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polyethylene glycol diacrylate (PEGDA) YA Al|Z8k=

AT FAP] vks 7Rk vAlfA] g el gl E
7V Bl AnIgle] x3Ete] AlErt. o] wlAl

AZL WS 2R3 nAlA] R gkt 4122 TS
A A=A BIWAAS £33 PEGDA AT} @2 9] @147d9] Hu)-34-8 Aofslo] Tt PEGDA 9148 &

33ttt PEGDA 22 Ax)2] dido|A] 2}e) X ZAate] ofs] A2 Fekdtt. dxke] 7] F9653) u)Alf4]
A2 9] A 2Asle] £49A Aol Jxke] WA= WHIEAIS (coefficient of variation)gto] 2.57%% AT
PEGDAYARS] AESHA S-8-5 Tl SAsiA Alxs AP 223 AES At

Abstract — This study presents a novel method for preparing monodisperse polyethylene glycol diacrylate (PEGDA)
microparticles in a dispensing needle based microfluidic device. The microfluidic devices are manufactured by manu-
ally assembling various off-the-shelf products without using additional equipment. In this microfluidic device, the volumetric
flow rates of the dispersed phase of PEGDA solution and the continuous phase of oil are controlled to generate mono-
disperse PEGDA droplets. The PEGDA droplet contains photo-initiator thus it is crosslinked to microparticle by pho-
topolymerization at the ends of the device. The particle size is easily controlled by adjusting the volume flow rate and
the size of the microfluidic device. The monodispersity of the particles is calculated by a coefficient of variation of 2.57%.
To demonstrate the biological applications of PEGDA particles, cells are encapsulated and observed for proliferation and
viability.
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v] Al 7f B (microscale) ] polyethylene glycol diacrylate (PEGDA)
A= A 24 (tissue) T FAFSE B84 597 YA U £ 9
Fito] golato] ok gl 2238k AFYE] oA F2Ado] T
% a1 QJTH1-3]. =3 PEGDA®] acrylaterx 3842l thaj/d 0.2
244715 EYA7)7] golste] A (antibody)H & 2] L8RS
(oligonucleotide)?} -2 AAEAL] 117 8}7} B-o]8th4,5]. YRt
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(suspension)S Z+5-9}3}4] (sonification), 27314 (vortexing), 74
3}(homogenization) 52| W S & F3Hemulsifying)A 7] 1L S
ato] Alzstehe, 7] %471 BHES €31 75l PEGDA A=
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7t wdste] EQlEE oFEolvr M2 & FuEtA Alojd
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FA] vhkg 716k

2RI polydimethylsiloxane (PDMS), 2] XA #(glass capillary)
71Nke] =50 Al o] ARGETH12-15]. PDMSZ|HE v Al
A2~ o] 739 HE A A| 257 (photo-lithography) 2} T2} -4
2o 34 (soft-lithography) = E3 A=]Z A2k} 16-20]. ©] %
A A2 BaskaL niat ) gf AlekEo] AREE 7] wiitel] =
M| (academia)2] S Qo qwk ALE-EITh 2] BAT 714 v)A
A AT A A o ® R A2 o] Q. F]= B]go
Aslsit o] ds] Alxtgrdo] Fatste] AR =2 < el
TETH21-24]. 22 o] 2] TAIE F5351] 913141 3D 3,
A=) wRE u (stirring bar), 2] =t} 42 714 (off
the-shelf)= ©]-&-5F thefst e 2] ] Alf-A] A|lAgE0] 7=
UTH25-27]. 3FAIRE o] | x| 2] 73-¢- vhekst A1719] fIAE Az
ab7]oll= mIAlfAl =] 2] 7haA ol EAI7E A7) 7} w5 Lok w)
2hx] wok hdetar, Agate, gA vAlGEe] 7 2E AT
Q= EAS 71 A7) vlE (dispensing needle) 71RF2] ] Al-A]
A|28o] Al 73Rl QITH28-30]. A vhs 7|HEe] m]A|
FAl AR Tekel 1A S 2k o5 8 FAE s, RE, RE
O] TSt 1 AE 2 V1R 2H O R nAlA
JA 7] Al o 2 A oeth28-30]. Fal 14 <] 714
oM HAEARl Xﬂﬂﬂﬁolb} A Z}H]‘/} 78
&1A] ekof ARgALe] FHdo] ¢
FBHA| 23O BN A|ZH = ?JXH 171 B4, 29 58
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2 AT FAP] v 7IRES] vl A Al AR A] i
PEGDA SiA+E Alzx=ati). F#417] vk G‘JX]' A F(cross-
connector)?} EFO]I FF+H (tygon tube)?] 7145 3] 53
% (flow-focusing) FEN 2] vlAA| FA & AZSFITH30]. EAT
O F = FNAA (photomltlator)a E3$F5l= PEGDA $-90] AL
EQI A0 2= AAEIAIE 28 ndlE e do] AREE S
th 2 d e 473e] $397445 Aol 5 F3) PEGDA 914)s 343
A713L 28 24 FEl 3581 PEGDA 4AHE A28k
th F9 542 247 FAP] vkl 14 S HAAAA Ak
A7V dastal A Aol e = da= SrESIlth. PEGDA 1A
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2-1. X2

FAP] vz 719Ee] nlAlfA) A= arAe] Rl I EC R
AT}, BE 14 9] A ] vE<2 Engineering Support Technology
(EST, Republic of Korea) °lI4] -ull3}31T}. polypropylene #12 £]
Fo]oy ] (luer adapter)®} A+ 4 F(cross connector)i=
Tommyheco (Republic of Korea)oll 4 G-l 3}t A7) vl 9]
=5 9] FAMNAE 91 octadecyltrichlorosilane (OTS)+= Sigma-
Aldrich (MO, USA) °l|A] 7-mll8}3{th. 18 gk poly ethylene A2 2
E}o] 3 5-H = Saint-Gobain (OH, USA)eIA T-ligkaitt. =} Al z=
$]3} polyethylene glycol diacrylate (PEGDA, Mw = 700), mineral
oil, sorbitan monooleate (Span 80), 2-hydroxy-2-methyl-1-phenyl-
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propa-1-one (darocur1173):= Sigma-Aldrich (MO, USA)ellA -]
SFSIT}. Yarrowia lipolytica A|3E2] WS- $13l14 YPD HiX| 2} A4
2J = A vl A (nitrogen source deficient media)”} A& $1 T} yeast
extract, peptone, dextrosei= Becton Dickinson (NJ, USA)o| 4]
) 3}-1 . amino acids 2} ammonium sulfate”} 71 1 ¥l yeast nitrogen
base, glucose, ammonium sulfatei= Sigma-Aldrich (MO, USA)°l|
A1 FrofsRgict.

2-2. FAP| His 7|81e| OIMIRA x| HIZ

FA) vhg 7Pl vIASA 3R TS BE REEE A
FN E97 B 5 Y YFER THE 2549
S48 AP 913 FAR) bl 2lelels B4 Rk e
5ol OTS o W7} 1AKFESE A AZIe, 159) 4bol

FYHE AP vl=g] Aol A glo] vk ARg-gic,
AAE AA T2 PEGDA 445 FAA717] 918 5434
(flow-focusing)= B2 Al 7]7] 93k A F4=tho|th(Fig. 1). WAE
AAT] FHYFO T Aol FYHT FAFFORE A%
o] Yo w FHTE ALl HYu FA] e 52
Zejg] ol 0] ol els} ol Ft, FA717} Ak
FAP) vhE ] 95 9 S 16 mm A48 AR | mmysh
Zgulsko 7 Oﬂéﬂ A o7 A S vks Ho| AdE
o 7H AR U 1.6 mme) Bl Fr 27k 2 I g

WA Eheh, 2A17) v 2] Eoll= WA 0.762 mm o) WAS zh=

50 cm 40]¢] 71 Blo] FHE A}, o] 71 Blo] FH = ul
25 ARgET) @z} @75{4 2 ko 2= 117 1.6 mme)

E}OL FH7} GO dok Ak dd o] FAggel=

1.6 mme] Ejo] TErm Oﬂ Axr] 7} FHo| Eolli= A%l A
9 FAP)7E A

A Qil
PEGDA N«
=T

Needle t " Cross-connector

L I
Droplet generation
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At

Particle

Water bath,
Photo-polymerization

Fig. 1. The dispensing needle based microfluidic device for generation
of monodisperse PEGDA particle. (A) Schematic diagram of
the experimental setup. Black and white arrows represent the
flow of oil and PEGDA prepolymer, respectively. (B) Schematic
diagram depicting the process of generation of PEGDA droplet
in a cross-connector. The needle placed horizontally serves as an
orifice through which the dispersed phase is injected. Oil is
injected on both vertical sides to form a coflow against PEGDA
prepolymer. Q,, and Q, represent the volumetric flow rate of
PEGDA prepolymer and oil, respectively. (C) Phtotograph
of the dispensing needle based microfluidic device.
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60 AAE - AeEigk - 2

= ATrellM= Bl AP vl Wi 023 mm (27 G) S5
U7 0.34 mm (25 G) TFA0] AHEE oM &G o ® A
ks Ao W2 0.79 mm (19 Gy 37 8te] ARE-8ISIT)

2-3. PEGDA M MM I In situ UK} Y

FA] vks 79ke] vl Al GA]E ©]8-3F PEGDA S1Ak] A%
HHH-E Fig, 12 B810] 712kt BojZt) nu|2k 9 A 9] &ty
PEGDA &9 BAMFE A2 4Jo]A] ekon] FAL7] 3 (syringe
pump, PHD-Ultra, Harvard Apparatus, MA, USA)E &3l %] # T}
Aol = AlAGA A2 Span 800] F3HH o] PEGDA &9 3}9]
AR & Ao gt Eabdoll= PEGDA €912 3532 s
A BIIAAZE 5% EFFRTE FAE] vbs 718K w|AGA] R
CCD 7} 2k(Coolsnap cf2, Roper Science, USA)7} Z2Hel o324
34 &u)Z(TE 2000U, Nikon, Japan)ll 4] o]v]#] #4S Faf &
ShEl=

PEGDA 917 A2ts A golA Fabido] datel o) 2
ol oz g um )9 Wtoll A 5,000 mW-em22] ZFe] Aol
wEECh 22 Ael wEE PEGDA 42 P A2 Ealj= ¢l
sk 2fr]z A o= Fito) Al REAE T FAP] vhE 7Rk
vl AlA] X Wl In situ® PEGDA QA7 Al Z2¥ T,

2-4. Yarrowia Lipolytica MIZ=2| HJQF

Yarrowia Lipolytica M3+ YPD Bl A](1 wt% yeast extract, 2 wt%
peptone, 2% dextrose) ©ll 553}t A 30%=2] Q1FH|o]E ol A
24A17E okt ] 4 mLe] A YPD Bl ©fl ODgy, = 0.059] ==
Al ks 3B g A F27F ODgyy = 101 =g wj7hA]
A4 30 528 QIFtHIOE ol A WS FRFTE A EE AP vk
719k} mAA] g ol =487 fAsliA Al dErelol A AZE
AAEElske] 20% A A 23 wlA](0.17 wt% yeast nitrogen
base, 0.1 wt% ammonium sulfate, 2 wt% glucose)2} 80% PEGDA
golo] Egkello] ODg,=0.19] F5 A A A7}

A7} 431 PEGDA YIAR= A4 A A<l of] whop=] i
A4 3052 QltalolE oA vtk AlE TS EAE] 9
3| Al propidum iodide (Sigma-Aldrich, MO, USA)7} 3 uM2] &%=
B 3713 AP AR Aol S]gh i A S E wHEeiTh

3. 41} ¥ EQ|

PEGDA YA Ax317] S18lA F=A17] vhs 719k vl Alf-A)
A5 83Kt o] nlAlRA| 2= G 3 A el o
# o] x| A5 EalA PEGDA YA} Al%5 = 98-S A7k
o7 TYEH 8 5= Qth(Fig. 1(A)). PEGDA Zo] A== 4
24 AT S R S5 A vks AEo] A
o] AxA 072 A 4= glot. mEbA x| 9] shkel A
Fst glo]a FA A ] wlER-2elA s s Bk A
3 A4 PEGDA 925 P4t B4 A (flow-focusing
junction) .2 T HTHFig. 1(B), (C)). 533 o 2= FAalakel
PEGDA §-do] ¢ =] =2 AapgakelA] A%<l 2. o] 5
Q1=]o] M| EE (sheath flow)yS FAJ3tCh A= AAw] A
o] A F g2 MZ i} 55T (coflow)E FAJskaL Bl Y
2 221794 gl (Rayleigh-Taylor instability)ol] ]34 2k

(LA
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AT o1

PEGDA £9o] o x e = ¥t} PEGDA AH2 HEFEE
Sl D] 2R} At o <ellx] 3358 (photo-polymerization)
o] dojit}h PEGDA %48 PEGDA WA 9} B7)AA 2 74
i Ag ARl gr)d vbg- o2 FEHE T F/NAIAIQ] darocure
11732 Wl 23108 2 (benzoin ether) A2 z}2]4 AL
S|A ks o] A S PA sttt o]i= PEGDAS] ¥4
olFATS o] A Ate] A 9 3xkd aEHH Y] 25
Ao E M PEGDA N Z]o] At Z e vh2,3]. viE=2]
B& SR 97 S22 (water bathyll B4 €A% PEGDA ¢!
Ag 3]sl ASA0Z AR E = ndl" 2] A UEst
0.8 g mL! ©] 1 PEGDA J#H8] " EE 1.12 g mL! o]t} $=30f
A JAR= Bl o 2 Tlelekal 98 9% FUAES dalo] §
Frobs APA Q1 ZtE] 7F Alske] PEGDA dAbE &4 A 35
gk 4= k.

FAP] vk 71REE] wAAPEA] ol 4] D4R (monodisperse)
PEGDA A5 A|z3}17] $1314 PEGDA £ 2] f-5 3" (flow
pattern)ye g8k A& QA Alof e 5= 9lefok gkt PEGDA §-<4
2 £1/d N A (satellite droplet), 214 (droplet), %] (transition), E°]
71 % (elongation)2] ThIEZ] Q1 47}4] S5 HE1-S K QITHFig. 2(A)).
PEGDA &-42] f-5at& A&7 29 2] 73] 445 (volumetric flow

X: Satellite droplet
A -

A: Transition

O: Droplet

4 : Elongation

m.«v 105 e )

B 30

20
£
E
-
E
Q

0’10 >|<

O @) O X >|<

o Q o o x X

0 50 100 150 200 250

Q, (ML/min)

Fig. 2. The flow patterns of PEGDA prepolymer in a dispensing nee-
dle based microfluidic device. (A) Microscopic images of four
typical flow patterns of PEGDA prepolymer. White arrows rep-
resent the satellite droplets. All scale bars indicate 100 pm.
(B) Phase diagram as a function of volumetric flow rates of
PEGDA prepolymer (Q,) and oil (Q,). Symbols of square, trian-
gle, rhombus, circle, and X represent flow patterns of counter
flow, transition, elongation, droplet, satellite droplet, respectively.
The gray shaded area represents the range in which mono-
disperse PEGDA droplets are generated.



FA) vl 7))

rate of oil, Q,)&} 44?1 PEGDA € 9] F-3] < (volumetric
flowrate of PEGDA, Q,) 0. % Al|o ¥}, -9 o] 9] f-Fof wh
PEGDA £-219] 53812 A ¥ 2 248130k (Fig. 2(B)). PEGDA
SN =S (refractive index)> 1.47 ©] 1 v 2 U2 1.467
24 zpo) 7} mlu|aky] wiitel f-Ese-& 78} 817] o k. uh
g]./q PEGDA j}_oﬂoﬂ 74%]/\“/] ol EE 1% zlqoi 7]./\]Q_ 3].0% H/ﬂ
SISt @ 2] Fulf-5o) H]3l|A4 PEGDA &919] F-ulf-5o] wg
o TREo] A2 §1d A Eo] B et 712 Y ETHFig. 2(A),
(B)2 X). o= A& FOfgel e AL EU)et BAE
(Ca=pU vy FT7FE Q15te] 297 PEGDA 914 Aol €] AW
(el FsHA FA 7] o1H7] wolth b 2. o] vk Fu
437 PEGDA €99 552 F3]f&el s ol il o 9
RO (wt AlRAE Q] Jaks Al o & W] el PEGDA
NS B S s o® ot HAf P 50X frsg
B ST PEGDA €9 2] 73] f<ro] 2o H-u]f iﬂ‘:]’ b
d--olli= AR ] oY 2% C % PEGDA €99] 9F7}
U\@QE]— PEGDA oﬂx—]o] o]—FHX-] Oi ﬁ%%g‘:_ 274_0_ 035\—}‘1‘94
Fu]5450] 100 o4 150 pL min!, PEGDA £910] 194 20 uL
min™ o]t} o] 54 Z7elAl= %{33 FoA] A dzlo]

N ot of

C 80 Q, 20 pL/min, CV 2.31%
I B Q, 15 pL/min, CV 2.44%
70 [0]Qp 10 pL/min, CV 1.92%
- []Q, 5 uL/min, CV 2.57%
60 |
X s0 t
@ I
c 40 |
= I
S 30
20 F
10
o Liwo 44,

360380400 420440460 480 500520 540
Diameter (um)

v AR GRS o] 8

Diameter (um)

3l YA PEGDA Ak A% 61

MBS FT 5 9o fLAlolel] mE =g 27107 7}
St

FAP| vk 7IRES] mAlRAE )= PEGDA QIAFe] A7]&
&5 2929 F4& B8l Ao = ootk 7159 vlAlf
A A= Gl FAP] vhs 719k mARA 2= ol
B =331 Wof| gJaA] Yol =¥ 0 24 PEGDA A+ /o]
gf=r5le] Bol7] wiel In situ = ﬁéﬂ?ﬁ} T fith. Wb PEGDA
YAz nbebdo] ko Tt TR FAA oA EAE F
aff A TH(Fig. 3(A). S PEGDA J‘lou FEaEl o] AwitelN
7].7<Pl:l . ojodoj|x] A o] A E]|= ddAke] BalG<50] 100 “me

9l Z71o|A PEGDA €912 #3545 5 oA 20 L min7H4]
Zﬂfﬁokﬂ IAZ P48 THFig. 3(B), (C), (D). PEGDA €4 <]
Hy] 0] Z7)gke)| wkebd PEGDA 9AFe] Z7)7 ddF o g
Z7HE v e 74 27914 PEGDA YAk W17 Al (coefficient
of variance, CV) #t°] 2.57% ©]38F= AT} (Fig. 3(C), (D)) ©]+= ]
= 4R FF7 %2 (National institute of standard and technology)l
A sk wHAbe] 71 MAAIS 3R 5% olake] 2AS F
Z:f‘ﬂ—o O 24 A %% PEGDA CQ;(]J]. o] FelEs = 75]—\;].[2
31]. F-914:2) Aol & E3l4 PEGDA 98] A715 Alole 4

600
500
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300 ' ' 'l '
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Q, (ML/min)
D ® ¥4 Q, 20 pL/min, CV 2.18%
[ [l Q, 15 pL/min, CV 0.95%
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60 [
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S 30t
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Fig. 3. The size control of monodisperse PEGDA microparticles. (A) Microscopic image of the monodisperse PEGDA microparticles sus-
pended in distilled water. Scale bars indicates S00 pm. (B) Control of the diameter of PEGDA microparticles by volumetric flowrate of
PEGDA prepolymer and orifice size of dispensing needle based microfluidic device. The closed and opened circles represent the 0.23
and 0.34 mm of inner diameter of the orifice, respectively. The size distribution of the PEGDA microparticles obtained from 0.23 (C)
and 0.34 mm (D) of the inner diameter of the orifice. CV indicates the coefficient of variation.
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UANE 29 217F 4Ake] A7 €] 60 pm o|u] Gl HE Tk Ak
A5 Tl Bl F 07 Alofsly] flEiA] £A4ER] PEGDA &-<jo]
== 2 WS 2t eelu) s S e 1122
FA| vhag AREERo 24 &4 A i) AP v 0.08
o] A 439 mm 744 TRekst fA 0 7 FAETH B A o= @
A WAE 023 B 034 mmZ ARSI w3k HlER e o
A= ks 92 WAEL 0.79 mm (217 0.99 mm), Elo] FH.9
WL 1 mm=E FYsHA ARsElnh. @ elv) s Aol A4S 7
WA &H o E 4 PEGDA YAHe] 24 A5 120 pum= <F 24 ©]
3 S7MAF T 71E2] PDMS 7|0E B Alf-A] R s )
A& T HE A71E Aof vzt QArh9). AIRE 712 v]Al
A A E AFFsE7] 218l ARE-E = 1A (photoresist)] H]-§-, 3
5,539 B 58 g v ey A A S F 2o )
A1717] ofHrh. A7) vbE Alo| Ao whE v]&-2] 2ol = FA4]|
&5 W ot U EHA Z2HE 5 Q7] wlEel thekst A7)
o] JAE A=l ¥ frelsieh.

PEGDA®] 7d-¢- AAA 2 @A o] ¢ratrtal Bt 94 itz
EAEA YA A, HE T2 FEE AlxE o] ARt 2 A
TellA= PEGDA IA7E A=A o] £Al29] 58 7 e
5185171 S18iA Yarrowia Lipolytica M| X7} 1178 ¥ PEGDA YA+
A3 THFig. 4(A), (B)). AIE= 20% A4 A ARwA7F 2
§h¥l PEGDA £-o¢]] @ Etx|o] Ao Fql ettt A% o]

-

e

AT o1

fl

AHEI} 5U3H 2 wt% Spans0 AlA A& Eseh= vy
L& AHESISITE Al E E3s= PEGDA YAHE 3lahe=
T oAl A A3 AgelAE A gl o] 2 PEGDA YAt
AL A A &A 02 Jit-g Fwotal A7t TA8HEA
Hlgh= 2HEES SAA17|= 98-S St} PEGDA YAbellA Al
EO AEES A 8iA 2] wiAelE 3 M 9] B
propidium iodide (PYE 41Ut} PI= A9 AEES YFoz 7
2R thEAQL A|0kO B APEA|EE ey o7 ek 4= 9},
A7} BE QS H$-olli= Al E o] 273 4] 5]7] wjiof| £
-] Pl A= §-92 5 SATk sEARE Al 27 AbdE 75 AllaEet
o] &= o] ¢]5-2] P/t AU E %)% 2L DNA (deoxyribonucleic
acid)?] 971%8 Aol el 24 (intercalating) ¥]©] % -do] w3t 27
500 um<! PEGDA Aelli= M7} oF soufe) 7} 2= =5 27
A EEEE Aol a3 thFig. 4(A), A7 3HAFE). PEGDA $47+ Al
I A 5o M3Ee] AbEel o st Fgo] BFEA Aogt. o]+
PEGDA &4 9] M|3=5/do] nju]d vl ohe} J53 918 =
9)x18] A st o] mw]ghs XA o & HolEth AxE
3E35H= PEGDA UAE A4 30122 fHlo]gel -2 2 Yol
Al S2)& Frakaith. PEGDA AF wiellx] T Al 22 Fo}
Aol A Fe|E A=A AEE0] 6 A 10 vle] FF2E
SA PO Pl A S A SRS THFig. 4B), 17 SHakaE).
o= A7} PEGDA At A 124171 B¢t AESH] $13F ok

1o o
o

>
2 o

O )
Fd
N
b
i Lol [

O

Fig. 4. Encapsulation of Yarrowia Lipolytica cells in PEGDA and agarose microparticles. The particles are incubated in nitrogen source defi-
cient medium containing 3uM propidium iodide. Overlay and fluorescence images of PEGDA microparticles containing the cells at 0
hr (A) and 12 hrs (B). Fluorescence signal of propidium iodide was not observed in culture until 12 hrs. Black arrows indicate the
location of cells. (C) Overlay and fluorescence images of agarose microparticle containing the cells. White arrows indicate the cells
stained with propidium iodide. The scale bars of the large images and the inset images represent 100 and 10 pm, respectively.
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FA] vhg 7]be] vlAlFAl GRS 0187k YREAd PEGDA 91ARe] Alx 63

o] Fwol 4gstA Hleg uldith thx Agow & v
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