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Abstract: The cell-instructed delivery system was designed to control the release behavior of cell by tuning the mechan-
ical properties of the cell delivery carrier. First, alginate molecules were substituted with methacrylates and mixed with
pure alginate molecules to prepare micro-gel crosslinked with Ca>* ions. Then, the poly(ethylene glycol) diacrylate
(PEGDA) was added to incorporate interpenetrating covalent cross-links in an ionically cross-linked alginate micro-gel.
Controlling the degree of substitution of methacrylates and chemical cross-links tuned the alginate micro-gel with varying
stiffness and toughness. This study discovered that the cells differentiated into neurons were hatching and released in the
alginate micro-gel with Wy (work to fracture) of 213 J/m* and E (elastic modulus) of 7.5 kPa. Overall, the results of this
study will be highly useful in designing cell-instructed delivery devices by systematically controlling the mechanical
properties of the gel according to the cell traction force.

Keywords: cell-instructed delivery, alginate micro-gel, work to fracture, elastic modulus, neuron cell.
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2] (proliferation) % ¥ 3}(differentiation)?]
A "ok? o) 5 8], WAl EZ, =714
ARARAE & HIAE T ohgSE Al o] A Bt
9 AEAGA] A7t Q=T U H2dE o
A stol=gAlol| AlxE FAste] i 2p7]ge] el Al
FAGE Aojgk A7F HAFHATH oo} o], MExe
g oFE(drugythe B8], B, 524 2 2315 sl7] wiel
AEAZRY A W S24F-92 HA 9 wo] HEHES
Aloete 71o] 87-Eh
ol AoME AlxdEA e 7AH E4S =E
Az w3 Awol wt W& Aot 7hs g Al
(cell-instructed) HEA| =8-S A A3} tH(Figure 1). Ca* ©]
207 7tuwd IA o] E nlo] A Z A (microgel, alginate-
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Figure 1. Schematic description of the cell-instructed delivery by tuning the toughness of an alginate micro-gel.

calcium chelate complex)S A3t HEZE Ul Fol B3}
3L FA 3 F3PL 7bs e s AlxsT. LAl e A
WA A7)} At dgo' A o I8 Zn*, Sr¥, Ba*
T Fol 7twA AR % A W F IPN(interpenetrating
network) FA" 59| thgs Wi oz AAY|o|E nlo]a g
Aol 2785 Aofehs A7t K= ST

2 AFoMe GAMIE rlo]azAe] VA B85 &
Ast7] Y&, gA ol E Expel v el 22 &) ©] E(metha-
crylates)S =YL &4 Ao E EAkel E§tsted mlo]
ARAE AT voprt, EejdlddlZgErotaE
©]E (poly(ethylene glycol)diacrylate, PEGDA)E 375l sh
&4 7% 7hssHER Skt GAMI0)E Akl EYH
YEel=Z Yol E #Ake] HEX(DS, degree of substitution),™"
T GRMIO|E EAtete] &3] 9 ek Tl s =
Halo] ThFek 74 (stiffness)@t 214 (toughnessys ZH= wlel
ARAL AxT 5 YU mlo]ARAd SYE AEe F
2] (proliferation)?} ¥-3}(differentiation) g ol Aof| 2H&
3l Al (traction force)o] S718HAl Atk A% Sl 3l
= Alxe A el bdatA B-d=le] Ak, Alxe] F
2] g 123} Aot I 5 oPdo] EH &S 7)3l(hatching)
=g 7+ e AEFEY JIA2HS AT 5 AU
2 MEZ2 ARMEFPCI2)E AL AoE 7]
U A EAEA Y] 7IAIA B 2 R 2= TRSAIEAIY
7], FARAAE R A 3 FEnAE S SE et & A
Tl ARbeE MEFEY AIr 282 AEX 840 a3t
2Rl A A o} A2 B 22 AN AT T st
wofe] &&= & Ut

iy

e

d

HEIZE 2HX|L|0|E (Methacrylic Alginate, MA)2| &HA.
LR 0] E (alginate, Sigma)E pH 6.421 0.1 M 2-(N-EE2Z
2] ol §H4 EAK2-(N-morpholino)  ethanesulfonic acid,
MES, Sigma) &&80l 1.0%(w/v)-Z Z7}slal wHkshd
A 30~40 °CollM &3] Salistitt. e Saf=H 42,
A4 t)7] lA 18| EEAMIZRER] 0 (1-hydroxybenzo-
triazole, HOBY, Sigma), 1-o1€-3-3-tjH| €olr| =2 )7}
2 xHrjo]r]=(1-ethyl-3-(3-dimethylaminopropyl, carbodiimide,
EDC Sigma), 2-o}v] =0l & | €} = & #| ©] E(2-aminoethyl
methacrylate, AEMA, Sigma)s 3] 78t 1827 &
o wRksHAA RESAIZIT Hhgo] € §, W-EAS F
FrE 397 FA (dialysis)yell & § $271%st HE=E
o] EZF HEE IHMlE EAHMAYE ATt A3 MA
+ D,0° =9 400 MHzol| A '"H NMR(Avance II, Bruker
Biospin)® TZ& A3t MAS] HEZ(DS)= 4kt
WEH (sodium hydroxide, NaOH, Sigma)S & 24 (titration)
sle] WHg51A] 22 COOH #H57](free carboxylate groups)
£ &3t Altsig

X|[0|E OO|AZH M=, &4 YAYO|E EA} T
T MASE Este] &AM 1.5%(whE A &
(pre-polymer solutiony A %3ttt & €4S 0.5 M 43}
Z+ 7 (calcium chloride, CaCl,, 2H213}8}) g0l F=A}17](26
gauge needle)& AME-sl] 2k EWE-(droplets)E Hojg
GAM|0|E o] AR A S A|ZaIith. wlo|ARA il 3}
84 7lws B9 PN S9517] 93, 2%(wiv) PEGDA
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(M,: 575 g/mol, Sigma)2} B7NAIAI] Irgacure 2959(Sigma)
0.1%(wvE F7tsted 5ds o R nfo]|a=Ag Al
gk & 10%7F UV(365 nm) FAFSFATH

LX|H|0|E O[T 2| 7= A S 24, dA°|E
nto|AZA ] 71AA E/42 TSR EAIE 7] (universal testing
machine, UTM, DrTech) & X5 o]&3sle] =33t} v
ANEAR71S] A 32 Al £% 0.5 mm/min, 8k H ¥
= 1.0 kg=Z Y3 ALt 4= 73 (Young’s elastic
modulus, E)= T+32 ©dA|9 3|Fd3t= Hertz contact
theory 2 (1S AH&-St S350

13
F= ‘3-‘(1—:’?-;5)132172 1)

o714, F= gAMICIE mle]azAle] Eo] ¥R 7Is|A=
3 (force), RS LAU|o|E nlo]A g4 ¢] ¥kX]|E(radius), he
oY, T8]T viE no]a EAle] ¥old: H|(Poisson’s ratio)
E UER™ rubbery theoryoll 4ztsled 0.52 71431

A o] E wlo] AR A 9] Q1A wlo] AR A o] B}k
(fractureyd w7k<] ©E3Eo 2 Q=] S48kt 71l
= 3(F)3 9 (displacement, AD) 4 & ‘pseudo’ &
& (stress, 6)2} W& E(strain, £) F41(2]2, 3)C.E A 33}
ARG o= mlo]lA 2 A & WY (high strain)o] 5701
A 471 (cylinder) FEN 2 73 5= dvhs 7ol 7191

ke

F
°T1L (2)

AD

6= (-b-;)x 100 3)

A7IM, dj= FEFS 7HP] A vlo|a2A 0] F4] TRA
Zarea)olH, DiE = A vlo]m 2 A 9] 27 (diameter)©]
t}. vlolazAe] gk wj7EX](ADy, ultimate displacement)
o] S} WY E FAo] WY O ZHE Wi(work to fracture,
I’y 7h& AXksle] 148& g5k

ufo]| I 24 o] WHAZ (microstructurey= A} 07 (FE-
scanning electron microscope, JEOL-7001F)2 o]-&3}o] 3
Zhstint.

LBME S ¥ MERSE 2 AVAAIEZF(PC12, ATCC)
£ 75 om’ flaskollA] Roswell Park Memorial Institute
medium(RPMI-1640, Biowest)?] 10% horse serum(HS,
Biowest)9} 5% fetal bovine serum(FBS, Biowest), 1%
penicillin-streptomycin(P/S, Biowest)2 % 7}Fgt v gl)S A}
£3}o] 37 °C, 5% CO, S0l w3t vjdet 21734
FAEZE 1.0 mL LA o] E A 89 (pre-gel solution)]]

ZEH, A428 A1Z, 20183

At - AR

2x10° cells == 7H7te] YAY|o|E mlo]A 24l 53}
Atk ojul, MA2]" Z2H (collagen, 6.0 mg/mL, Advanced
Bio-Matrix) € 03 mLE A &l F7lste] BYd€ A=
o] A4 IS AFA AEE BY3 vlo]azd e
phosphate buffered saline(PBS, Biowest)Z 2 A4 3}aL ul
Feloll g 2 SAXZT vl 5Y T, video] 1.0 pM
o] d Al E}<=(Dexamethasone, BioReagent)3} 50 ng/mL<]
7 A% QAK(Nerve Growth Factor-B, NGF, Sigma)E %7}
alo] AAMER] ke FXAA T ol NGF= 0.1%
bovine serum albumin(BSA, Sigma)©] Z & PBSo| o
AREBFAATE vl 2 F71R WA o, FEdn 7
(optical microscopy, Nikon Eclipse TS100)°.2 H¥EE9] F
217 27357 (neurite) 4732 AT AEE SYsHL 14
A7k vkl npo]|a 248 PBSE F W AlHs] F3L A0
A 1087 4%(viv) EELslo|= &9 02 74 (fixation)
3ATh 0.2%(v/v) Triton-X 100(Sigma) &S 2} 2] ale] A
Z IS =oFUT) vlola Aol AlEE 1%(w/v) BSA
folo g 30%7F H2]ste] A (blocking))| #15+1 PBSE T}
Al A H 8] =t} o] %, FITC7 B2 phalloidin(Sigma),
DAPI(4,6-diamidino-2-phenylindole, Sigma)E 12417} &<t A
glete] ATt G A Z= 333 P (fluorescent
microscope, Nikon Eclipse Ti)2 ARg-sle] #2193 ofH]
A& ImagelZ F44351T).

Ay o =2

HE3E 2X[| 0| E(Methacrylic Alginate, MA) 4.
Helmd AP EMAYE 5 EAYIOIE £4Jo] AEMA
= =95k Aoz dsItH(Figure 2(a)). Figure 2(c)
o] '"H NMR 443104 B A3} 7o), acrylates’t LA
Ulo]E backbonedl] A& 0E FEEHIZS AT + A
ot GAU|o|E ] v @97t Yeie 54 3 A(A:
-CH-)¢} AEMAS®] &4 ¥ =(E: -CH,-) ¥4 3k& ALg&ha
HEEE 78 4 AUtk HE(DS: degree of substitution)
= YAo|EL] vHg ©he] F2F 100709 acrylate AR X
e Bxlez Aot 2] (4)ellA v acrylate EALE X
e B9 FAE, mE A e 99 BASRES o)
&

F

r
oy

DS, 1y i(Mol%) = (m’i n) x 100 4
2 Ao A= acrylates®] HE=7F Z+2F 5 mol%, 30
mol%E ZHeE = F72 MA-5, MA-305 Hdsiic) &
33 MAS NaOHZE #7333 wkS-slA] S COOH 7}
= SA5k] A MolES| =Y acrylates®] HEZ7T ZHzt
4.5 mol%(MA-5), 32.0 mol%(MA-30)-2 13} ch
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Figure 2. (a) Synthesis scheme of methacrylated alginate via EDC
chemistry between carboxylate groups of alginate and primary
amine group of 2-aminoethyl methacrylates; (b) '"H NMR (D,0)
spectra of alginate; (c) MA-5.

2AX|H[0|E O|T32H M= ¥ 4 B4, XH|°olE v}
o|lARAL $F YAM|O|E A} ©E e MA}F &3tst
o droplet FENZ A &ML CaCl, SN0l Bojrmg] #| =3}
AT} Table 1914 B A3 o], dAY|o|E 2 ©50
Z e vlo]AZAL alginate-G, MAS} &E35tsle] wHE wl
o|AZA L MA-GZE 717} Wr sttt volrt, F7iA A <
PEGDAE H7I8lo] MA-GE AXe &, F718oz A
FE UVZE 7larsh mlo]laz4dle X-MA-G(cross-linked MA-
G)Z Wttt olwl, MARA}+= acrylates H 5 =7} 5
mol%2! MA-59} 30 mol%3! MA-30S AME-E &= 9lon), 2
A= MA-SE P85t rlo]A24(MA-G X-MA-G)
S AZ3ATH MA-302E MA-GE A3 73S, vlo]a2
Aol 7IAA 4o AXE T stet A ¥ A34E
HAY. o= acrylates® X3 MAS] @] 4157} 57

Table 1. Characteristics of Alginate-G, MA-G and X-MA-G

st o2 7t A¢e 4= 3= free COOH 7H27} 7H4s}
7] o Zo|t}. sHAIRE, X-MA-GE Ax wjol= acrylates
7F B2 MA-30 BAHE ARS-shd UV 7Ha = QIgE A9 7]
A4 245 7+ Atk

o|FA A3t alginate-G, MA-G= =717} B8O Z 3.0
mm Y2 Z 205 HoA] AT X-MA-G= =717} 2.7
mm ZEZ F7F AR THTable 1). = X-MA-G2] W%
7} UV 7ol €18 MASE PEGDA Alelel] IPNo] #4571
wj Fo]t}. Figure 3(a)e= UTMOE T8 2| wlo]a g0 7}
3l 3 (force)?t HPE W2 (displacement)S ERA ZA3o]
t}. o]& EUIZ Hertz contact theory(?] 1) 2J3)], Z} wjo]
Ag2A 0] PFAE(EYE ARSIt Figure 3(b)°] U=4%=
AE B, MA-GO] E 3k 7.5+1.1 kPa® 7.7+0.4 kPa Z
= HQl alginate-Ge} & 2ol & HolA] &= A& &+
ARATE. ©]= acrylates HET7F 5 mol%2 MA-55 AR5}
o MA-5¢F GAMI0|ES 5702 E§ st A=zt 49,
ol 7Ial 7Fs¢t free COOH 7077} alginate-G} H] sk
97.5%% Z zolE Holx| 7] wwoltt. AR, X-MA-G
o] 739 E %ol 10.9£2.5 kPaZ 33| T7lste A& 3l
g T =t ol A WU CaE QIgh B84 7Rl o}
Yzt MAS} PEGDAE 13 318+ 7hazt deowt7] W
o]t} o] ATAE HEE7} 5 mol%e] MA-58F 2%(w/
v) %] PEGDAE AH&-3liet, MAS] HE =9} PEGDA
o] &g s vl E @S 2 vlolA2A g AxT
T AUtk

Figure 4(a)= "tolZE2A ] 7haf) & A4 H9 FA4E&
‘pseudo’ 58 (o)} HHE(e)Z W3S FAolt}, 39 v}
o|m Rl g HEo] FoIAH Figure 4(a-1)7 7o] A
715 FEE 28 7 7] ", A2, 3)S ARgste] A
getsint. vlolazA o] ghkd wje] $¥ 2 WY ES 77t
ultimate strength, ultimate strain® = "8 3}e] Table 19 L}
BTt B3k wlo] A2 o] viekd wj7hA] o] 33 WYy
& FAle] Mo 2RE Wi(work to fracture, J/m?) 7+ Al
Ahated Aol Q148 S8kt Figure 4(b) A4S EH,
X-MA-G8] Wy ZH(159.5+68.5 J/m’p] 714 Lhe AS oF %
AT A UFo] [PNOZ 7tuEoe] &= (Eys S71HA
ok, 318k 71wyt Skl weh At E S 2 plastic zone©]
ZolE0] Wy 2 Wokxl Aol siME 4 Utk dnky
S & Maxwell modele]] =™, o] 7twE FAHH Ao A

Sample Diameter Modulus Ultimate strength Ultimate strain Work to fzracture
(mm) (kPa) (kPa) (%) (J/m®)
Alginate-G 3.0+0.3 7.7£0.4 490.1+£34.9 94.1+2.2 491.5+6.4
MA-G 3.0+0.1 7.5¢1.1 242.5+9.7 87.1£3.1 213.3+15.7
X-MA-G 2.7+0.2 10.9+2.5 186.1£51.9 78.8+2.3 159.5+68.5
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Figure 3. (a) Force-displacement curve of an alginate microgel
measured by an UTM-assisted the uniaxial compression force; (b)
elastic modulus (E) was calculated using Hertz contact theory (eq.
1) up to 10% strain.

I

& A3 (spring-damper) H&S HO|AR, FHA% 7=
AE AL Te 2323 (elastic spring) 75S HolA ©ohY
wf Z-of alginate-G] 7%, ™ & (deformation)°l|] WE de-
cross-linking} re-cross-linking g2 AA|™ =] FAk
(energy dissipation)®] &-o]3lo] AthA oz =& A4S 7}
Al €t 1322 X-MA-G= alginate-G} Hlws] & uff, 9}
SAETE I A8 @2 Aolgt & 4 ot g ZuE
A%, MA-G2] Wy %+(213.3£15.7 J/m*)°] alginate-G2] Wy
T(491.546.4 J/m )Rt} AASHA AAae AS AT 5 9
t} MA-55 AR83IA MA-GE THE317] wiitoll alginate-G
o] E 3t & AelE HolA| &y A viws) & uj(Figure
4(b)), W 32 alginate-GS| °F 43% H L2 FA 7HAg A
S & AUtk RS Y] AEE AR e
SE mfolARAS AT F U ovgitt ol MA #
2} %, acrylatesZ |3l 2.5%2] A} 917} defects® A&
3] wlEoltt. &, alginate-Go} Hlwsle] & wj, o] MA-
Goll 2831 de-cross-linking 22 X[t} defects T2
T WS 7EsA7)7] WiiEe R siME 4 Tk A8
Hog 2 AFoXe AlE FEF dEA|=FH ol 28517
$15}¢d, alginate-G, MA-G 2 X-MA-GE A3, (1) vl
g o AEE 2N Qo] e A A2 (2) A=

ofh

~ N

ZEH, A428 A1Z, 20183
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Figure 4. (a) Stress-strain curve of an alginate micro-gel was
acquired with the uniaxial compression until fracture; (b) work to
fracture (W) was calculated from the area under stress-strain curve
divided by the diameter of the micro-gel. W; was decreased with
MA introduced and further cross-linked chemically.

= EAN QAE we A AjaEe] mdlZ 7hzE ARSI
MEFTE MEAAH M= AAAEE 1.0 mL EA
o|EA galof] 2x10° FEE Z}7ke] UXA|Y|o]E wlo|aZA
b AR E7E A Y Fe B-AE o] s
)| o] Harh A Ae 7 wEE
Ue MEFEY ADGA "o R dAlStA} sl of
7.7 kPa®] ES} 491.5 I/m*e] WiS ZtE alginate-G2| 73-%-,
AZ7t A Y Foa Z24] 9 73} 3gS AX= oF 25 &
ot Ale] 27 QP Ado] FAFH O ME7E A vro g WE
HAE E3IAT) o= alginate-G7F A 2710l vls|] &
3 AAS zb7] wjioln), B 159.5 Jm’e] W e
[e]

2
=
o

L
oo e
A% AES) Y 8 3

AA7F A ekE] 7] Wil Wi
of YH M2t AL M WEE 5 ATH(Figure 5(d)).
ThH o), alginate-GoF B3 °59] s ZEA IR Wy 3
43%2 g A A|2Eel MA-GE A9, A YoM AE
o] s} S2o] gH o= Z18Y =3 (Figure 6(a)) ©1F
A T AE 3P AAEHUS o, vie]a=Alo] 714
A7t s AE A = Sl WA, Figure 5(a)
o} 7Ho] MA-G A g /g <F 2x10° 7] AR EE

7
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1 Hour 3 Days

(©

Bright field DAPI(Blue) Phalloidin(Green) Merged

Figure 5. (a) Microscopic images of PC12 cells encapsulated in
MA-G; (b) FE-SEM image of a MA- G freeze-dried; (c) fluorescent
microscopic images of PC12 cells proliferated and clustered in the
MA-G. For fluorescence microscopy, cells were fixed and stained
with FITC phalloidin (cytoskeleton) and DAPI (nuclei); (d) micro-
scopic images and MTT image of cells encapsulated in X-MA-G.

BYsted 37 °C, 5% CO, $HdellA vlg3iTt. Figure 5(b)°]
SEM oJu|AJol|A K= A} ZFo], A Wi-7} 33+ U ES
A FEZ 7]F (pore)e] & o] A7 wjZell, Axe] &
2lo] ghks] z18)E = AT} 47337 2= Figure 5(c)
o] A ofmAlol A B A3t o], SHAow A H S
215t <F 100 ume] M| F&2F(cluster)E FJ gt vl
& 5L HH, vkl HatrElE NGFE 3 71ste
AR ERS T35 FIAA FUek 2 AR Al2e] &3}
7 AR HHA A Z7A1H o] F7tste] Aol 7jx]7] A &}s)
= A RIT F Ah(Figure 6(a)).” 7§71 AL SEM ©]
PR 2 Gleh A R 25 sito] JgE RS e
4 Atk(Figure 6(b)). ©1& Figure 6(c)olA B A3 7o,
Al SH B RFE AEE7 ] (neurite)t A37dste] A2
o] Z7151%17] wfolth(Figure 6(e)). ¥Ha, AlZ7} 8-
A e AL wigedell 22 o] FAHEUT &,
Mo F2 2 B3ls 53 F M 272 H(total traction
force)°] MA-GS| Wy #ETh 2 u, Ae] hatching®] =
T A 4= k. o FA| wshE A Ee] g &
AR A ZHA I FEste] AAFZ HANMI,
neuromuscular junction) 7ol &2 4= k>
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Figure 6. (a) Microscopic images of PC12 cells in the fractured
MA-G at 14 days. PC12 cells were differentiated with NGF; (b) FE-
SEM image of the fractured MA-G; (c) fluorescent microscopic
images of PC12 cells in the MA-G; (d) phase contrast images of
cells after NGF treatment; (e) neurite growth identified with the
length of neurite in cells.
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