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Abstract: In this study, sequential cross-linked collagen gels were successfully prepared with collagen, which is bio-
material, and acrylamide (AAm), which is a synthetic monomer. The elastic moduli (E) of cross-linked collagen gels
were increased from 1.5 to 3.0 kPa by varying of AAm concentrations. In addition, human dermal fibroblasts were en-
capsulated into the porous pores introduced into the gels, and cell growth and behavior were investigated. Increasing
E of the gels led to decreases in cell growth rate, while the cellular glycosaminoglycan (GAG) production level was
elevated. Overall, the growth and cellular activity of skin cells were influenced by the extracellular matrix properties
of the collagen gels. In conclusion, these results will be highly useful for designing reconstructive skins and various
tissue engineering researches.
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ditx o2 Fepal AL 27 =5 ot ddlsiel=
(aldehyde)E Zt= #-2 7}l A (cross-linker)E AH8-314
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o ekA] ggal A Qo] Holle dH|sto|l = EAbeo]
Alzzoll F4d& Hol= ARl tHe6,7]. wlEel, &
Aol A= StolE2A 7He] A&Ttn WHE E9
st Fepall Ae] 7AA EAS Alojste A
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21, AXJnE Seot slo|=27H 7|8te| 2kl 2 M=

== A A(pure collagen gels)> A-2(4 C)oll A
SRl 8H(collagen type I, 6.1 mg/mL, Advanced
UsA)dll 4 Fe] RES 58
(reconstituting buffer solution)S H7}3taL 37 ColA 4
h &%} incubation 3}] A =3} o714 RES 25§
-2 0.26 M2] NaHCO; (sodium bicarbonate)2} 0.2 M2]

BioMatrix Inc.,

thEkaladEek s A, Al 449 Al 1 &, 2018

8 - At - dES - @

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
0.04 M2] NaOH E3-8-9 02 FHstgth. stoj =24
71Hke] el AS A zsh7] 98, G2 acrylamide
(AAm, Sigma, USA), 7}lA 2 N,N’-methylenebisacrylamide
(MBA, Sigma), 7WAIAZ Irgacure-2959 (Sigma)E AH-&-
3tk HA, ol;do}:_/] oA 8N 3 RES =89

< 1.0 mm FAE 2= F 719 spacer7]— 0] Ay

of EQel E e A Bo BE F 37 TIA
30 min &<} incubation st ZEbAl AL A Z3}H T
o]%, AAm¥} MBA EF& QﬂPﬂl Ao

=
A & Hol 3 min E% F2H A Aol S
2HEES shalth olul, 714l MBAY| &=
(WV)E TABIL AAme] FEE 5-10% (w/v)= ThF
SHAl 243ttt vl E .2 365 nme] UV (UV lamp,
Vilber Lourmat, France)E 10 min &%+ ZAst] &}
A A YFEANA AAm THFAE 3 H(photo-polymer-
ization)g 0.2 X, slo|=2A 7dte] FetAl AL AL
Zhal PHOo 2 A xSt o|FA AxH A A7A
8§ mm, 77 1 mmE TFA3et E4 B4 % AE
A ATl AR

[o

ot

2.2. LRMZ =X & Hi

AL7t HFES AA Az Sl Aol sEx
HA& F3l HFel o34 73S =48tk dxd
ZAL8- UVZE 10 min 59 E T (sterilized) A Z T} o] 2 A
34 71Ee] =49 dx Fpl AL JI9AE &
S W2A Frstes SO T S(swelling)st7] =
o, IAFAZE A U F-o EF(encapsulation)T
Atk WA, 3]/ F-obM| Ehuman dermal fibroblasts,
HDFs, Gibco, USA):= M106 (Gibco) Bl ol 2% (v/v)
low serum growth supplement (LSGS, Gibco)S} 1% (v/v)
Penicillin-Streptomycin (P/S, Biowest, France)E& 37|35}
o] 37 C, 5% CO, 7oA wjFatqATh. o] F A vt
AZE FEH A 89 1 mL F AE 1.0 x 10° cells &
T2, dAzx" A o =X(100 uL)ste] Aol &=
BNl A Ho AEZE FAANRAY AZE TS
234 A2 phosphate-buffered saline (Biowest, PBS)Z
29 M ZSFaL LSGS % P/S7}F 71 M106 1l ke of) A
2% 52 37 T, 5% CO, $H7elA] v L3ttt
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2.3 S47tm Bapl Aol B 2
sfol=24 s|uke] ekl Ao /AN BHL s

A S A 7] (universal testing machine, UTM, DrTech,
Korea) AA| & o|&3l] B3It = A= S8
Skl '3}°]EE’QL°‘ 273 8 mm, 77 1 mm= A3k
om Z¥zt F 570 AES AlRtste] S5k REsAl
BAE7O A T2 SAAY AFRIE 10%, A8 &
= 0.2 mm/min, 315 W9 1.0 kg2 FL3HA & 8313
o A&7t S A o] Ul BT Z=(microstructure)

TANZE ¥, FAAAA R 7 (FE-scanning electron
microscope, JEOL-7001F, Germany)< ©]-&3}o] 25}
At

L

R

2.4, 27t OHE St 2ol MIAE 2
AE7d TdE Fep AL LSGset psh ke
M106 B FH-& ARE-3F 37 C, 5% CO, S olA Hl
FtATh WAL 2 days T2 wA P o Bt
A w] 7 (optical microscopy, Nikon Eclipse TS100, Japan)
o= AExEo 43 4 dERAYT A UH- Al
X djA=-s(cellular activity) gelslr] $I3h
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, Sigma) 412 @sgs}sar:} MIT &9-5
wFHell thHl 10% (vv)E H7FeE F, Al&alA 37 T,
5% CO, &7 A 2 h &t WA o] F, AlXZ ly-
sis buffer 10% (v/v)E 7}k 12 h &+ A2t 5
31 ELISA (Thermo Scientific, USA)E AF8-3+4] 570 nm
oAl Zt A|5.9] optical densitys ZH3IATE ThYF
=0 mE 9 FotMEe] GAG BA B8-S
1371 23, vl 14 days &, alcian blue 94 £4
FYSATHS]. AIEE B3l 14 days 7F B3
ol=24 7|Rke] bzl AL PBSE Al W AlHs)
3 Lol A 10 min 7t 4% (viv) EELH S0 = &
S & X (fixation) SFATE ©]F, 50 mMS] MgClL (pH
5.8, Sigma)E 7} 50 mMS| sodium acetate buffer
(Sigma)E &= 0.05% (w/v) alcian blue (Aladin, USA)
£ 12 h &t Agste] A8t AR AE= ¥
3 1) 7 (fluorescent microscope, Nikon Eclipse Ti,
AH8-3te] AZSER L o] B A= Image/ (open

source image processing program) S 2 E-A 5} T}
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d=8mm
Sequential cross-linked
collagen hydrogel

—a)

lFreeze drying
HDF cell suspension

encapsulation by swelling
7 (d)

cell solution(1.0X105cell/mL)
+ collagen solution
Incubating 37°C
(30min)
Swelled gel
|- 4 |

structural

Preparation and characterization of

Figure 1.
sequential cross-linked collagen gel (A-B) and HDF cells

encapsulation into a freeze-dried gel (C-D).

gt (error bars)= E=
Gell sl 5709 A= %Xé o2 YeEpf it 57
-2]4d-& Tukey’s multiple comparison testES &-8-3}<]
AR SATH*, p < 0.05).
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3.2
31 CIQkSH ZE 2 ZH= §jo|=2X 7|Hto| 227l 2 M=
H AFoA = slo| 24 7|vke] A4yt S
=9Il ZebA Ao 7AA BEAL Aojl= AYS
sttt 94, Sl Ay ofgdolntol= A&
in sin® A&7tn AFA, okt Ars zk= Zahal
AL zﬂzg 91T sfo|=2A |uke] ZakaA A
S A z3H7] 9, A 9o ZebA N7} RES
BTOAE 83} FeA AE Az, oI F,

AAmI} MBA &3t9& Zepz Ao =
o] UVE 10 min &3 At ZEh2 A yjFoA
AAm THFAE B3 FOoFHN, sto|=2A 7]Hke]
2 AL ALVt WHOZE A 23 thFigure 1
(@). °12A Az Feba Ad FAAx HH L T3
Yol o534 7188 U3 thFigurel (b)). TH-A
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Figure 2. Effects of AAm and MBA concentration on the
elastic modulus of the gel.

=909 Az e A2 A E A4S w
F(Figure 1(c))dh= Aol *Y&3HHA X1 A)
A el 23T 5 AATHFigure 1(d)).
Figure 2014 B+= A3} o], & AAm sto| =24
< AAm TEFA| 9] w29k MBA 7hulA| €] F ol ulhet
Ot AEE 2R AR = ) dEFA Y] s
£ 10% (wv)Z2 A4S 7taA o] B2E E7HA7H
slolE2AS] e wS APHor FUleh Bt
olyzl, 7luwAl 9] FEE 0.1% (wiv)E TA S T
AL FEF FTTMAR Sto|E2AL s Y F
ASATE B Aol M= 7taA < 0.1% (WV)E
A G 0] BEE 5% (wiv)olA 8% (wiv)7HA]
7N A Zepl A AE7ka AlF T Figure 3(A)E
ZehAl Ao] M E(compressive strain, %)°l Tk 8-
(stress)= AT AAE HAFI ok Sl Ao
4 B E(E, elastic modulus)S HEE] Tt 3-89
H|Z ALt 2 Al gtk SA-9 Baaks el
ot oju, sto] =24 7|ute] Fepdll Ao] el A
(affined network model) & Hol= WHEE 10% ©]s}oll
A Z3 3He AATH9). 2 A, Figure 3(B)N A Be
A o], FEhal Aol AL7tuE Tt =949
AAm 557} S7Fekel Wt 1.5 kPaoll Al 3.0 kPaZ7tA
St AEE 2t S I 7 AT Figure 32
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BA AEA AF
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fu)
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Figure 3. Mechanical properties of sequential cross-linked
collagen gels. (A) Compressive strain and stress curves. (B)
Elastic modulus (E) of collagen gels, varying of AAm
concentrations. The Cont. represents the pure collagen gel
without AAm.
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Figure 4. Scanning electron microscopic (SEM) images of pure
AAm hydrogel (A), and pure collagen gel (B) (scale bars =
1.0 um).

Figure 5. Scanning electron microscopic (SEM) images of
sequential cross-linked collagen gel (scale bars = 1.0 um). The
microstructure of the collagen gel shown in (A) was further
magnified in (B).
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Figure 6. (A) Phase-contrast images of HDFs positively stained
by MTT reagents. The image was captured after 14 days of
cell culture in sequential cross-linked collagen gel with 3.0 kPa
of elastic modulus. (B) Ratios in the number of HDFs
remained metabolically active in the gels over 14 days. The
cellular metabolic activity measured at each gel was
normalized to the metabolic activity characterized in pure

collagen gel.
I Fol 7hsd 3Akd M ES A Fx2 & 5 Aok

=7t CHE S22k ZolMel MEAS =4

5237 T, 5% CO, &7l A vttt zt
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sl 25 L HlYE F MTT assayE 3R
(Figure 6(A)). Figure 6(B)= 3to] =24 7]uke] Ze}7l
A Ao mE FiAd AE tiAEE JEol o
& AFE HAFET 15 kPad ZHe FEhal Ao A
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cellular activity of collagen gel (1.5 kPa)) 2 2] 7o
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