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Abstract — This study investigated the effect of different collection methods on physical properties of pectin hydro-
gels in microfluidic synthetic approach. The pectin hydrogels were simply produced by the incorporation of calcium
ions dissolved in continuous mineral oil. Then, different collection methods, pipetting, tubing, and settling, for harvest-
ing pectin hydrogels were applied. The settling method showed most uniform and monodispersed hydrogels. In the case
of settling, a coefficient of variation was 3.46 which was lower than pipetting method (18.60) and tubing method (14.76).
Under the settling method, we could control the size of hydrogels, ranging from 30 um to 180 um, by simple manipu-
lation of the viscosity of pectin and volumetric flow rate of dispersed and continuous phase. Finally, according to the
characteristics of simple encapsulation of biological materials, we envision that the pectin hydrogels can be applied to

drug delivery, food, and biocompatible materials.

Key words: Microfluidics, Pectin, Hydrogel, Collection method, Monodisperse

ru

=
A A %] 33 (biocompatibility)y & 2 &

To whom correspondence should be addressed.

E-mail: rhadum@cnu.ac.kr

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

‘Equally contrlbutmg authors to this work

740

Sh Thoke ok 4851
BRI kS G sl
2 woln] A B4 ute}
A7 27 sk o) ow} 1.

SolmrAe g4 Afrow WAk F2E FAa 5o
Ce AN A AN AT AL T

Q)TH1-

TZE FAshs B4 sto|E2 AR vy olIt), o] F o]
7HEE k= thaEA] Rl A Ak YA v|o] E(alginate), 7] EAY-
2] g]41(chitosan-polylysine)[5], 71 Ext-S 2] A& ?l’&oé (chitosan-
glycerol phosphate salt)[6], & (pectin)[7] 5-°] A.EH & =7l



S AN A el e =)

A FRE ARSIt FRIS A5 AxE, TR Al A
A 9 Abg Fof] ERfehs A thdRE, oHe 9 ulo] 4] S
thatA 285 Tl E20]TH8,9].

UukA o 7 slo| =2 A mlo] A 7 YRE A s BHS g
HkAY &%) (electrostatic generator), -F-3H(emulsification) % 2], 5%
715 (coaxial air flow) 5-°] 2708 v} 9).om[10,11] A7) W
How sfoleg mpo] A% IAE RhE 75 thiAbd & 2ia A
7] o] offrh= sl o] qlrt. o]2l gt 7] EAlE> MEMS
71aEe] ulAlF-A] Al 28 (microfluidic system)s 5314 1A g 4=

ATH12,13]. IAIFrA] ] 2] frAlls v dlole= 5 7}
A7) well 75 Bk, A= AolX] Wi 7 7AY] E5e
ustA Aol = ek vAA A A AT Sl E

1=}

Zk= 9] so| = AL s MRS 7, oFa e o, A
2] s E sk Aojd Qs A =4 A AAAZ A
84 7 lom, o] F Fall AT B} A o5 gl AA7E &
olshehs A7o] At 14-18]. neba] et 278 2k sol =
A A FE AR Lol Al H-S-S WX slar, Ju sk
AFE 7] Adl vl Fos AFR o AR AL glow wAfA|
AAE o] &3 sfol =2 A AR Z WHHL AR EEskA A
T3 QlTH19,20].

7= U]H]T"riﬂ 2] 716ke] sfol=m A A W O R
gt A A I 7w TS AT SAER] e e €
ok A 01%3}04 sto] =24 YAE == W ol A ]
5 A5} (internal gelation), £J5- 2131 (external gelation)©.Z -
g ATH21].

A& 5ol Z4s 7AlZ AREshe A9, i AshHe 1
A} g Yol $hejel Zrelo] AMdellA o] &stxlo] vt o] sk
71z o] 2712 Whg-sh= Al Wttt e i A2 AR
B Abo] oJ8ko & AL} 7] EF AR Hx]_oﬂ oJBES m]%] 2= 9] O

= T M—

¢

], 71414 o] S miA R AZXE SlsiM e o] 2
FAE AFESloF sh= THdo] Sl [22,23]. tﬂ QY- AspHe 7+

4 o]&o] A} npgolA] QEo . gAlwo] Aslsh= Zl o wM 4k
3 NI} 2E F540 24 Few o etk v o] W
AEAHEAIO| E, FE 5)E o Ao 4
G Tpolgll = FHEE AR RS o) b Tk R 92
% Al HEkE o] st 718 AAE 7] ofHaL, @
47} 2 o] o] FolE 89 Ale] o] AlelA vt @3
2 A3} HHA mg]rt Qli= o) whEo] A = lh24-26]. et
A o] 24 7hﬂ%— Sz Slo| ERE AL 7)ol FtA 0w nt A gl
FTHow F7E uf 9] EEFQl S S
sto]| =g A 0] yAJo] o] Fol|H], o= sto| =R A L] T &
A7 )E A o= ol Adgo)t)
2 Oﬂw%ﬂHL 71E2] A W] 7k EAEE sidstaat Al
FA WS Sl Az A slo| =24 Qe el &

¢

_,_|>4

4% W, A8 ol 7= 2 olio] ikl
M 2218 Ag0 R ALESle] i AN 1[27), oI F 22

ulo] S8 (pipetting method), %E‘ﬁ (tubmg method), 78] 3. 3
A (settling method)© 2 A Ft}. B3l 9731 THEAMA slo| =
2AS AL T e JAHYE o] gsto] nAfA AR oA F-5
G&o) A 3H 7y A AlE A o] 7] FHo) 7feds
Rglom Azg =AY slol =g Qi} qhel AA) BAE BH L

©l Sol=wAl Ao 54 wla 741

2 3ZA7|3, 13k o] slo|mR2AS Al Fsh=d TS
S i
2 Jél =2 |
2-1. M=

A sfo] =7 A YAFE AlFxh] 918l Aol ARE-E calcium
chloride, mineral oil, sorbitan monooleate(span 80), Polyethylene
glycol sorbitan monolaurate(Tween 20), Fluorescein isothiocyanate
labelled bovine serum albumin(FITC-BSA)<> Sigma-aldrich(MI,
USA) A -1l 3191 T}, Phosphate Buffered Saline(pH 7.4)%= Gibco
(Grand Island, NY, USA)°l|A -9 &}33 T}, Poly(dimethylsiloxane)
(PDMS, sylgard 184):= Dow corning(MI, USA)o| 4] T+l 5} A}
831131, SU-8 7133 A (photoresist, SU-8 3050)$}F &34l (developer,
SU-8 developer) 299 Microchem Crop.(MA, USA)ol|A —ulj &}
St} A-mEA olwl3} #El (Low-methoxyl amidated pectin, LM-
106 AS-YA)Z Jupiter International CO., LTD.ol|A] |58k},

2-2. O|MIFA &R MIZ=

v A2 AR = A A A2 E ] 4185 (Soft-lithography)
3785 o]g3to] AXSIGITE PDMS W2 miAH HEE IR A
12857 (Photo-lithography) 382 ©]&3F%] 90 ym o] 2 A 23
on §7twlo] AR B wpAE EE 9o PDMSS A Al
10:18] ¥]E2 412 A} EE2 o] 65 °CollA oF 12 A3 &
ot 7hwAIZITE. 0% PDMSOl 217 1.5 mm =17]9] FAl ) 7S
¥1L, PDMSE oMl 29§ 2] 7183} aha Eebzat A2l sl
=0 vARA A5 ATt

2-3. JL“EI o}oljﬂl lel. X‘"_’E

B Aol AGE el so] =2 QiRR TRl B oA
S A3 B ALATHFi. 1). A2 Aol i F fAR =)

pipetting

Fig. 1. Schematic images of collection methods. A schematic images
of the collection methods including (a) pipetting method, (b)
tubing method, and (c) settling method.
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Fig. 2. Bright field images and analysis of generated hydrogels.
Optical microscopy images and size distributions of the pectin
hydrogels formed by the each collection method. The scale bars
indicate 300 zm. (a) Optical microscopy image of hydrogels
harvested by pipetting method. (b) Size distribution of hydrogels
harvested by pipetting method. (c) Optical microscopy image of
hydrogels harvested by tubing method. (d) Size distribution of
hydrogels harvested by tubing method. (e) Optical microscopy
image of hydrogels harvested by settling method. (f) Size dis-
tribution of hydrogels harvested by settling method.

T} oZ 7k A7E M Z 77E] A R AL vk 4]
Z35HA |TH28,29]. B v AFA] 3t FE7F A E
EToF A O R A o] Q7] wite] o] 2] Wk
oy T IS ol 52 T =AM
7HA] GO R el FrAl| W] HZo] Mz A EA
A3 st =R AL Th A
24y REE ugtz=2d
Bl = w2 A AstdE 5

ot

1011 rlO mlo
=

I T

o0l

i
*h

1

O
N
X
i,
£
3!
a0
[\
o
e
= oF
4 =2
Y

ox |o

= = = I

=
NA 2 ALt &S FAIE
M} Wb ¥ 31, S E 4 S (impact

ofo
2

al

A ok FE2 gko] Ao H]X] Eat A2 A=) whitel] UE
THI7F Ao 2 NALE 71 ] Boke] HERE 7

AL v A2 AL wel 329 v 4l
o7l wljET A 557 wlitol] 1} Gakde gdo] vhiis
FTE 4558 Y otk rulEgede gkt A A=
AlolA] ¢kar, 8- S uhet BA HX A "rkFig. 2(e), ().
o] wl, riilg e ol e AHE et GiA| HA A HwHA A2
ASE A o, HARIAS-E o F A "k, nul222(0.84 g/mL)
of Blal Wt Aoid oz & Ael A (1.019 g/mL) THof| <
& 7153 B2 Ao o535 Hrk, §A Bake AHELS

XA Fh30]
g e do] F43] 4




AR el A el whE H|l sfol =2 YdRke] 54 Wl 743

BHE FEl AEE NS v n s o, =g A A A (a) : (b)
she] 7] wiel]] S 22 B WEE HAST A slo]

E22 AE AxE 7 vk ol & F3l AlxH A" sfoj=z A

AA}= W F AS(CV, coefficient of variation) %40 5%R. T S

A& E15F3 01, u]=F NIST (US National Institute of Standard (

and Technology)°llX:= CV gko] 5%0]3td w] TheidS 2=tk S
Aefska glnhs1]. o)1= Bl FANE WE A wlol 346%=
TR B gpolAY R FEH B AT E o7 GHEAMS Zh= 5]
o|=w A A zol| freldh W S ERlskict.

32 FHE oISt ThEkd HIEl Sl0|=224 M R | =F
B QoA SR S0l E RS el g glol 5
A& = o)== 1pHol = A ELDN JALO
! E;_ ~ ) O;ﬁ A= g3l ol ‘__' ]-g_o]]»: _fj Fig. 4. Protein encapsulated pectin hydrogels. Encapsulation of pro-
RS s FowH vt V18 g sl mrAls Alxd tein (FITC-BSA) into pectin hydrogels. (a) Optical micros-
AATHFig. 3). AT ALAe) Bu]-f25 Ao] 9} ARgal= Akl copy image of the encapsulated pectin hydrogels. (b) Green
= fluorescence microscopy image of the encapsulated pectin
HAE] Z=Qolo lr_L:_E pe 0 4
B L_TE Hel TeE 1 Wt/op? 88 cP)°IIA 5 wi% (50.67 c‘:)ﬁ} ] hydrogels. () Composite image showing the protein encapsu-
A8l FOoEA TR 715 Zhs dE slo| =g AkE Alx lated hydrogel. The scale bars represent 300 ym.
& 4 9lgick.
WA 1 wisesh 3 wited] HE g ool Al fo]
Agel neh A9 2/t AP HOE F2BS AASNGL B A%ge] Rulfg 28 v]oh FARYY) HEE FONFE 483
Z10lM 8] ARl G2 A o7 59 nlgo] szof 57’ A9 = @ T dom, ARk fA19] BAS selgtowa S o
542w fek ol 2 Aug el o VST HYA e 1S 2 AW sl SR YA AR 5 Uk
o7 FHaahA) B oulaheh ke 5 wioed] g Fgole]a
AL/Fe] ol Tl whet N o] =717} A S| Akt 3-3. A 2 &elo] kst "El slo|=2
7F A2 A S glst = odvk olu, Abg-ehe HEl e B AdelM = el o] =22 A Wit E TS SHiAF
A% F71E AR UITE AAY SRS ) H), ke 5% o2 A BAY A 3 A9L A% AR 8PS
Kol v}, PR Aekg-# o] Frtel uhE ATt 543 Fig. 4% gRIsISit. A B4 T shpel wijde =89 AJejo]
Z7bSIE WA QYA oleldt A g4l BHS GOR A 3 TR AAE 5 Qo AEW JHE 1A EHe] 1
& AdolM e A5 5 SV el A2 9] A4717F 543] FEH 3A 2 QoL MR TH32). whebA S-S (moisture
ARSI A3 AP AP S BAR = Ak WA, TF contente] & SO|ERA U] BAL UM B 589
2712 2 A o|ERA A AT Dol BT Ak FAA TS| 33 P WL WA - 2
AP AR R8O URR 5 M| FEE 2 FITC-BSAS
200 = AAA AzSG 00 ARA FAE AR FATS B3 sol=
Wt
180[ O-3wi AL AZT 5 YTk AZE HE o= A Yot A
160 | \-5wt% n7g ofm|A] £AE Bl U A7) B T Eek(circularity, £,
~1)°1 FAE L SlEs FAE 5= 9lom, WdE U= B2
E M0r 9l A B4 3A3lo] o] Fol A e @Y AnA BAL Eal o
g 120} S (Fig. 4(a), (b))
£ 100}
©
2 sl 42 E
sor m\o\®\® B el 7iekat vl S Bgsle] slolYH, R
sl B, Aol nE AEl so) =2l Qabe] B4 Huo st
ol v o Sol A} FHEH S o] &5 7 WY o' Axd slo|=z4
1 2 3 4 5 6 7 8 9 10 11 _17]_ H]JJ_}G,ES U’H, ilz‘hﬁoﬂ 4 Z,: -] H]—lﬁ o7 Z—ﬂz‘ﬂ_ .ﬂ]];:]_ o]—O]__
Q, (1uL/min) o] 7hg WAV 2he Als FRIE L, Bkt A5t
B3] 0 4= 1) Q5= A }3_ o] A 4&5; ]
Fig. 3. Effect of viscosity of the dispersed phase. Hydrogels sized as TJ]TF—_‘ Ea O}f e 8 HE 2Es T8 £ A7)
a function of the flow rate of the continuous phase with differ- FHE T T S I
ent viscosity. Square, circle and triangle indicate 1 wt% pectin ol st A3% qﬁ H}ELO = % x-]lﬁ_% %5‘;_} :‘,:7_1 S o] &

(3.88 cP), 3 wt% pectin (27.37 cP), 5 wt% pectin (50.67 cP),
respectively. The flow rate of dispersed phase was kept at 2 uL/
min. oAdl oj=e] 3k Ed EReAky spol

Korean Chem. Eng. Res., Vol. 53, No. 6, December, 2015



744 AR )

sttt B3t o) 5 Fall A s ko] A EAS TS slol=
22 Ax7} Vs e BTl

H Yo7k 2 A8S Fal Alxg 2| sto| =2 gkl YA
R A A, T3 A SRE FEl Ad slol=w
WA= 248 SHAE F87Fsab, o= AAYALSold de =
sh= Aok, s, 215, AR, 123 AlA 2] thiol
SEEE AlmEM Z8d Zlo R Vgt

Al

O] ¥t 2015 % vz e o] Yoz AT A
71 %9 7-AF (No. NRF-2011-0017322)2] #|-€-& o} =3 %l
T2 olel] FAF =iyt

re et

References

1. Hoare, T. R. and Kohane, D. S., “Hydrogels in Drug Delivery:
Progress and Challenges) Polymer, 49, 1993-2007(2008).

2. Lian, Z. and Ye, L., “Synthesis and Properties of Carboxylated
Poly(vinyl alcohol) Hydrogels for Wound Dressings} J. Polym.
Res., 22, 1-11(2015).

. Lee, E. and Kim, B., “Smart Delivery System for Cosmetic Ingre-
dients Using pH-sensitive Polymer Hydrogel Particles) Korean
J. Chem. Eng., 28, 1347-1350(2011).

4. Enas M. A., “Hydrogels: Methods of Preparation, Characterisation

and Applications: A Review, J. Adv. Res., 6, 105-121(2015).

5. Bajpai, A., Shukla, S. K., Bhanu, S. and Kankane, S., “Respon-
sive Polymers in Controlled Drug Delivery, Prog. Polym. Sci.,
33, 1088-1118(2008).

6. Zhao, Q. S., Ji, Q. X., Xing, K., Li, X. Y., Liu, C. S. and Chen,
X. G, “Preparation and Characteristics of Novel Porous Hydrogel
Films Based on Chitosan and Glycerophosphate) Carbohyadr.
Polym., 76, 410-416(2009).

7. Allwyn, S. R. A., Rubila, R. J. S. and Ranganathan, T. V., “A
Review on Pectin: Chemistry Due to General Properties of Pectin
and its Pharmaceutical Uses.’ Sci. Rep., 1, 550-551(2012).

8. Munarin, F., Petrini, P, Tanzi, M. C., Barbosa, M. A. and Granja, P.
L., “Biofunctional Chemically Modified Pectin for Cell Deliv-
ery, Soft Matter, 8, 4731-4739(2012).

9. Ngouémazong, D. E., Jolie, R. P., Cardinaels, R., Fraeye, 1., Van

Loey, A., Moldenaers, P. and Hendrickx, M., “Stiffness of Ca*'-

pectin Gels: Combined Effects of Degree and Pattern of Methy-

lesterification for Various Ca®>" Concentrations? Carbohydr: Res.,

348, 69-76(2012).

Munarin, F., Munarin, F., Guerreiro, S. G., Grellier, M. A., Tanzi,

M. C., Barbosa, M. A., Petrini, P. and Granja, P. L., “Pectin-based

Injectable Biomaterials for Bone Tissue Engineering) Biomac-

romolecules, 12, 568-577(2011).

11. Silva, C. M., Ribeiro, A. J., Figueiredo, I. V., Gongalves, A. R.

and Veiga, F., “Alginate Microspheres Prepared by Internal Gela-

tion: Development and Effect on Insulin Stability)’ Int. J. Pharm.,

311, 1-10(2006).

Jeong, H. H., Jin, S. H,, Lee, B. J., Kim, T. and Lee, C. S., “Micro-

fluidic Static Droplet Array for Analyzing Microbial Communi-

cation on a Population Gradient Lab Chip, 15, 889-899(2015).

W

10.

12.

Korean Chem. Eng. Res., Vol. 53, No. 6, December, 2015

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Jin S. H., Kim J., Jang S. C., Noh Y. M. and Lee C. S., “Stagnation
of Droplet for Efficient Merging in Microfluidic System}
Korean Chem. Eng. Res., 52, 106-112(2014).

Wieduwild, R., Krishnan, S., Chwalek, K., Boden, A., Nowak,
M., Drechsel, D., Werner, C. and Zhang, Y., “Noncovalent Hydro-
gel Beads as Microcarriers for Cell Culture, Angew. Chem. Int.
Ed., 54, 3962-3966(2015).

Tan, Y. C., Hettiarachchi, K., Siu, M., Pan, Y. R., Lee, A. P,
“Controlled Microfluidic Encapsulation of Cells, Proteins, and
Microbeads in Lipid Vesicles) J. Am. Chem. Soc., 128, 5656-
5658(2006).

Orive, G, Hernandez, R. M., Gascon, A. R., Calafiore, R., Chang,
T. M., De Vos, P., Hortelano, G., Hunkeler, D., Lacik, Shapirol,
A. J. and Pedraz J. L., “Cell Encapsulation: Promise and Prog-
ress, Nat. Med., 9, 104-107(2003).

Vinogradov, S. V., Bronich, T. K. and Kabanov, A. V., “Nanosized
Cationic Hydrogels for Drug Delivery: Preparation, Properties
and Interactions with Cells} Adv. Drug Deliv., 54, 135-147(2002).
Sjostrom, S. L., Joensson, H. N. and Svahn, H. A., “Multiplex
Analysis of Enzyme Kinetics and Inhibition by Droplet Micro-
fluidics Using Picoinjectors)’ Lab Chip, 13, 1754-1761(2013).
Park, K. J., Lee, K. G, Seok, S., Choi, B. G, Lee, M. K., Park, T. J.,
Park, J. Y., Kim, D. H. and Lee, S. J., “Micropillar Arrays Enabling
Single Microbial Cell Encapsulation in Hydrogels, Lab Chip,
14, 1873-1879(2014).

Chau, M., Abolhasani, M., Therien-Aubin, H., Li, Y., Wang, Y.,
Velasco, D., Tumarkin, E., Ramachandran, A. and Kumacheva,
E., “Microfluidic Generation of Composite Biopolymer Microgels
with Tunable Compositions and Mechanical Properties,” Biomacro-
molecules, 15, 2419-2425(2014).

Marquis, M. 1., Davy, J., Fang, A. and Renard, D., “Microfluid-
ics-Assisted Diffusion Self-Assembly: Toward the Control of the
Shape and Size of Pectin Hydrogel Microparticles, Biomacro-
molecules, 15, 1568-1578(2014).

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

Chan, L., Lee, H. and Heng, P., “Production of Alginate Micro-
spheres by Internal Gelation Using an Emulsification Method?
Int. J. Pharm., 242, 259-262(2002).

Lin, Y. S., Yang, C. H., Hsu, Y. Y. and Hsieh, C. L., “Microfluidic
Synthesis of Tail-shaped Alginate Microparticles Using Slow Sed-
imentation}’ Electrophoresis, 34, 425-431(2013).

Mele, E., Fragouli, D., Ruffilli, R., De Gregorio, G. L., Cingolani,
R. and Athanassiou, A., “Complex Architectures Formed by Algi-
nate Drops Floating on Liquid Surfaces] Soft Matter, 9, 6338-
6343(2013).

Hu, Y., Wang, Q., Wang, J., Zhu, J., Wang, H. and Yang, Y., “Shape
Controllable Microgel Particles Prepared by Microfluidic Combin-
ing External Ionic Crosslinking] , 026502-
026509(2012).

Song, Y. and Lee, C. S., “In situ Gelation of Monodisperse Alginate
Hydrogel in Microfluidic Channel Based on Mass Transfer of
Calcium lons} Korean Chem. Eng. Res., 52, 632-637(2014).
Bremond, N., Thiam, A. R. and Bibette, J., “Decompressing Emul-
sion Droplets Favors Coalescence} Phys. Rev. Lett., 100, 024501-
024504(2008).

Y Biomicrofluidics, 6



29.

30.

31.

AR el A el whE H|l sfol =2 YdRke] 54 Wl 745

Liu, K., Ding, H., Chen, Y. and Zhao, X. Z., “Droplet-based
Synthetic Method Using Microflow Focusing and Droplet
Fusion} Microfluid Nanofluidics, 3, 239-243(2007).

Hu, Y., Azadi, G and Ardekani, A. M., “Microfluidic Fabrication
of Shape-tunable Alginate Microgels: Effect of Size and Impact
Velocity, Carbohydr. Polym., 120, 38-45(2015).

Choi, C. H.,, Jung, J. H., Hwang, T. S. and Lee, C. S., “In situ Micro-
fluidic Synthesis of Monodisperse PEG Microspheres, Macro-
mol. Res., 17, 163-167(2009).

32.
33.

34.

Zhang, S., “Hydrogels: Wet or Let Die}’ Nat. Mat., 3, 7-8(2004).
Thakur, B. R., Singh, R. K., Handa, A. K. and Rao, M. A., “Chem-
istry and Uses of Pectin-a Review, Critical Reviews in Food
Science & Nutrition, 37, 47-73(1997).

Agarwal, P., Zhao, S., Bielecki, P., Rao, W., Choi, J. K., Zhao, Y.
and He, X., “One-step Microfluidic Generation of Pre-hatching
Embryo-like Core-shell Microcapsules for Miniaturized 3D Cul-
ture of Pluripotent Stem Cells) Lab on a Chip, 13, 4525-4533
(2013).

Korean Chem. Eng. Res., Vol. 53, No. 6, December, 2015



