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Abstract — This study reports a microfluidic approach to produce monodisperse hydrogel microparticles in a simple
and highly efficient manner. Specifically, we produce double emulsion drops with a thin oil shell surrounding an
aqueous prepolymer solution, which is solidified via UV-induced free radical polymerization. When they are dispersed
in an aqueous solution, the oil shell is dewetted due to the absence of surfactants, resulting in production of highly
uniform hydrogel microparticles (C.V.=1%). Results show that production of monodisperse hydrogel microparticles with
controllable size and composition can be achieved with minimal use of oil unlike water-in-oil (w/0) single emulsion-
based approach. Furthermore, in-depth study of flow patterns in microfluidic device using a phase diagram exhibits a
crucial relationship among relative flow rates while providing windows of readily controllable parameters for reliable
manufacturing of hydrogel microparticles.
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2-1. M=

o FelA A& Y] 9I5| st =2 A WakA] g0,
Z M 10% (v/v) polyethyleneglycol diacrylate (PEG-DA, Mn 700,
Sigma-Aldrich) & AF&3FITH @Y AFS o] A Ald &4 A
(0.5% (v/v) Span 80, Sigma-Aldrich)7} 3% Hexadecane (Alfa
Aesar)= AHEEHR 0 15782 5% (wiv) PVA (Polyvinyl alcohol,
Mw 13,000-23,000, Sigma-Aldrich) 5815 A-8-3}3it}.

2-2. OIMISAIZR] M=

A EAE 716k oA SRR E AZsH] S
Rl EAIZZE: 1.05 mm)Z} o] 1391 HAZHl7d
173: 1 mm)S AHESIAT) whdo] ¥l RAEE F4
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(Injection capillary)@} 4% A #+(collection capillary) S Z M| A&
Ho 71202 22 48 A T(small tapered capillary)> ]
Tl U ARl o] Al A RAIES] 917 (1 mm)E T Ui
UR](1.05 mm)7F 2 AAFEY RAell FAmA S 41 813iTt
THEo% 7k BEXE o] gslo] 98 BAvhe 71dstal @A 2
AE BATA: 50 pm)S A= o] = EEA] ok 7 A
o] A F9E 8l 7§ Bl Al ek SR EAEE 7Y
BAF] gl wako g A BAlFtel] Alo] Eivt. iAo
=2, FURAITE 257 2942 E 9130 n-octadecyltrimethoxyl
silane (Sigma-AldrichyE AH3-3F31 1L A RA TS X154 THA
215 3l 2-[methoxy(polyethyleneoxy)-propyl] trimethoxy silane
(Sigma-Aldrich) = AH-191 01 2504 TdAje)s 387t 154
FEHRA = 301 A PR vy 7F ) AlH S Slal 242t ola
3 2379 (isopropyl alcohol, IPA)Y} oflghS-& A&315it}

2-3. 4 MY
TFENS Qe YT, ol =R A TRk
A FEA S AT FUF, 2d AL 9T T, B E
A& s AT R A H0] 9o ALY ol 5% (wiv) PVA
S 9, A 8 el 10% (viv) PEG-DA 58915
a1, 2 = 0.5% (v/v) Span 80¢] 3% Hexadecane
Tt A4 YA St A1 =Y AP HE (Harvard
Apparatus)°l| 2J3l] A|o]= 31 o] ol o2 1l slo] =2 4 njo]
A% AR BEE Y8 2 E57FHEHMINI UX 50, Photron)et &
& 38 )7 (Eclipse Ti2, Nikon)S AR§-aF3Ith A H A2 1
PAFe] A715= o wIAEA 71 (Imagel )& &3l 38kl t).
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EANZ 7L m Al APEA S o]8-8te] vl SR @ 4dE A o]
Z o8 A (water-in-oil-in-water, W/O/W)< 3733} th(Fig. 1). 7]
AAPEAE 7 1] ddo] ¥Rl BATHS who] AR R]
SLAFel AFef ety AR Qo wlAlFAPEA] o] Al S A
& gl ol AAlskA 71z ekl eh; Al v Al Al A ol ol g
2R} Fo) dn|A ov|AE Fal &R1E 4= Sth(Fig. 1A and
CZE A AES S Sl FURAITS A, R EA
S A0 R W AElvh. FUEAI TS A EEA TR
3 7 559 ek Xsko] A7) sfo| = Al kA 8-l
(prepolymer solution)s =M= w9 GRS 502 7o) &
FEA] e F FAVE sHEFCE FEErh 4, 4] 74
75 Fol sfol=mA WA 8Nt 995 F]ste] & Al
EMRl PR AT FYEE
3kl YA E BAEI FYRAE AL]

& Aol slol =R Al who] A% QIARE Aitetr] 913

B x

o

Sl 2w =E o
2 589 ASE T8l 58S YA AT FIRARo Y
Bl9] 5% B5-S 4-8) 91230l 213l Dripping 14102 f3}so]

o)
]9 gk @ A4S 7H thEAbA o] FeH S g8 4= Sk
(Fig. 1B). R EA Ul ¥ o]Feld AL 2] Aol F & o
etz F§to] dojual sto| =24 dgA7E Ao 31
Bt o] Fo1 3 3 FAleol =l 3 th(Fig. 1C(a), Fig. 1D(a));
o2} FAlol = WL H (Y2 ) W W% (0.77 g/ml)
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Fig. 1. One-step capillary microfluidic production of PEG hydrogel
microspheres by utilizing double emulsion drops with a sacrifi-
cial oil shell. (A) Schematic diagram showing the glass capillary
microfluidic device used to prepare double emulsion drops.
These drops are crosslinked via UV-induced free radical polymer-
ization and collected in water to separate the oil shell from
the polymerized microspheres. (B) Optical micrograph show-
ing the formation of double emulsion drops that flow through
the collection capillary. (C) Schematic diagrams and (D) the
corresponding micrographs showing the sequence of hydrogel
microparticle (E) Bright-field micrograph of hydrogel micro-
spheres with uniform size. (F) Size distribution of the hydro-
gel microsphere (CV=1%). Scale bars represent 200 pm.

2 Qe A 0 F Fof kel EeE|Hrh. A5 OE AMSE A
HE/GA (5% PVA TEMZE U8l YA 02 X edde
EGET)O) A} A A A Q] FAl R edde] Bt
A& op7lstal sfo|=m A o] A2 QIA} 3 O 2R E v 9w
(Dewetting)o] T E tHFig. 1C-b, Fig. 1D-b). A7} o] (f=k
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W QR o]F 3l HFH O E E2 sltiolA] slo| =2 A nlo]3
2 JAke] =3l0] 7Fs3lth(Fig. 1C-c, Fig. 1D-¢). =3¢ dlo] =&
A wpo] 22 A= w9~ A8 (Fig. 1-e), YAk FAME(C.V,
coefficient of variance)i= UIZF 1%EH WAt A7 A1z H )
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Fig. 2. Hydrogel microsphere with controlled sizes (A) Optical micro-
graphs of microspheres with varying particle sizes. (B) Plot of
particle size versus flow rates of outer phase (Q, ). Scale
bars represent 200 pm.
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A 5ol AaHe AES BT, o) A vAlREE3 U
SHIAIIHS oA o2 FulErtE Q1% ARE oju]git). slo|=
24 vto]g 2 JAe] 7] thEk 125 pm~260 pm B oA A
017} 7Fsslgl om QIRpe] HAE = R f4 W 9ol 4] 3.9% 1]
REo ® A o] TR 9ls SrE it A9 slo] =R A ulo]
AR YAz B8 An|AEE o] &ato] WA O (Fig. 2B), A%
2] F-37]5-25(Qyuer) 1000~8000 pL/hr ¥ 3ol whe} 7] 7} 74
HE RS ggk = QIthFig. 2B-ab,c,d). A2 07 sloj=z
nlo] AR §iAke] A7NE sk Wi it Alo] 7Fse A
& HolFeh stol =2 A 1A} A7) 5 vhkstA WMsAlA W&
EAo] 24 7hast B4 A =R T35 FAlES HojEtt
o]Feld A Aol fsadS 3] f5e] A 24 Bl
tpekslA Alojek 5= Ath(Fig. 3). ¥ AL A5A; g 9] -y
& 2000 pL/he g 8EGIAL Sfo] =R A vk 8- of B
T4 100~3000 pL/hr, . -2 o] 3] 452 100~800
uL/hre] WI9]ell A FulEes Alofsigl o, 2t faaledS 214
7helE o]-ato] TABISITE. Fig. 3A:= slo| =2 kA -8
N I H25 Qe 2 & F-IH25(Qpiaare)?ll WHE 150l
A NA ] fEdE Msks BT otk & deis
Dripping (Fig. 3B-a), Jetting (Fig. 3B-b), No emulsion (Fig. 3B-c)
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Fig. 3. Flow patterns generated in the capillary microfluidic device.
(A) Phase diagram showing flow behavior as a function of flow
rate of the prepolymer solution (Qy,,.,» y axis) and the middle oil
phase (Qy)). (B) Optical micrographs showing (a) dripping, (b)
Jetting, (c) no emulsion, which are denoted as solid, open square,
and cross, respectively. Scale bars represent 200 pm.
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gl o] Hu]545(2200~3000 pL/hr)e] AA o2 =8 73S of
A A o] BE7K(x: cross)dlH], o] & =2 FI 75 H(Q,ue/
Quigai)® 18 B3/ o] vhebd-& BojFth b 29l &4
39542 Z7H300~800 pL/hr)e Jetting ((CI: open squares) -5
HelE FAsh ol = FYE= A2 W go] muAde xrt 7|
w0 & 2h8-5h7] w3t WA g}, mpx|uko 2 golo] Kyl
%5 7122(100~2000 pL/hA 2 A9 BE e o] 3|74 M9
(100~800 pL/hr)ellA] Dripping (@: solid circles) -5 &S &4
St} ol= FYEE FAY] F9] f5ol wha Aol B sh
F 5 o] o]Feldd HAL w9 gk 2 JAS TH T
23 stol =24 mlo] A= {IAHE ATt Fig. 39 W65 T
aFd, s Sl 2 A1) g 2] Al e sl
& Hojn] o]FolH A N2 o] QPYA]] A|lE 95k A4
AE AAEE

ths o slo|E2 A oA 8- 5% WakE Fa sfol ==
A wpo] AR AR 28] ZAVE Ths e Kol th(Fig. 4).
B S S8l 50% (v/v), 100% sFo] =24 wheda)] 5-8-9-8 A}
gl on A& o] a4 6000 pL/hrE 2178 3H1aL
stol =24 Tk #8949 31452 100 pl/hr, 2 8-
UL 500 pl/hr 3G SHATE AR ZF A -89
5 60 cP, 10 cPOIth. Fig. 4A, BE 50%, 100% kA =891
of met A E sto| =2 A wio]| AR IS ¥R gk dnlA
ojujxjo|n] o] Fall ARgEH Al Aagle] YA wtdsA ¥
A} 7F53HS 3He18 = Qlt}. Fig. 4C, D& 7} ©hA)] 89l 55
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Fig. 4. Production of monodisperse hydrogel microparticle with
varying compositions. (A, B) Optical micrographs and (C, D)
corresponding size distribution plot of hydrogel microsphere
consisting of 50% and 100% PEG-DA. Scale bars represent
200 pm.



SFE 2914 o) oW HE o] g3 LEE DAV Slo] =2l njo] A= ol AT 143

o W 914 21719] PALE aesolY] o) e 5

o] S BN AL O T SOl 4 AL
PR RE NolET A0, B o] Bk 4 gole

A& S7FE oI, f1Al19] Akl A1d 2] 47(Ca= pU/o)

o 2181 Al gatel A ke AYele) 28 Shzln
= Dripping Hl2l o] o)==
237 18 2 Aol #

S48 A Aolste] JrhA oz e Aol B F g
§_l,_—_

A GOl E Beka FAT Sol S AR YT Uik,
2 A%, Sol =2 vlel A Sixpe] Aol 3 B T3
Se) 2ol 54 WakE fustel thrdt 7154 kel Al

7Fsdhe Bolett

B Aol gk 24 Tl o] Feld Al HESOR B
ato] TRtk stol =24 mlo] A IRk AAkslgiTt. -2 Al
W7k vAFAA S FEl @A E olgeld e Aol At
O Z3ell sl m2A slol=2 AR 133} ¥, MEo] A3
7o) ksl 23] 7FsSiek. v gk 2459 AREo®
7180 o] A2 HAslsto] AR A A o] uf-e- A Al 5}

o|=2A wlo] AR YA} BAto] The e HolETh B3 YA H
sfol =24 vho] AR §IAEe] C.V. gk 1%e] o5 T3l vilg-
SE i7l—¢i§ THE 718 HolFEtt sfo| =72 A nlo] A7 §]7}
= A5 IR A0S FE FEl FololA EHA 1A
o7} ks dtth. F7H o2, AR A9 -] firel] whE v A
FAEA ] FsH SAWEE ddete] FRRE el

1 &l dAet olTeldA Y violAz A PSS 2
3} sttt v et e 2, 2 Ajke V] e shol =l
A g wistel] whE Ak X*Eﬂ 7kl Eekar v
TAE ol Teld A Aol 7Fs S, o1& Fall 7154 stel
=2 dap Aato] 7he e HoiF3) D} wATE B Az
stol=2 A vpol AR QiAk= SPE, Aok, A3, Hhol e ok &
oheket ARglelM 240 A% gl AEAEn &8 TheE Aow
ki

o

it
O]
m

RN
o~ =
T

i
2

ﬂllﬁl
§§.
oft

¢

o

#? A

o] =52 20189 tFstel gl 7| dTru] X]ef| oJgt A
o]H olef] ZAR=H L},

References

1. Ahmed, E. M., “Hydrogel: Preparation, Characterization, and
Applications: A Review, Journal of Advanced Research, 6(2),
105-121(2015).

2. Hoare, T. R. and Kohane, D. S., “Hydrogels in Drug Delivery:
Progress and Challenges.’ Poly., 49(8), 1993-2007(2008).

3. Oh, J. K., Drumright, R., Siegwart, D. J. and Matyjaszewski,
K., “The Development of Microgels/nanogels for Drug Deliv-
ery Applications]” Progress in Polymer Science, 33(4), 448-
477(2008).

4.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

. Hoffman, A. S.,

Le Goff, G. C,, Srinivas, R. L., Hill, W. A. and Doyle, P. S., “Hydro-
gel Microparticles for Biosensing,’ European Polymer Journal, 72,
386-412(2015).

. Wang, J., Mignon, A., Snoeck, D., Wiktor, V., Van Vliergerghe,

S., Boon, N. and De Belie, N., “Application of Modified-algi-
nate Encapsulated Carbonate Producing Bacteria in Concrete: a
Promising Strategy for Crack Self-healing]’ Front Microbiol, 6,
1088-1088(2015).

“Hydrogels for Biomedical Applications]
Advanced Drug Delivery Reviews, 64, 18-23(2012).

. Nguyen, K. T. and West, J. L., “Photopolymerizable Hydrogels for

Tissue Engineering Applications)” Biomaterials, 23(22), 4307-
4314(2002).

. Peppas, N. A., Hilt, J. Z., Khademhosseini, A. and Langer, R.,

“Hydrogels in Biology and Medicine: From Molecular Princi-
ples to Bionanotechnology,” Advanced Materials, 18(11), 1345-
1360(2006).

. Shrestha, P., Regmi, S. and Jeong, J.-H., “Injectable Hydrogels

for Islet Transplantation: a Concise Review,’ Journal of Pharma-
ceutical Investigation, 50(1), 29-45(2020).

Zhao, C.-X., “Multiphase Flow Microfluidics for the Production
of Single or Multiple Emulsions for Drug Delivery, Advanced
Drug Delivery Reviews, 65(11), 1420-1446(2013).

Li, J. and Mooney, D. J., “Designing Hydrogels for Con-
trolled Drug Delivery, Nature Reviews Materials, 1(12),
16071(2016).

. Du, Y, Lo, E., Ali, S. and Khademhosseini, A., ‘“Directed Assem-

bly of Cell-laden Microgels for Fabrication of 3D Tissue Con-
structs;” Proceedings of the National Academy of Sciences, 105(28),
9522(2008).

Hoffmann, J. C. and West, J. L., “Three-dimensional Photolitho-
graphic Patterning of Multiple Bioactive Ligands in Poly(eth-
ylene glycol) Hydrogels.’ Soft Matter, 6(20), 5056-5063(2010).

Tekin, H., Tsinman, T., Sanchez, J. G., Jones, B. J., Camci-Unal,
G, Nichol, J. W., Langer, R. and Khademhosseini, A., “Responsive
Micromolds for Sequential Patterning of Hydrogel Microstruc-
tures, Journal of the American Chemical Society, 133(33), 12944-
12947(2011).

Yeh, J., Ling, Y., Karp, J. M., Gantz, J., Chandawarkar, A., Eng,
G, Blumling, J., Langer, R. and Khademhosseini, A., “Micromold-
ing of Shape-controlled, Harvestable Cell-laden Hydrogels;” Bio-
materials, 27(31), 5391-5398(20006).

Garstecki, P., Fuerstman, M., Stone, H. and Whitesides, G,
“Formation of Droplets and Bubbles in a Microfluidic T-junc-
tion - Scaling and Mechanism of Break-up;’ Lab on a Chip, 6,
437-446(2006).

Tan, W. H. and Takeuchi, S., “Monodisperse Alginate Hydrogel
Microbeads for Cell Encapsulation) Advanced Materials, 19(18),
2696-2701(2007).

Thorsen, T., Roberts, R., Arnold, F. and Quake, S., “Dynamic
Pattern Formation in Vesicle-Generating Microfluidic Device]’
Physical Review Letters, 86, 4163-4166(2001).

Choi, C.-H., Jung, J.-H., Hwang, T.-S. and Lee, C.-S., “In situ
Microfluidic Synthesis of Monodisperse PEG Microspheres;’
Macromolecular Research, 17(3), 163-167(2009).

Foster, G. A., Headen, D. M., Gonzalez-Garcia, C., Salmeron-
Sanchez, M., Shirwan, H. and Garcia, A. J., “Protease-degradable

Korean Chem. Eng. Res., Vol. 60, No. 1, February, 2022



144 AR - g - HE

Microgels for Protein Delivery for Vascularization) Biomateri- Authors

als, 113, 170-175(2017). Byeong-Jin Kim: Undergraduate student, Division of Cosmetic Science
21. Lee, J. N, Park, C. and Whitesides, G M., “Solvent Compatibility and Technology, Daegu Haany University, Gyeongsan 38610, Korea;

of Poly(dimethylsiloxane)-Based Microfluidic Devices, Analyt- byeongjin.kim17@dhu.ac.kr

ical Chemistry, 75(23), 6544-6554(2003). Hye-Seon Jeong: Graduate student (Master degree), Division of Cos-
22. Pittermannova, A., Ruberova, Z., Zadrazil, A., Bremond, N., Bibette, metic Science and Technology, Daegu Haany University, Gyeongsan

J. and Stépanek, F., “Microfluidic Fabrication of Composite Hydro- 38610, Korea; djs4736@dhu.ac.kr

gel Microparticles in the Size Range of Blood Cells;” RSC Advances, Chang-Hyung Choi: Ph.D., professor, Division of Cosmetic Science

6(105), 103532-103540(2016). and Technology, Daegu Haany University, Gyeongsan 38610, Korea;
23. Noudeh, G., Khazaeli, P., Mirzaei, S., Sharififar, F. and S, N., cchoi@dhu.ac.kr

“Determination of the Toxicity Effect of Sorbitan Esters Surfactants
Group on Biological Membrane}’ Journal of Biological Sciences, 9,
423-430(2009).

Korean Chem. Eng. Res., Vol. 60, No. 1, February, 2022



