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(EPL) i#f — D4 i o] 71 4 BSA BERC IR E . EPL 2 RUEM R BE ™A1 —F RIRARMREEGY . B 25
F 30 ANH R PR AR S 1 o SR AN e I (R BT A R M B 1 B AR . fE M KARBHES F Z KL EPL 5 T
5 B R B R A iR A B W R T B LAY SR M T A LR 4 T PLLLEPL JG/E W
A A 7R G, K TRORS BEAR A R T 00 B i 32 0 286 M T 380 15 B8 e A1 43 3 7 B S AL A A B AR L 3
58 BSA JKEEL Y J124 M RE . AN, EPL (9 BRI TR iR ) | i 28 4 P RS M0 L) S B AN 5 15 S5 4R i AT B
Tt — 2 e v A R A R

BT LRV R PR Z0Ks BSA f# € . 1F BSA S8 &M HES - AL e H R A& FAS [ MR B 1) e 3R
FIREW . TEUL SRR, BSA 70 F 85 5 IR Z LS IE LA B . BSA i i S 948 e H KGR T A s 5, e 2R
51 2 Ak R B B BSA 43 P 5 PR 3R ORN AR (R0 i SR S 3w SR A T B () A, DA T
#& 7 EPL 35 09 0] 5 AR K EEIRS G0 R T IR R v EPL Ak B R I8 Y K B IR 1 B R B )RR g A
RE. T Zeta F A I3 R AEE BL I AR 0 2T A0 3% XoF 7K B e 34 iR AL B R AT 36 HE 5 /0N A5 DN S 4 e ) ]
XiF AT SR R AT FEAE 5 HE 4 0 L 30 A8 0 3 2 AF K B S HIL AP BE s CCK-8 B £ 125 RS B0 41 At e €6 3k X 7k
8 T 119 200 ot 5 P R AT

1 ZBRHL

L1 RXFENE

13 5 1 (Bovine serum albumin, =98 %) ) T 2& i sigma 2\ 7 ; JR 2% (Urea, =99 %) (IR JRAI A
e H Bk (Reduced glutathione, 99 %) Wy F F ¥ J5 M- A= W BL 3 A BR 2 7] 5 B 52 & — 40 (Sodium hydrogen
phosphate) , # 2 — & 4 (Sodium dihydrogen phosphate) , & k40 (sodium chloride) W F K H: i B} % B L
=0 A B T 5 R Z R (e-polylysine, 98 %0) W T~ K 1 Ay B8 A= AL BL £ A BR A 7] 5 i 4R 17 (Fetal
Bovine Serum, > 98%) . 1640 %% 3% % (Roswell Park Memorial Institute 1640).CCK-8 i 7] & (Cell
counting kit-8) . 7% FE 4 Ay Y& {0 &8 M i 57 5 (Calcein-AM/PI Double Staining Kit) #J F K& & & LY B
BATBRA T . A 356 B 1 1700 40 32 2 Sk B 46

FL AP P S KT R AR (PHG-9076 A 1 A 2 A A% BE 46 A BR 2 WD & R T B ML (SCIENTZ-10N, 7
B 2 A R A BR A FDD L DHR B AR A CHR-2, 3K 55 37 o A BRA ®DD L #4722 1 4 B B8 (sul5 10,
HAH D BOCH 3 R AR WM (AIR+ ., H A JE FRACER A BR 2w 48 5L it A2 4 21 4P 56 3% {X (Thermo
Scientific Nicolet iS10, FEER CH/RBHEL P E A RA FD B 7 8L 5 AL (UTM2102, WII = BB FLH L
B A B | 22 T BE I AL Al K X (Synergy H1, 38 [ 115 A 4% A BR 28 5] o Ha $4E IR 7K 1 46 (HH-
ZK600, L T AR A BRITUE A FD .
1.2 7Kg B % e ik Bt B 1

FH pH=8. 0 [ R £h 2% Wil (PBS) il £ e B R 9mol /L 1l Ji ¥ W - FH L DR 28 7 9 43 ol o 4% e 38
A 25mg/mL.50mg/mL.75mg/mL.100mg/mL B HR i A RIFH W . B 0. 2g BSA T 800pL JRZE W
e, BRBE S BSA 500 18 ff I fff e . B B Smin. FREC Smg 2B H BN A B8 BSA w0 IR A 41,7051
TE LS A Iin A 200uL JREFEVE R (R4 Ml 25mg/mL.50mg/mL.75mg/mL.100mg/mL K #i &
PRV (T 20D L i 4 1 SR 2 R 2 12 A () 1) O FC VA . T RS VA VR B E 37°C SR AR R 3min~
Tomin RIVA] 8 75 B A . FH /DN A5 8 30k 0 s g s st I A A R B A MR = R K O I R o R R
JEORHE Bl 1 R
1.3 HEEE

JFH 1 H5 U BE R 00 2% K 8 i B P9 R A K . P R 1L 2 P Y 35 Tl & BSA-EPLO ., BSA-EPL25, BSA-
EPL50.BSA-EPL75,BSA-EPL100 7K & B HE dh » 2 J5 K 7K B8 ¥ Uk T 8 o 18 10050 R % T I 7 . 18 <
50s. 7E 10kV FHK 1000 0%,
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Table 1 Abbreviations of hydrogels and their contents

oS HE ity 7 BSA ¥ ¥ (mg/mL) EPL ¥ Jif (mg/mL)
1 BSA-EPLO 200 0
2 BSA-EPL25 200 5
3 BSA-EPL50 200 10
4 BSA-EPL75 200 15
5 BSA-EPL100 200 20

1.4 7Kg B E 48 ik

AR 1. 2 B9 7 1% o % S 6 2 R OX R A S A B TR A VR S B IR A VR A B CEE 2L R AR
37°C R B EEIE . IR 78 JT REHL TR 56 AL b X K B8 e 0 47 1 48 03X L 35 8 B2 O Smm/min, I
S FE T2 TR T BEAL RS 19 A8 Ak, IF 23 B - AR 4R .
1.5 JKER R T NHR

Fie 1.2 "h TR J7 v il A TR BEME RS W 4 ImL . B BE M W 43 A B R 25mm 1Y B S T
1,37 C RIS . i 25mm SEA7 . EEFEAE 0. 2%, M3 0. 1rad/s~100rad/s 5 Fl P9 1) % BE 5% &
(GBI () YA AL, I 2 1 it BE A B -I00 R il 2k .
1.6 Zeta BLRAE

4 Hr K E AR B BSA I EPL 4% 10mg 43 5% % T 1mL pH 8. 0 A8 R £ 2% vP ¥ (PBS. 10mmol/
L), B J5 FHVE S5 25 4% BSA W EPL I X — H IR G W 2 Zeta AR MG 38 T Zeta HLAZAX
52 BE S Y Zeta LAV,
1.7 £I5hsteit ik

i 1. 2 H 7 ik % BSA-EPLO Ml BSA-EPL100 7K % e i FE . 75 88 1 o 2 S 0 458 e iR v R T 0k L 1iF
BB A . J3H0. 2g BSA ¥ T PBS W R £ 22 vh b - VR T WM oK L AE %t B, SR A KBr JE 7 3644 ¢
FEm R 5 TR0 KBriR &5 . E BB S IR S MR B L), ZE R AR L TR R . RE
400cm ' ~4000cm " {H Bl N ) LSRG
1.8 ZHREE MK

21 448 A % 7 PG T 7] B (CCK-8) & — Ff ) 32 1 FH T 40 i 75 7 A0 D o v 52 480 13 A6 Tl A 35010 2
CCK-8 5 faf 8 PR s , Xt 52 96 % R BB £ 3 IR0 . 00 P /K 88 5 1) 42 2 YR 5% 5% 400 . 0 4l B 770 e 5
Xof FRZH HEAT X FE 118 20 i AE % 3. A 6T BB 2H BSA-EPLO M52 56 24H BSA-EPL25 ., BSA-EPL50, BSA-
EPL75 .BSA-EPL100 7K &E B FE & o 20 9185 K BRI DL 10mg/mL (932 R0 SR W AE &4 10% FBS H
1% MY 1640 Fi 3t 24h, B4 HIB R VL 10000 #4553 850 15min J5 B 1, 0. 22pm B9 #FL
TEMEETR TR AARAF R . K 1929 /N RUSEF 4R AN LA 52X 10° /LA B 4 A 96 FLAR L X B 4 A 52 56 41 45
A 200p L 7K BE IR R . 25 HALUMA 200pL 1640 22K FEH A 10 %6 FBS A1 1% . ¥ 96 FLAK
A CO, K Ffa i35 1 KA 3 K 2ZJE AL A 100pL ¥ Eh 10 % 19 CCK-8 34 5% 7Y 75 W . i
A CO, ¥FRF I E 1h, FH 2 D R8BS (ORI A5 FL WAE A50nm &b (W5 B, 1153 4% 20 40 i 09 /7206 %
1.9 ERABMEE

i 2.2 745 BSA-EPL100 7K B IERE S, F 75 Y0 BT RS X HE b AT O L 8 K s 1Y 7K e e 8 T
pH 2} 7.4 (W JCHE PBS W R KEAE . (DK 1929 4L 510" /LA B B Fp 2] 6 LA H f 4l il 5K
BERE LRGSR 720 J5 WO KBRS » 25 VAL R AN TN K 8 e 1 B 5 Bk 5 A I S 5 5 L R FH O BB 4 A e € 3R]
Xof 2 B AT G4 £, e R SR AR R UE R LA 490nm U I A UL TR 400 i (R A 00,5 ') AR A IS (£L 63,558
Ty AMET R 545nm R I K BRI S AT 4 i
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FIRG 2 ik e s il fT R E R K. B 206 & 3 A i 4 FArs. kA
Origin,GraphPad Vi }2 Excel #1754 Je B A 3, (A « Ko g #I W 22 5% 8 & .7 p<<0.01," p<<
0.001,"" p<<0.0001 fUEH B EHE M 25,

2 #R53%®

2.1 KBRS AL B 3 SR AL U

AR SCEEE Y IE B S SR HLBR AN P 1 Frs . B AHTR 20K BSA i e . tb i BSA 1 4544742 9 i
P L 2 PP 0 0 AR R L REBBE S A Y3 SR GSH iR JE D i L feJe A EPL. fE XA~ id
e BSA 73 FHE S IR FIE S (NH -+ O — O , B 5 2 2 #9548 A I B % 18] — B 82 L 3 PR VR g
AT LA BSA 4> FHEEHGR K . BSA BE M IEIS A &R T EPL M T 15 BSA A5 A5 A0 K A 7T LA
i W IR B 3] BSA 3Pt EPL i 8 A B SE RIS L AT 5 PR 3R BSA [ JE B4 1] AU (NH--- O —
O e T H A K BEIK Y SR EE TR B T e SR 2 1R 94 5 9 AT 3 2 13 2 /K B

BSA Reduced BSA Enhanced network

eUreca o GSSH --¢-- —NH---0=C— % : U™ Blacetatic intmeation ./ EPL

K1 EPL 3§58 /K 8B IE s 2 K
Figure 1 Schematic diagram of EPL enhanced hydrogel formation

B EPL AN 20mg/mL B BSA-EPL100 X 7K % 2 434 58 AL A7 50 0F . 38 it Zeta HLALFNLL AT
Jeik xR B P A EAE AT RAE, R 2 WL E M AELR &M T . BSA B Zeta B AN
—12.90mV.EPL WHLM R 9. 69m V., ~HIRATE M HEAIZA —3. 74m V., UL A 7E L5 4 0F Tk T i
BSA 547 IEHL Y EPL Z[RIfAAE R LS| 7 BIAFAE B 15 . 78 20 AP 6% rb S5 1 10 25 % 1 B g AT 1Y
R S 47 1 0k B0/ 0 I R s L B A2 L i 2 AT LA L BSA BIERE 1A AL T 1654em L X A
BSA-EPLO (A ®EHz 14547 T 1590cm ™', 525 240 BSA-EPL100 AR 145 A2 T 1586em ™", B 5256 2H A% Ik i
T 1 3 2500 B4 0 i) A 2l o U W Ak R e 0 SRR BSORE BN L R B TR L K R R A B 0 R S R R R
BSA [8] B & 75 & EPL 5 BSA FlJR R 2 [6] i S5 .

%2 BSAFIEPL R _FR&JS7 pH 8.0 BT HY Zeta AL
Table 2 Zeta potentials of BSA, EPL and the mixture of the two under pH 8. 0

JEURE 44 FR Zeta L2 (mV)
BSA —12.9041.00
EPL 9.6940. 50

Mixture —3.74+0.50
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Pure BSA
—— BSA-EPL0O
—— BSA-EPL100

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm"l)
2 4 BSA.BSA-EPLO 555641 BSA-EPL100 /K52 #4921 7h e it 1]
Figure 2 Infrared spectra of pure BSA and hydrogels of BSA-EPL0O and BSA-EPL100

2.2 EERETEINE
BRI ST S K B — N E TS, 1.2 P OrEdl 4 T BSA-EPLO.BSA-EPL25, BSA-
EPL50,.BSA-EPL75 .BSA-EPL100 #E 5 ¥%5 # » FH /N Bk DA T 4% 4 388 e i RE 10 B8 IS i 1], an &l 3a

400 |—I

200

Gelation time(s)

Bl 3 a. BSA-EPL100 /K EE B BCHT 5 B BE I 5T Ko B85 (LR . 10mm) sb, A [A] EPL 5 4 ) {4 5 B0 5E I 1)
CR I K30 53 B RE AR ) 9 35 ME 22 5, p<<0. 01, p<C0. 001, p<C0. 0001 A it 3 2% &)
Figure 3 a. Photos of the hydrogel before and after formation and the gel injection (Scale:10mm); b. Gelation time of
hydrogels with different EPL contents. (Statistically significant differences between the samples were analyzed using the

t-test, and significant differences were considered when ™ p<C0. 01, " p<C0. 001, p<C0. 0001)
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25 185s, A WL FH 4R C p<<0. 0001, LA BEH EPL & & (1934 i, EPL 5 BSA 4 155 8] /Y # g, J7
SR T TR B SR 22, R S VRS TR 1Y) A8 TR A R v, DL R R BN TR A R DRy TR R R 1) T S
BSA-EPLI100 FJ&E MR A 2mL {5 a8, By &1 3b W] LU SR 31088 I (10 7T 7 56 P45 DA DR 47
2.3 HPMBE

TKC B JE 1) PR 485 ) 6T 7K B IS R LA BB AR B K2 e . oA T WS K R M 1 PR 25 0 ) 41 4 L 5 v
FES AT TR . MEL 4 Ha] DL A 7K IR i X R W2 B AL 09 Z2 AL 4548 , JF B E EPL 1Y
BB HG I, AR B 1 FLAR 25 4 T D R BOA . U SN EPL & B0 B N AR B i S A
SHEEIC AL B 2 B S B R R v

a f ' 8977

(a:BSA-EPL0;b:BSA-EPL25;¢: BSA-EPL50;d: BSA-EPL75;e: BSA-EPL100)
K 4 EPL M5 8 A /KB A 36 R B |G

Figure 4 Scanning electron microscope images of EPL enhanced hydrogels

2.4 JKERREZE MR

IKGE G ) 7 2 PR R R AR Al TR S R T Bk I 2 — o 3 B R AT R 4 0 3 ke X 7K 9 i 1 e
PERESEATINGL . a0 18 5a BT s, AT Gk %) R 40 BSA-EPLO 5 52 3 40 BSA-EPL25, BSA-EPL50, BSA-
EPL75.BSA-EPL100, A] LU & $LFE 3 EPL & & B9 3% I, 7K %E I 1% B R s 46 b 7 32 W 3% . BSA-EPL100
R ES N Sk 8] T 315kPa, X ALK EE R HE 25 T 3 52247 th Il 5b o LA Y, 3 Z IR f7E 7 B 3 1
225 77 p<C0.0001) . XFHRZHL BSA-EPLO F fie K4 N 22 249 8 60 % . BSA-EPL75 1 f K He 45 1 A8 fie
. 290 65% . 4 EPL 0 5 5 4R SL 3G T, 7K 56 I 1) 5 R R 4 7 78 g A B AR, 29 62 % . 4 EPL 1% &
TR LI TS, 5 F0E 0 245 P 1S A2 HR i ASp B 0 A A e AT DR T o R R 4 B BRI . 3 — 2D 3 i EPL 1
FHEE 5 KR4 0 ) FF 06 F B R AR 51 ), W BB T dab i) SR 202 v 1oy A0 A 1 HE L BOR 17 K e Jise
(35— PO S5 ) , S B R 45 A A 2
2.5 KERREMIR

Xt T2 AT RE B L 2 S AR bR A LA P BE A A0 A Ak B R L LI RE PR 5 G VR T . K
BEWE S PERE AN IR 6 Fras . 3 i F B A X B 4H BSA-EPLO 5 525640 BSA-EPL25 . BSA-EPL50, BSA-
EPL75.BSA-EPL100, A] LLF M , 5% 56 20 7K B e HE 00 6 e AR i 5 % FRATAR e 349G 185 m, HLBE % EPL 1)
T BN KB I 1A BE AR B B 2 B0 . % BRZH 09 i BE AR B 29 8kPa, K BEE BSA-EPL100 HY fiff RE AR &
e 2900 17kPa, 2 X B 241 BSA-EPLO 1 2 {5 2 47 . UAHA B 2 EPL 7 & (935 0, & J5e o 3 2 7 i 5 A
B BN, A BE B DT G BE AR R0 . 3k 5 F A 0K ) 8 SR AR R
2.6 KERMBEH

K BRI AN 7 Mt CCK-8 e a3 3 £5 , CCK-8 R LA fa] B v o 3t o0 A 40 M 2 k. 76 40 i 75 42 3K
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a —— BSA-EPL0 b 500
00 — BSA-EPL25 *kokk
—— BSA-EPL50 400 T 1
w0l T BSA-EPL75 Hkkk
8" — BSA-EPL100 E I 1
< & 300 "
A 7]
7] @ L * %
(% % 200 —
" -_. | |
0
0 20 m 60 80 N » S W& N\
V& SN
Strain(%) vf‘s SOME MBI @Q\’

K5 a ANIE EPL 3 i (9 /K B8 B Y 5 45 107 7 Bl ;78 728 Al 1 28 5 b 7K B8 IS ) die R TR 45 1
CRH ¢ B30 40 Br e AS i) B 35 P25 57 p<<0. 01,7 p<C0. 001 K& ™" p<<0. 0001 HAT B EZEH)
Figure 5 a. Compression stress-strain curves of hydrogels with different EPL contents;b. Maximum compressive
stress of hydrogels. (Statistically significant differences between the samples were analyzed using the t-test, and

significant differences were considered when ™ p<C0. 01, p<<0. 001, p<C0. 0001)

~#— BSA-EPL0
—e— BSA-EPL25
20 = BSA-EPL50
~ —v— BSA-EPL75
é ~— BSA-EPL100
Z 16 e
w
=
=
2
12
g
o
g
S 8F
=
w2
4}
0 20 40 60 80 100

Angular frequency (rad/s)

Bl 6 ATl EPL 5 ik K 5B A0 i BE AR ik Bl 530 4 22 A il £

Figure 6 Curves of storage modulus (G') varied with angular frequency of hydrogels with different EPL content

b T 1929 /NERUREF4E 4 i, a8 7 B s B 1929 40 7E R [ & i EPL Y /K B I I8 48 W vh 1 57
24h A 720, A5 A0 B AE IR R ITE 80 %0 LA 1. FH K B Ji s 4 i 4 75 A0 L 24 b, A1 BEAE T R AR K Ry 89 %4, Ky
It T2h JE MM R R KN 87 . & EPL M SEIn 4 5% EPL AOXS FEALAHH LL , 240 M 77 3% M 22 A
K, I HAN ARG 1A W oy EPL (& 8 S MRl . 5 R af (B E K 28 72h B, 240 M A7 05 00 B B&
K. T LAIA N il 28 1 K8 e A= W R 25 1k LA . 3 DR Ol ol 4 7K I 1) Bk 2 02 R SR TE 7 19, O FLUK
W TE pHS. 0 Z 4 FIE WL, 28 2 Wi A ik 1% .
2.7 KEREFEHMEERE

A7 14 A 0 R 2 P K e IO FH 2 ) B 2 U BT 0 T I Mk R 2 — . FRATT AR FE T B 40 A e € vk
KB e M HE 75 00 A0 L B0 0 AT ATAS . SEIR 4% 1929 4 51 A BSA-EPL100 7K 5E i (4 15 35 e 4t
Rt PB4 1929 5 1640 BEIRILILEE 3% . A1E 8 B R, 78 34 8 A2 W AR T W0 2% 3] 52 56 21 K3 40 4 e
PIR M ak QR A0 L IF HL-F WA RS040 (2062 , 9 HAnMaEE 525 AL Te 2291, 3 B & 1
(18 7K 5 M 240 2 e A AT S 5 2 ) 40 L ) E A K L A RN A ) R A
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100 |

Cell viability (%)

One day Three day

Bl 7 CCK-8 LA M40 M 5 A W] EPL & Sk BEI IR R AT 37 1 XA 3 K5 Y 4 i 25 1k
Figure 7 The cytotoxicity of cells cultured with hydrogel extract with different EPL contents for
1 and 3 days determined by CCK-8 method

Live Dead Merge

Control

BSA-EPL100

&l 8 BSA-EPL100 540017 35 72 /NI B9 1.929 4108 %) 376 5€ 40 i 4 6 &1 CEE il R . 100pm)
Figure 8 Live and dead cell stain of 1.929 cells cultured with the BSA-EPL100 hydrogel for 72 hours. (Scale:100pm)

AR IF T A PR ZH A4 AT VE S BSA JKEEE TAERYIERY BN FEIR R A gl A e SR M R WK R AT
SR, I e BRI EUR 5 A LY AR 1 IR0 AR R e TR U 5 B 11 RN DR 3R I A U L A e AR
RIS B R 46 R R i B R A0 K 5 SR I R K R I A R R R 4 1 1 5 A E AR R E SR R
EPL By & BMUE LG . 78 EPL KB BE IR 3] 20mg/mL B, e K46 1 J7 353 315kPa, &R 51 A EPL K&
0 3 A AE A s HoAB RE M i i T 35 17kPa, B RSIA EPL KR 2 A4 . A e B MR 5 1Y K BE 5
7E pHS8. 0 [ 254 F B I 1]k 3min~5min, I ITA e- SR 019 J5 11 7K 36 e A% 38 ‘B 9 . 40 2 1k )
TR S FE 20 i e £ S R K BE N A I TC B M AR A A M R A, XSRS IR B T AR R R P ] A EPL
A FE AR A 0T AR K R R A 2R AT SR B e A L 4 v T 2 R AR A TR LA T e A | 2
S E R A A AR A 1 2 A P B AT R KBS A R T R P K M A A TR A 1 1
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Injectable Albumin Hydrogels Enhanced by &-Polylysine

ZHAN Yue-ying, ZHAO Jin"

(School of Materials Science and Engineering » Tianjin University , Tianjin 300350, China)

Abstract;: Bovine serum albumin hydrogel has excellent biocompatibility and biodegradability, and is widely used in the
field of tissue engineering. So far, injectable bovine serum albumin hydrogel has been successfully prepared, but its
mechanical properties still need to be improved. This paper used a simple method to improve the mechanical properties of
the injectable albumin hydrogel. Urea was used as a denaturant and glutathione was used as a reducing agent to prepare an
albumin gel network with the synergistic effect of hydrogen bonds and disulfide bonds, and the cationic polypeptide e-
polylysine was physically mixed in the system after the protein was completely denatured. e-polylysine was adsorbed into
the chains of bovine serum albumin molecular by electrostatic interaction and gradually formed hydrogen bonds with bovine
serum albumin and urea to strengthen the bovine serum albumin gel network while the injectability of the hydrogel was
retained. The results showed that the hydrogel with e-polylysine could increase the maximum compressive stress from
105kPa to 315kPa, and the storage modulus from about 8kPa to 17kPa. The improvement of mechanical properties expands
the application of albumin hydrogel in the field of tissue engineering.

Key words: Bovine serum albumin; e-Polylysine; Injectable hydrogel; Ionic bonding; Hydrogen bonding
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