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Abstract: This study is to fabricate hyaluronic acid (HyA) hydrogels under the neutral pH condition in order to minimize
the degradation of HyA during the cross-linking reaction. Two kinds of HyA hydrogels (HPDM or HPEN), were prepared
with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM) or 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) as cross-linking agents, respectively, in the presence of
putrescine as a diamine. Amide bond formation of hydrogels in the presence of putrescine was confirmed by FT-IR anal-
ysis. The morphology and rheological property of the hydrogels were studied through a scanning electron microscope and
a rheometer, respectively. The swelling property and the degradation behavior of the hydrogels were affected by the two
kinds of cross-linking agents and the molar ratio of the putrescine/cross-linking agents. Cytocompatibility of these hydro-
gels on human dermal fibroblast was confirmed by MTT assay. In conclusion, the cross-linking efficiency and the bio-
compatibility of HPDM cross-linked by DMTMM were better than those of HPEN cross-linked by EDC/NHS.

Keywords: neutral pH condition, putrescine, hyaluronic acid, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholin-
ium chloride, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide.
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Carbodiimide ¥H8-2 dicyclohexylcarbodiimide(DCC)<} 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide(EDC)/N-hydr-
oxysuccinimide(NHS) 502 3|&FE4e] 754718 €4
shste] ofRl7]e] EA) slol| oputo| =75 YA st= o4
HReo g, e 3hekA Zhal W Eok dsial ghE Al A
o7} flthe 3ol Uk ol Hlag Aol F= A
%= DCCAeF Bt} EDC7} 8| U724t 22 2194 M85
7t sk A eetral A = Stk 4-(4,6-Dimethoxy-
1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride(DMTMM)
o] A%, 7HA71E 24 3516te] N-methylmorpholiniumS
WEshal ofrl7]eke] Wk3-5 Fal| ofwlo| =75 P sk
5 EDC/NHSO| ©]8t carbodiimide WH&-3} frAlatch2
DMTMM$- o8-8 7ka-2 EDC/NHSE ©]8-gF 71l
Hlel F8gellA P olet Barw s lvk® Jefu ofwlo]
= 4L T KARI 7lE $EiME DMTMM % EDC/
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s A iAol HL diamineS ©]&3tojof dhu}
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ME. S|LFE2 JEFMw: 1500 kDa, Lot No. 53747),
putrescine diHCI, N-hydroxysuccinimide(NHS) 2 hyaluroni-
dase(Lot No. H3884)= Sigma Aldrich*H(USA)°IIA1, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide(EDC)& tH7 3+
(Korea)ollX e8I T). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-
4-methyl-morpholinium chloride(DMTMM)2 FUJIFILM Wako
Chemicals(Japan)|A4 )l 3}$3 ). Fetal bovine serum(FBS),
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penicillin-streptomycin solution(PS) 3 trypsin ethylene-dia-
minetetraacetic acid(trypsin-EDTA)E= Welgene(USA)A]
3132, Dulbecco’s modified Eagle’s medium(DMEM)&
Gibco(USA)NA el &t 3Att.

S|UFELE SIO|=E2RS| M=, 200 mge] FUFEAE 9
mLe] SFFll 4 °CollA rotary shaker(FINEPCR, Korea)S
ARE-ste] gollo] Frdald wj7lA] €dd] HodF}lt 9mL
o] putrescine diHCIZ 1.1, 1.5, 3.02] 4|2 3|LF24F 5=
gNof| 715k, 4 °CollA rotary shakerS AF&-3fe] 2 440
FAct &3 g9 1.1, 2.0, 4.0 E¥]¢] 718 DMTMM
= EDC, NHSE A U2 3] YolFal *42(20 °C)
oA WESAIZTE A AIZE o] %, WHg-E-5 80% EtOH
(Merck, Germany)3} 1x PBS(phosphate buffered saline,
WelGene Inc., Korea)Z 33] WHE- A& gk 3o -80 °Col| A
overnight &%+ 43I0t} 49 sto|=24L 4947 54
Azste] o] F gl A3 TtHTable 1, DMTMM E&
EDC/NHSe|| ¢Jall Alx=% slo]==42 7+t HPDM, HPEN
o7 gn).

AZAA] Bl A S 913k 94 22| HPEN A|52] 73
T, 7} sfol=2A4ls F4317] Aol 1 mM HCl(pH 3.0) &
NOZ £ A2olA] orbital shaker(BioFree, Korea)S ©|-&
sto] AZF AEg &, 7 slo| =2 A4S 1x PBSE &7 33
HHE Al F sk M HE 7 sto] =2 A S -80 °Coll A
overnight 5<%t 243137, 447k 54 713314 70% EtOH Al
2 T AEAY A7l ARSI

Fourier Transform Infrared Spectroscopy(FTIR) &41.
S|AFEAL sfo| =2 A o] 7twnkge ok s}ekA <l Agt +
ZE I S8l FA1x 54 ol=2d e VHE
Fejo] S|YFEAHS iD5 ATR spectrometer(Thermo sci-
entific, USA)S A&t 32 scans Z710A Z4 &AL}

Fes 2N pHe| FF w2 S|UFE4] zero shear
viscositye &R1817] 2l3ll, 1%(w/w) 31E¢FE4t 78S 1
Aol ARSI Bl YFEAL FEHE HWHHOE pH 6.6-
6.7%2 =4 = 32(Orion Star™, Thermo scientific, USA), 10
mM HCl €02 717} pH 5.5, 6.52 243} slo|=24
Az Al 9Rg- 27191 73220 °CPllA 1, 3 &<t 7oL AF
o] ARE-31%th. Rheometer(AR 2000, TA Instruments, USA)
7171& A3l A& 40 mm 1° cone-plate, &= 25 °C, gap
27um Z A A shear rate 0.001~1000(1/s)°] &3t zero
shear viscositys 5783t 3| ¢FE4t sfo| =24 9] 7
70l WE modulusE &R15H7] 3 Al9Fe] WESAIZF B
EHHE FH| Sto| =24 S 77t B o ARR-EHA T
Rheometer(AR 2000, TA Instruments, USA) 7]7]5 A}-&3}
o] 2]& 40mm 1° cone-plate, =% 25°C, gap 27 um =71
o4} 0.1-100(rad/s) angular frequency®ll #3+ modulusZ =
Akt
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Table 1. Summary of Hyaluronic Acid Hydrogels Prepared with
Putrescine and DMTMM or EDC/NHS under Neutral pH Con-
dition (Unit : mol)

Samples HyA Putrescine DMTMM EDC/NHS

HPDM 1 1.1 1.1 -

HPDM 2 Lo 1.5 2.0 -

HPDM 3 ' 2.0 -
3.0

HPDM 4 4.0 _

HPEN 1 1.1 - 1.1

HPEN 2 Lo 1.5 - 2.0

HPEN 3 ' - 2.0
3.0

HPEN 4 - 4.0

Scanning Electron Microscopy(SEM) 24, 3|22
sto]l=2Ao] A A Wi 2 9 FHA 54 gls)
7] 918, AAZE 95 slol=2As Bl Alg-s)
SPT-20(COXEM, Korea) 7|75 A3l 4 mA, 240% &<
AuZ Slo|=2AS IHSI L A|EE carbon tapeE ©
3l plateo] ZAHAIZIL, CX 200TM(COXEM, Korea) 717
ARl or|R| & BHREH )

WE HE ME. 3|YFEA4 slo]=242] PBS(WelGene
Inc., Korea)ol] tiet & A2 ERIsl] 9J8ll, a24710x &
g9 slol=2Ao] FA(W)E ZH3T T 6well plate
(Corning, USA)l &AL oF 1 g2 stol=2o] A
3] A4 A==Z 7} wellel 1x PBS(pH 742 5mL¥ Yol
3, parafilme ©]&3|A] 2 YE-3F F 37°C water bath
(JEIO TECH, Korea)llX] XI5t} 24X 7H714], B4 time
pointe]] dtol=2A o] FAE SH3AL ole] 4 (HZ 3
T A Hheidh

it o

*Swelling ratio = (W,— Wy)/W, (1)

where, Wy, SAAZH slo|=24 £A
/5 E4 time pOintoﬂiﬂg] slo|=2A A

2oll S AE. S|YFEA sle]==49] hyaluronidase®]
gk 28l AsS =Rl fsl, $410% 959 slol==
7 oF 1 g 6 well plate(Corning, USA) A5 T} 3lo]
z24do] k43| - A2 7t wellell 1x PBS(pH 7.4)5
5mLA Yo]F3l, parafilmS ©]-83)A & DE3k &, 37°C
water bath(JEIO TECH, Korea)ellx] X515t} =aF 8}o]
2ol ¢hAd] 4 A==Z 1x PBSOl =< 50 UmL
hyaluronidase -8-21-8- ¥o}5=3L, parafilm$ ©]-83l4 & L&
FFATE. Water bathS ©]-8-3F>] 37 °CollA4] hyaluronidase®]|
o3 slo|=2A 9 i vino H3| TS syt
Hyaluronidase -89 v wA|slAA, 74714 54 time

point?l] dle]=2A 0] FAE SAHSIUA 4] 2= & As
D
*Remaining weight = (W, — W)/W, x 100% 2

where, W;; &5 sto|=24 FA

W; 574 time pointl| 4] sto]=24 FA|

M= e ME. s|YFE4 stol=2A4 9] Alx A9
S %7ksl7] 918, 180 10993[¢]571719] AESHA b
A3 T Thel=eRlE FEste] MTT assayell €]
St 8&E AL ek WA 10% FBSS 1% PSS X
315t DMEM 8 Aol 4] human dermal fibroblasts(HDFs,
Modern cell and tissue technologies, Korea)E 1l %3}
vl ¥ HDFsE Dulbecco’s phosphate buffered saline(DPBS,
WelGene Inc., Korea) 10 mLZ A3}, trypsin-EDTAS *]
glsle] wlojd F, 96 well cell culture plate(Corning, USA)]l
1% 10* cells/well®] E==2 FY3IATE Alxo] AT &=
=& THIEP] Q8 A% gEE S|YFELL slol=2A
0.2 g& 22} glass vialll 8ol F, DMEM 2 mLS 23 3}
o|=RAof T38| 2HEA Aol T 2417 FHell 7]
<] DMEM=2 A7 853 A} DMEM 2 mLg sfo] =24
o] ZAAE glass vialol] Wo]F2U T}, ParafilmS ©]-8-31 4]
glass vialS 2 53| 532 37°C water bath(JEIO TECH,
Korea)oll 4] 80 pmO.2 24A]7}F 5t &3t 24417F ©]
%, cell strainer(40 um, FALCON, USA)Z ZE 3 855
g 5t A2t udEo] = welld 100 uLA X 23|
3L, 37°C CO, incubatorellA] Wi FaFATE. 24417}, 48417}
T &EE5 AANFIL FF=E 585 98 EZ-cytox
kit(EZ-3000, Dogen, Korea) A 2F& *] 2] 3k ¥ 37°C CO,
incubatoroll 4] HREAIATACE. 3A|7F Fof|, Whg-o] Eut AJeF
< 7127F A71A @A Fel8hH 96 well UV plate(Corning,
USAPY welld 100 pLA #7453t} Spectramax M2(Molecular
device, USA) 71715 ©]-8&3t>] 450 nmol|A] S4=& S35}

ATt

dy g EE
pHe| A&k [ME S|AFELe| Zero Shear Viscosity.

7tk-g 5 pHO Faol| WE S|LFEAS Ea ATS
zero shear viscosity® H] 23} tH(Figure 1). pH 6.5¢] &4
oA 37 ol FAE S|LFEAF 89] zero shear
viscosity ft A E T & HEE HolA] ¢ WhHol|, A
’d pHE 559 7o ® 3Y7F FAE 3| FFEA 789
zero shear viscosity #2 Af2ol|A] 3d 9] Zhe 3]
AF S-S HoJFEQIT}. Zero shear viscosity #42] A=
Abge] Astol] 71915 Ao 2, A pH 2ol = 31LF
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o
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§ +HyA solutions pH 5.5 (1day) 7]-_1_1_ o _"?Sg o]— q_
5 | =HyA solutions pH 5.5 (3days) i E
B A slions 65 (1) HESA[ZH| 2 AR 2L Sl0|E2R| HeIEY. 7}
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10 T T T ol ) £
st boi oi . h 6 n Aol YA FHFE G(storage modulus)®} G”(loss modulus)

Shear rate (1/s) 2 Zlalr] 98l putrescined}t 71wA] E7ol Wt =4 pH

Figure 1. Effect of pH condition on the zero shear viscosity of hyal- Z700A 8| LFE4tputrescine: I Al S 1.0:3.0:4.0 =H| 2
uronic acid aqueous solutions. Note that the values of viscosity are 7t gAYl W Slo|=2AlS A|Z3IHTHFigure 2).
plotted on log-log scale. WS BAloA Ggko]l G Bk B A%, Ao EAS
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Figure 2. Rheological properties of hyaluronic acid hydrogels prepared with different reaction time. HPDM 4 or HPEN 4 were reacted at
room temperature: (a) and (e) 1day; (b) and (f) 2days; (c) and (g) 3days; (d) and (h) 5days; All hyaluronic acid hydrogels were synthesized
with neutral pH condition.
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Figure 3. Rheological properties of hyaluronic acid hydrogels prepared with different molar ratio of putrescine and DMTMM or EDC/NHS:
(a) HPDM 1; (b) HPDM 2; (c) HPDM 3; (d) HPDM 4; (e) HPEN 1; (f) HPEN 2; (g) HPEN 3; (h) HPEN 4. All hyaluronic acid hydrogels
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were synthesized with neutral pH condition.
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Yehll= Ao =2 g#A Ut Figure 2(a-d)ellr & & U=
o] DMTMMe] 9J3)] 7k ¥l ste|=2Ae] 74, 1Y Fo=
Gl G7%k B =o o] FAEHUSS & 5 A,
G’ %ol 4.12PaclA 24, 3¢ 2 5¥e ZH2F 115, 137,
40.1 Pa®2 HH S7lsh= Zlo] gRlE|o] 7kl Bkg-o] AA]3]
Y= Ae R 5 AATE 23, Figure 2(e-h)ol
A & 5 3A%o] EDC/NHSA J8f 7l stol==de] 74
T, 27] 19 2 2 7k 9hE Fof] Rtel 22 11.56 Pa
9 395Pa® DMTMMO]| &3t 7k B} =& 7S Uehy
ATt Tu|EAE 39 2 59 Fo|E Pl 26.11 Pa &
14.8 Paz Wk A7bol| m} 93]8 Al o8 B3 &
’d pH Z71ol|A] putrescineS diamine> 2 ARE-SF BEG-ol|A],
EDC/NHSel| 9]¢t 7t ¥hg-o] DMTMMe]| 2] 7kl k-
Hop A2 wke] JeES & 4 ATh wEbA, T 7k
o3t 3| LFEAL sto|=2A ] BAS vlwsr] f8)] v
AlZHE 29 E Bt o] % S 286ttt

71D HE2 2H|0| [WE s|UFEM sl0|=2Fe| modulus
EM Figure 3(a)°llA] 1.0:1.1:1.1 B8] 2 A %3 HPDM 1¢]
, G’3ko] 2.83 Pa® G770l 326 Pakith W £o] &
Ef], 7k kol ofgt slo|=2AskF FEakA] o
st 4= At} Figure 3(b-d)ellA Yehh= ZAAH,
2F:putrescine:” A €] EH]7}F 1.0:1.1:1.121 HPDM 1
Gol % B AX e Aoz Ao Y4y e 3
& 4= AATE. Figure 3(e-h)ollA Yel= ZAX %, HPEN
739, B G#el ¢7gk B ol Ao P4 R
T ARt 53], HPDM 1-49] G’%h2 22} 2.83 Pa/3.42 Pa/
8.02 Pa/11.02 Pa, HPEN 1-42] G’k 72} 5.68 Pa/12.02 Pa/
22.83 Pa/43.63 Pa= E& 3| UFEAF sto| =24 ] modulus
= En)o] wet =715+t HPDMS diamine®] 5= w}h
2}, HPEN2 7huA|e] Fxo wpe} 34 dstshe S &
T Atk HAH S HPENS| G°#hel HPDM®] G4k ot
238 2 7S YERES & 5 ANeH, o= Figure 29
Ae] AEAAe} FAFsISI

ST EL Slo|=E2H| StetN ZE BM(FTIR). Al
gk S| AFEAE Slo| =24 9] 518k A2 FTIR 41 &
A SRlsiiTt. 7hLE SHA] %, 31FEA HIWE @
HokS w, HPDM3} HPEN & EE slo|=2Aofx] olujo]
= 12 1o 71218k 1580-1620 cm oA 2] T35 3lgk 4=
AATt. 22t} HPDM 19] 749, 1580 cm™'el|A1e] =7} oF
A e} 7k whgo] 9bdE] o] RARA] 9SS &
AL, o]:= Figure 32| modulus A9} 7+ 73S B
t}. D’Este 52 diamine® Z adipic acid dihydrazide®] <)
alol DMTMM % EDC/NHSZ o] &-3le] 3]L4-F24F slo)
248 Az o, #AJ2] 1.0:12:4.0 EH|Z diamineS A}
BoAAREH 2 A A putrescineS AME-SF 7%, adipic
acid dihydrazide®l] ¥]3]l diamine2] Y& 1/8 oJO0E &
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Figure 4. FTIR spectra of hyaluronic acid hydrogels (a) HPDM; (b)
HPEN; (c) HCI treated HPEN.

T ukgo] Z EASS SR 4 ATE T 1 mM
HCIZ #2]%¥l HPENZ-¢] 7%, 22| FolX %= FTIRAA 2
Hsl7F A2ER] eFdTH

Putrescine?} DMTMM % EDC/NHSE AMg-3lo 3|4F&
A stol =248 Al xgk W8-S Scheme 161 YERHATE
Putrescine?} DMTMMe] |3 3| ¢FE4F stoj=24 o] 7
$-, 3| LFEA2] p-glucuronic acidel] EAsh= A 7=
DMTMMo|| €]ajA] uhg Bl &g stelo], 124 2= N-
methylmorpholiniume &3} B4 esters A ST B4
ester= putrescine®] o}717]2} WF-S-51o] 4,6-dimethoxy-1,3,5-
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condition.
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Figure 5. SEM image of hyaluronic acid hydrogels. Scale bar = 200 pm.
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Figure 6. (a) Swelling behavior of hyaluronic acid hydrogels in 1x
PBS; (b) Degradation behavior of hyaluronic acid hydrogels in 50
U/mL hyaluronidase (n=4).

o|=7]e] AUt o}t Al A o2 EQFY o 2H| 2]
o] Aol FutE]y] wjEo)Y W& 2 Baf 7F A

o o]t o 2| 27]9] a7t A Fla= o] s)
& E3lsp7] wiEog dAdec)

S|YFEL Slo|=2H-e| ME HEHM &2l Figure 7(a)
o] MTT assay A¥+= & ES A E8HA &2 controle-}
H|2E 3192 ul, HPDM §-&E°)A4 2] HDFs9| AJEE0]
90% ©l’do2, HPDMS] Al 23S Yepl et v,
HPEN &=E0°ll4¢] HDFs®| 7%, AlE AE&°] 70% ©|at
2, HPEN®] AZo] Mxe] F4-S Aslish= 21S gjlsk
t}. Figure 7(b)= ZH2} 24117F, 48417k &<t sto| =24 §
ZE7 37 widt HDFso] A0 2, HPDM §-&=<4¢]
HDFs®] 7%, controls} +AFSH Q] ¥HH, HPEN £&%&
Zo| A 2] HDFs&= AA|Z o2 S FE = eyt o=
AA7L HA g2 vHkeE wfF o2 Fehste], HPENS
1 mM HCI 78922 st vRkg=S AAs L &=

o
[
i
2
1o

{

i
Of

Cell viability (%)
s 8 & & & B

|

I

Z7049] 7lal 31LFEA slo|l=2Ale] g 9 B4 607
(@) 120 -

024h

u48h

—

Control | HFDM 2 HPDM 3 HPDM4 | HPEN1 HPEN 2 HPEN3 HPEN 4
(b) Control HPDM 1 HPDM 4
£ No
=
. - gelter
] No
- gelation

Control

[24n |

[ a8n |

HPEN 1

Figure 7. Cytocompatibility test of HPDM and HPEN: (a) MTT
assay; (b) HDFs morphology after 24 h, 48 h of culture. Scale bar
=200 um (n=4).
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Figure 8. Cytocompatibility test of HCI treated HPEN and HPEN:
(a) MTT assay; (b) HDFs morphology after 24 h, 48 h of culture.
Scale bar = 200 um (n=4).
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