet and typical
optical microscopy images of isolated monomer droplets with

Figure 7. (a—e) Scanning electron microscopy images of polymer microbeads obtained by polymerizing TPGDA in droplets obtained in regimes A, B, C,

and removing the silicone oil with acetone. The polymerization
time was typically from 2 to 800 s. Conversion of monomer to
polymer was close to 100%. Following polymerization the
dimensions of the particles decreased by ca7%, in com-

parison with the corresponding droplets. No clogging of polymer
particles occurred in the wavy channel. The productivity of the
microfluidic reactor was from 200 to 1000 %s Particle

D, respectively, after removing a SO core. (Inset) Cross section of the-sbedl particle. (f) Cross section of a polyTPGDA particle with three cores
obtained by polymerizing coreshell droplets with three cores (regime | in Figure 6). The particle is embedded in epoxy glue. Scale bamis 40
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polydispersity did not exceed 2.5%, close to the polydispersity of many continuous microfluidics reactors on a single chip, thus
of the corresponding droplets. increasing the quantity of particles produced per unit time. The
Figure 7a-f shows typical SEM images of polyTPGDA  microfluidic reactors can also be integrated with other micro-
particles. Truncated microspheres, hemispheres, particles withfluidic components such as valves and detectors placed on the
a “hole”, and spherical capsules (Figure—# were obtained  same chig?!
from the droplets obtained in regions A, B, C, and D, Both monomers studied in the present work were efficiently
respectively, of the ternary diagram in Figure 6. Microspheres used in the production of polymer particles with different shapes
with three cores (Figure 7f) were obtained by polymerizing and morphologies. The proposed approach is not limited by the
droplets obtained in region |. We stress that particles with selection of nonpolar fluids for the generation of ceshell
various shapes and morphologies were obtained without chang-droplets. Core-shell droplets with aqueous or gaseous cores
ing the macroscopic properties of liquids (e.qg., their viscosities can be produced, if the values of interfacial tension and the
and interfacial tensions). By contrast, with a thermodynamically ratios of fluid viscosities allow for the formation of cershell
driven control of droplet morphologi&scareful variation of droplets. Moreover, the combination of immiscible monomers
the hydrodynamic conditions and fast polymerization of the in the core-shell droplets provides a route to the formation of
monomer phase allowed us to trap nonequilibrium shapes of Janus particle®

in the MFFD. .
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