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Abstract: Functional microspheres exhibit great potential in the field of smart drug delivery system. Till now, there are
challenges in developing cost-effective synthetic technique and functional responsive microspheres for delivery of various
drugs. In this work, we synthesized Ca-alginate/polyethylene oxide (PEO) microspheres using centrifugal microfluidic
reactor, demonstrating a pH-responsive drug delivery and release. To synthesize the functional microspheres, we have
fabricated a centrifuge-based microfluidic reactor which is simple, rapid technique for generation of the microspheres. In
addition, the Ca-alginate/PEO microspheres showed the selective response in neutral and basic condition and demon-
strated for encapsulation of albumin as a next-generation model drug. We believe that our findings will pave the way for
smart functional materials and targeted drug delivery system.

Keywords: alginate, pH-responsive, centrifuge, microfluidic reactor, drug delivery system.
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Z:8-(ionic interaction), A5~ “3%28-(hydrophobic interaction),
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# Ah(natural polymer)2} 2] ol € A = 2] Z(polyethylene
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IO E 754 Wedal, @i, Ty AX 55 EE9
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MZ. 712k (sodium alginate, C¢HoNaO;) 2 pH 4.01, pH
7.00, 22|32 pH 10.01 €812 Thermo Fisher Scientific
(MA, US.A)A 43kl AH8-3F T A 324 (calcium
chloride, CaCl,, >93.0%), Zg|o|2A-SAL|=(PEO, M.W. =
100000), 2128 53 v] A A (carboxylate 0.2 pm, Jo=575 nm,
Jem= 610 nm), ZL2] 3L fluorescein-isothiocyanate(FITC) 34|
7} o]FolX & ¥3 ¥ (bovine serum albumin, BSA)S
Sigma-Aldrich chemicals(MO, U.S.A.)ellA +A3HA . J4k
(0.01 M hydrochloric acid, HCl)< Samchun(Pyeongtack, Republic
of Korea)ollA] 43ttt A== mMYAE 32 255
(182 MQ) SHFT= AlF st ARt

A T18F OMIFA BES7| ME. 94 719 mAaA]
W87l = v o] AAE 1.5mL 94EE] FE
(Eppendorf AG, Germany) &l 2 cm Ao|2 Hgto] o]F
o7 23-Gauge(@17d =640 pum, W7 =340 um) FARS 4
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£ 50 mL Y412 FE(SPL Life Sciences, Republic of
Korea) 2] Tl GAFFE (1 cm x 1 cm) 7S THE0] 5
AR =28 AdEt o GIAHPEO &3 A1) 9
T 97] 8 ANZEA] 44 (epoxy resin, Loctite, U.S.A)Z
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2 Aol q,& FAHe] WAm), o SUWPEO 3

A 9] THAE (MN/M), paoys DZAHPEO &3 A4 2
U (g/mL), 123 g YA (m/s)S YERIT

ZrE-2AZILHPEO OIMIXIe] pH Bst QIZid A3 ¥
P&, 0.5 vol%e] AA At rkele] e ¢xI4HPEO
& AFAE AREste] PAIYAHE e ©]F pH
2,00, 4.01, 7.00, T2 10.01¢] A& T2 pH 274N 1¢
9] Z5-YRHPEO WAIYPALE 4RI 5 12A17F E<E 40 rpm
3] 2 RE7)(RT-10, DATHAN Scientific Co., Ltd., Republic
of Koreays 53l RH3AIA o|W|A] Ho|HE 255130t

ofSEI OMIUXF & R SHE. 0.02 wi% EHIo]
sHIE S e AF-LTAHPEO M YAE A8 e
= AFS FYst e S B 918 pH
7.00 $H5-& Yol 40 rpm 3] wHHS: Fal 1 g WA
Aol gk SN S FEsilem 9 AlRE o=
HEE9] S FE5] 535 B4 (Aa=495, Am=520
nm)S 33Tt

SA717]. A" 71N vAlRA] BRETIR S de-d
ZAHPEO PIM PRS2 33F SR/ 33] o) MlFstar 2
Z T AREEISTE SR E B4 vlola R EH|olE gt
(MRX A2000, K LAB Co., Ltd., Republic of Korea)2 A}
&l et 2 B FF olv A= =& #3lTY
CCD(E3ISPMO05000KPA, ToupTek Photonics Co., Ltd., China)
€ 75 334907 (Olympus, 1X73, JapanyS AMHE-31512H
Be3n|7d A ES)o](ToupTek; ProSciTech, Australia)s &
a3 BT oW|AE P53t FFE oMAIES ImagelE
o]-g-ate] A8t
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alo] A A o] AAREe] Ths Rt mAlA wEe71E Al st
Atk HARA] WES71E ARbA QL AR FRQle] 7
Az 7hsstH, A FEolM A 78 JE AR
2] 228 5ol A8l 7hesith(Figure 1(a). ¥4 7|
AURRe] L TS Bl F=se 94 (centrifugal
force, F,) W3O 2 nA=Zd] EFFo] = A7AL] &
52 F=d F slon nneE U] FAROA HpAe]

= = T[-
FHE (surface tension, F)E T 7hst A4S 53l 739
NS FAE = At olF AH 2 FARO=RE 2

7} o] Fo|AH Zg T8 oA o] 2asks Faf 33k
Y| E9 = (3-dimensional network)E A3} 35 ool o
Agk 1Y vAYPAE g P 7 Ak B9 ol g,
Figure 1(b)e} 7ol & Aol g vAlgats dd &
210l 714K sodium alginate)2t $4 ZEAQI Za]og#
SAto|=(polyethylene oxide, PEO)Z 1/ =o] At} &7l4t
< T8 a-L-ZFFEH a-L-guluronic acid)Z Z4(Ca”)
o] &3}e] o] 243 (ionic crosslinkingyS &3l 33 Tt
TZAE FATeEHA A 22 T F wiEe] 7Hsd
o] ek ** elar 4714t A5 7] (functional group) &
Slo]| =22 7] (hydroxy group, -OH)2} PEOS] ol (ether, -O-)
7] =243 (hydrogen bond)S B3l F-54 JE3F W
<+ Z(semi-interpenetrating polymer networks, semi-IPN)Z
Asko 24 7l Ui (crosslinking density) Ao)7} 7153171

(a) Centrifugal microreactor
aperation

\ Ca'”
—

au\\_ Tonie crosslinking
g
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(b) Ca-alginate/PEQ
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Figure 1. Centrifuge-based synthetic process for Ca-alginate/PEO
microspheres: (a) Schematic illustration showing the operation of cen-
trifugal microreactor. Sodium alginate/PEO pendant drop detached
from the microneedle tip when a higher centrifugal gravity force
(F.) was applied than the surface tension (F,) of precursor solution.
Sodium alginate/PEO droplets are immersed into CaCl, solution to
allow ionic crosslinking; (b) The formation of Ca-alginate/PEO micro-
sphere.
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Figure 29} 7ro] 9418 7|0t vjA|lfA] WH-&71E 58 =
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Figure 2. (a-d) Optical micrographs showing the shape changes in
the Ca-alginate/PEO microspheres depending on the alginate con-
centration and centrifugation (rpm); (¢) Diagram showing the rela-
tionship between alginate concentration and rpm. The gray area
represents the optimum condition for the generation of monodisperse
microspheres. Each experiment was repeated ten times.
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TS ellA 500 rppme] GAEE] S5 Bl T2l &
7L ] mAI PR FA % g1g = Uth(Figure

2(a)). =3 Figure 2(b)9} 7] 750 rpm, 0.8 wt%<] &34t
F=xA3 1250 rpm, 1.6 wt‘VH A7 RN B
A YRS A2 = At ¥ Figure 2(c)2t 2]
rpm YT 220 Welld 1.6 wi% o1 3 wit% ©late]
A4 Bz oA 78 (sphere)e] MIAAAE AT
T AUATh F7H O FE Figure 2(d)2} 7ol L 99| 27ox=
EEr(tear) B30 AR S ERIE 4 St webA
2 AAE nRo R dHEY S5 A7A Y] sEAAE
B3l AT Y F et FdRlolE 7S SRl

7hegh d713ke] FEAolE Sl nAYRte] FdAlo 7t
7Fs8S Figure 33} 72o] #R1E 4= o} A&} 1000 rpm
o] x4 °J*Lal Sz Yol 4715k g St
NZFE HEY(D)YZS 0.204+0.058, 0.095+0.050, 0.022+0.015,
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Figure 3. Optical micrographs of Ca-alginate/PEO microsphere
generation using various alginate concentrations such as (a) 0.8; (b)
1.6; (c) 2.3; (d) 3 wt%, respectively; (e) General trend of Ca-algi-
nate/PEO microsphere deformation (D) which is the ratio of (a) the
minor; (b) major axes of the microspheres. Each experiment was
repeated ten times.
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Figure 4. Physical size control of Ca-alginate/PEO microspheres. Optical micrographs of Ca-alginate/PEO microspheres composed of (a) 1.8;
(b) 2.3; (c) 2.9 wt% sodium alginate solution; (d) its corresponding results of diameter measurement. All microspheres were crosslinked in
5 wt% of CaCl, solution; (e) The correlation between experimental and theoretical diameter of the main microsphere (i.e., 1.8 wt% of alginate

concentration) after Ca>* ionic crosslinking.

223 0.024+0.016% QOJ%P At} o8 =3 ZH-g7
*P/PEO A YGARE | o] AL 23 wivollA HE 27A9E

AL o] % T A I 2-g-ate] Y3t
%‘ -24ZIAHPEO O|MIXte] =7[X[01. Flgure 49} o
AREshe ArAle] Aol Hse Ae-L7IA/PEO T
AJALe] Z715 AT = A FuFE 2g3th &3
AFA A L] FE7F 1.8 wi%ellA] 2.9 wi%= 578}

—_ =

3L PEOS] F=7t Aol wht miAQizke] 2717t 7S
Fs} oA E Fol Sk tH(Figure 4(a-c)). B A
387.74+6.12 umolA] 505.19£10.74 ym=z v|A|g F7]A|o)7}
7Fs3he ER131%9 2™ (Figure 4(d)), coefficient of variance
(CV) e Z+2; 2.12%, 1.99%, 283 1.57%=H US
National Institute of Standards and Technology(NIST)2] &
M 71 A 5% Hp W FAo| B ThEAk mA]

pH 2.00 pH 4.01 pH 7.00 pH 10.01

Bright field

500[}"\ itk

Fluorescence

o e

¥ % 500 pm’

—
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Figure 5. Generation of pH-responsive microspheres encapsulating red fluorescence polystyrene microspheres. Bright-field and its corre-
sponding fluorescence images of Ca-alginate/PEO microspheres to apply different pH conditions.
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I} 2L =l Aot ¥ 7124 0 = Figure 4(e) # (irreversible) WH-3-2 Sl THFeh oS W ol AljtH
S} 7ol Tate’s lawoll A% FAE = PIAdAL 7] o5 AL ek Agrelld A E ZE-LXAHPEO WA UAe
HlaE R A3} oF 24 ume] et WASkS BRI g AaHos $8 7}"5‘ 92 2Ishr] flal TRt
Jom B At dshs olfre ANt A9 gl pH 734 wlAI=Fe] RIZH (sensitivity)& 21 3H3A

0] 33 ole A% WAUES B3 YA 5= 8 (Figure 5). AP AT g °‘7J APEO WA A= 57

A AT mEA 2 Al ARk A 7N B (pH 7.00)} 0‘%}31*4(pH—10 01) B3 FA% F&S
AlFEA WES71= 7152l PDMS 7IWE BlAFHAL A (microfluidic  §8 FBUAF W&ol o] FeIX| 5L 2H (pH =2.00) 27314

chipy©# <3} 1] (encapsulator)S* &8 374N AR = FREUAE RIAIQA Yol fAlES B9l 4 Sl o)
sk Al A o Tt f71 8l 25E AEA ERAt = Z-YU2WPEOR A€ wAYALe] pK R S pH
M UARF A 27T 7FsEl 22F ME Aol Ha glow AdE oM e ek}l ZF8-(deprotonation)yS S8+ TEA} Al
o= 7hest Al FEAE S Ty g JaE ol23l FHE = g7 vl W& _‘?:]_)E}O] A=A
T k= AHo] 9 kst WAL 2H= FARE 7)4E 1) LA pH7} v UAE] pK HT =2 75 vA| YA = 7
Az AHEL0 24 A E= o71ak n|A|fe] B e Srlo] FHlE PR} FLEA WEEe selEt 4 gl
& A7|A Y7} 7Fss)) o mEbA 2 ARE Sl I ZAE-LIAWPEO HA

Z&-2ZIM/PEO OIMIYUXL pH 2IZbd ME. H2 o= YAe AFFAE FEAGAR &8 7HsdEs SHE
G A|RES pH 25 Y 8 Ty 2 Sulel# 7o Thok Pom, FAHOZ 3T (gastrointestinal tractyS 5+ oF
gt QRA=S E%}?}_Eﬁﬂ 7194 (reversible) =& 1|71 Edde] JaE A9 2 27320 2l (pH = 2.00)014] 2=

(a) =605 (B A
N
4.-; 100 pm
£ I
< =% 100 pm
20 100
(b) 0.6 mg/ml 0.5 mg/ml (©
T 4 mgfml 0.3 mg/ml sol ] , pH7.00
'; 1602 0.1 mg/ml i
j-'i 1.4} g 60 F
G| 1ap o : Py
= = i = a0t
£ 10|g » R*=0.9898 % pH 4.01
2 o8 2 b -4 | A . —
- | g A 20t -+ *
all - e pH 2.00
0.4 " ea o a0t of ofF e 1o 0F
Albomis (mgmly M M L I 1 1 I L I
420 440 460 480 500 520 0 200 400 600 BOO 1000 1200
Wavelength (nm) Time (s)

Figure 6. (a) Time sequential micrographs of albumin-encapsulated Ca-alginate/PEO microspheres under neutral environment (pH 7.00) at
different time intervals. (b) UV—vis absorption spectra with increasing albumin concentration from 0.1 to 0.6 mg/mL. The inset in (b) shows
a linear relationship between the concentration of albumin versus absorbance at 495 nm. (¢) Drug release profile of albumin-encapsulated Ca-
alginate/PEO microspheres. Each experiment was repeated three times.
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H-LA7ILHPEO O|MlXte| oFS4t
& FEZow Z¢-U7AHPEO HIAIIA YRR By o
Ql &EHl(albuminye FUPAIA AEF FEES g1
ThFigure 6). WA O0 2 YRS WA A X2 = A
Holl YA FxH] e @d F shtEH wddd, A
AAZ, 283 Al 5 uRe = AoEh AEy
gk slE T s Ak OFEE ARG AL Yt
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