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HA (34.4 ku) HIA B S G A PR 7 $2

s 44K C (Vo). FA, WEB TR (gallic acid,
GLA) . T &M (syringic acid, SA) . 7K H iR
(benzoic acid, BA) . J¢ fH ik (gentisic acid,
GTA) . Ml . FEHRE IR, 1,1- 2R E-2-=

fHEZE M (1,1-diphenyl-2-picrylhydrazyl, DPPH) .
K,S,O0 T iz s kAR A FRA A oAtk
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50 ml K 1, JinA 250 mg AN A By 2 (FA. GLA.
SA. BA., GTA) 550 mg Ve, it =i EsE
F AR, RSP TG 30 min )5,
JIA T ml¥ A 1 mol/L 9 H,0,, 7EZEIR FHiFER
Ni12 h, B ZEH A B GE R, 753 500 u s
MraSH BT 48 h, WERTHE, HRIHARAK,

14 #HEE (GD) MIUE

R AARARE A 0 HEATINE I IR A VR
BN [R] 0T 6 v B AR VA TR, s hlbm a2, B
1 ml JHZEM K BB 1Y 0.1 g/LBE S TR
JIA S ml 20% #Ak-Byil 7], 1RG5, BrghT
30°CJZ v 10 min, fiTA 2 ml Na,CO, ¥, 1RA
TE B T EE 2 h, 1E 760 nm 2L E OB L B
0.1 g/L 11 5 i 153 TR V25 R e Js el I Jo v J32 P s 1
W (0.01~0.5 g/L), hilbruEhZe, M4 briEh
AT R W R -85 BH TR R B B i T B v, 1
FRAE LA A IS R
_ T%H%EPM@?LE’\JE%/@(I)
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i LR R VAT HA 5 FA it te b A7 25 1Rt
fbo ¥ HO0, : VeBE/RILIZE A4 - 1, RO
12h, MHASFAJRELEE 12, 111,
2: 1, 411, HBL3IMMARMITIR, RN
&, URTASR=Y), A THEAREIE
1.5.2 H,0, : VeBE/R LI

i i R 2 A H,0,5 Ve BEIR BT 45 R
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fbo ¥ HA S FARTR LI ER2 - 1, RNEEY
12 h, ¥ HO,5 Ve EE/RILEE 21, 411,
9: 1, 18 : 1, M MPREIATIL:, RNE5H
&, URTASE™Y), S THEEIE
1.5.3 S EsF[a] (52

A o B PR 2 o I R B R A T SR . K
H,0,5 Ve BE/R LR M4 : 1, K HA S5 FA R I
WHERN2 1, ¥R E N3, 6. 12, 24, 48h,
RSO3 R TS, RV, RT1R
=y, SRR E
1.6 YR
1.6.1 sl

il FHEE 15485 (v A D 8 43 F i o MEARFR
HU 2 mg AW DL KR HA BE iy, ZRABK R
0.22 pum JEAELUE . (% S51Fh : Waters 1525 =l
WA A (B 2410 78 22 97600 25 F1 Empower T
Rl ) SR, @E &R kA
Ultrahydrogel™ Linear 300 mmx7.8 mm IDX, i 3l
AH40.1 g/L NaNO, /KA, sl ok 0.5 ml/min,
Fer IR BE Ry 40°C
1.6.2 UVFEIE

K %5 R IO [ B 5 1 T 50% W BE, AE
200~400 nm 22N Bl N T K A AT
kA
1.6.3 IRFEAF

FREUCRE i 5 BRI 4% B8 1 2 100 A9 5 Ltk 45
IREJEIEF, 7E500~4 000 cm™ Fi4 I 5070 Bl 9 32047
A, Il
1.6.4 'HNMRZFEIE

BUBAZRESS , FHSERYER 3 IR, B ABERHE T
JEBURF o FRELS0 mg il i FH S 7KV ik I o
B B MG AERE R R AT A TR,
400 MHz, i sEEE .
1.6.5 TGAFEAE

K TGA W 22 4% A~ By #F i k2 e vk . DA
20 ml/min A58 EERA AR AR, FFLL10°C/min
AL A 30°C Ik 2 800°C .,
1.6.6 FESEMfHULZEAA M5

R E TR b, JEF T3, FEH
LR 3.0 kV 251, 4714 3 08 58 f0O0 =5 (]
451
1.7 {ESMRELRLE
1.7.1 DPPH - J§FRAE S &

ZMR3CHk [20] #64T DPPH - 5B i /7 I3

Irikms A s . JoK I BEA % DPPH, TiCHE 0.6 g/L
DPPH - TAEW, OGRS SEHTfH H B
Of oA BEREW, PR 2 HAE 517 nm OB R
0.80+0.02 ] 96 FLAR KM A 100 ul HA . FA-
HA . FA (iR B g AR B2 A3 B 1153 0 A O v B T
FA-HA ™ A0 W /9 FA W& B ) FF 5 W 5 55 (R R
DPPH - TAEW, IRAIS], #HEAMFR N 30 min,
FE 517 nm A E WO R (4) o DASFIRFRZE IR K
REFEMAE s AR, [REEIENOCRE, #% F X
1A DPPH - J5FRR (Q):
Q= 71_(‘3;_/1')) X 100% (2)

Hrp, ARFEGANOCEEE s 4, DPPHIE WA
ToK RO CEEAE ; A 2 HAOGEEE .
1.7.2  ABTS' - 5BRAE S E

ZACHk [21] ME 2,2-BRA - (3-Z 34 TF
BE W -6- it R ) . B & (2, 2'-azinobis-  (3-
ethylbenzthiazoline-6-sulphonate) , ABTS'- ) Vi Bk
fie 1. 5ml ABTS - ¥ # (7mmol/L) 5 88 pl
K,S,0, % (140 mmol/L) R4, HEIGHE 16
h, f#HRPE ER ABTS' « IS K QMR 2
734 nm &b WG R R 0.7040.02, 5% ABTS - T
YE - #5200 Wl ABTS" « TAEW, JA 10 pl HA,
FA-HA. FA (WREEMARSEEA R T AR N MR EE T
FA-HA WA 09 FAYREE) HEAATD, IRAYITE
30°C#E M 6 min, 7 734 nm AR 6 B,
DIZEIR KA AL SRR s G RR, DA R 2
R, #% F=UHHE ABTS - iR (Q):

A
Q:

A,
A,
e AFNA 3 5 A RS R ZE A IR G B A
1.7.3 O THBRAESTIE
O™ J& AR = e S5 AR b A B A Ak o0
A SRR [22], Bl mUR[EHR R HA . FA-
HA . FA (R JE g AR H A3 B8 T 580 0 A v B T
FA-HA AR I FAVEEE ) FE i 5 4.5 ml Tris-
HCIZZ ik (pH8.2, 50 mmol/L) 7E25°C FiR%],
BN 0.3 ml 45 mmol/L AYAR A =il 7), iR
A, 25°C I i Smin, HGEJTA 10 mol/L #¢ £ iz
1 ml 2 S0, 78 320 nm Ab I W RE(E 4,, LU
AHIFARFR A ZZ K AR S AR O B A 4, % T
IO WEHRE (Q):
0= AOA—UA1

* x 100% (3)

x 100% (4)
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Fig. 1 Diagram of FA-HA reaction mechanism
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22 BEEESH

TR FE BTN 2 B I 2 75 I D R 31 22 Wb
M EZAE bR 2 AR S 2 B 2R R
i 2200 AN R B VA AR . TR A A (UL RD
X B ESE) o RINEMEZEMET, S
FITIR 5 HA FEAS IOFEA RS o Hdl LU UL, 7
AREBEMET, SPERRYIRE S HA Y iU AL R
Y, (RIS SHAL DU R EIRH R
KA ¥ (SA. BA. GTA. GLA) #lt, @ T#
FE AR R (1) FA $E 82 2 ((11.92+0.31) mg/g) i,
5 Bom &5 P BRI HRIE — 3, X T BeE th T
PR YK 2035 LU F R IR B M T, L6
WEPESE s EAh, DURPERIOR PR TR AR N
GLA>SA>GTA>BA. Liu%§ > K, YERELER
FER R RIS L Bof TT DARASER i (R B, (R4R
D7 ¥R N B B R A I IR, BRILZ A1,
2 U —A B R AT AR m e e . 36 1 B
AL, PR AU S 3 H R R i 2
() GLA S b7 336 M fc i ((6.01£0.60) mg/g), SA 45
P B RAT XS R, (E A R AR S T i T I
N, R RT GLA((5.71+1.11) mg/g) ,
GTA BRTER AL A PR HE, Bl 7486
FR BN B R A E A 2, S EOL A
J& ((2.45+0.20) mg/g) H- A KL, J52505 0k
PEFA-HAVE RSB, i o

Table 1 Grafting degrees of different phenolic
acid—HA copolymer

Sample name  Grafting rate/(mg-g”")  Kinds of phenolic acid

FA-HA 11.92+0.31 Hydroxycinnamic acid
GLA-HA 6.01+0.60 Hydroxybenzoic acid
SA-HA 5.71£1.11 Hydroxybenzoic acid
BA-HA 2.02+0.42 Hydroxybenzoic acid
GTA-HA 2.45+0.20 Hydroxybenzoic acid

23 BEREMEHRESF

&l 2a 7~ T HA 5 FA Jot i Fo X HE A B Y520
IR AT I, Bl HA 5 FA i 04 s, ekl
B LTHE PR, 762« | IR A8 i
B, AR SR HA « FASRAER R 2 ¢ 1,
K 2b @R T H,0, : Ve BEIR XA sz m . &
TRl L, BEE ER LU N, R R AN Tt
FE9 ¢ | B HEAE B IR B i R, ARSI N R L 42
R R NI, PR 2250 50 R H,0, © Ve fiefE:
FEIREE N9 1. Kl 2¢ B T g st [R5 2 1)
., ErR RO, FE VAT IR] 3~24 h N, BEARE
B S5 g Fsf (B BTG AN, 7 24 h B BB B A 5
R, MR RIYESEAE K, B R R %,
AT e AR S B IR 24 h 25 1, 7EHA:
FAJRE N2 0 1. HO, : VeFERIL O« 1. 4
FNETE] 24 WA Ay, R(16.59+0.31) mg/g.

@ 50l ® | © 5t

_Isf _15F = 15k

T T b

& & &

R g 10F = 10r

= = ]

3 3

5F 5F 5
1 1 1 1 | | | | O 1 1 1 1
1:2 1:1 2:1 4:1 2:1 4:°1 9:1 18:1 12 24 36 48
HA " FA (w :w) H,0, : Ve (mol : mol) t/h

Fig.2 The effect of different reaction conditions on grafting rate

24 HFRERNSH

MBI 3 ATA, EECES . 5 R HA A I
(34.4kw), HHREYH T THEAN % G1.5kw, H
Sy F A R, R T H,0,5 Ve
o S R T A Asee-Fil - OH H 2,
Asc--Fll - OH H i ZE2FHoiisE - SR T i 2 b
AL, FER e T 2 Wb v 0 U T

FIRF, SERER kS, BN B ST
24, AL 1753 B i) TR, g 3iAe
oAt Z2 WEHEAS SO, ) SCRRFR A v 2728
2.5 UVELEFIIREE S 7

[ 4 - FA. HA UL} FA-HA [y UV F1 IR [#3¥% .
FEl dam] I, HA RTE 250~400 nm (1) UV HJCHH 1K)
W WC s , i FA-HA 7E 330 nm &b H 80 T R5 A W2 i
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Fig. 3 Molecular mass of different samples
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WK 4b s, SKBIMHAM L, FA-HA 7
1563 cm™ fl1 629 cm™ L T FAFSHIRC = C
i 45 4z B RRAE W I e, 5 FA M [E, FA-HA 7
1033 cm™ B T HA iy C—O—C 1 45 41§ 3 57 AE 1
Weld, teah, MHETYEIRASYYL, FA-HATE
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Fig. 4 UV spectra (a) and IR spectra (b) of different samples
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2.0~6.0 Z 8], 1E5 6.0~8.0 Z[A]JC i T-I6, FA I
IRRRAIE ST 06 B4 A 7E 6 6.0~8.0 Z [A], M 7E FA-
HA BR[O, BR T 6 2.0~6.0 5 HA AN i 1
WEAN, 7E 5 6.0~8.0 Z [A] H B FA FH X (A 4 R4
fEfT 0 17, UEEH FA )5 | A HA
2.7 TGAZ#H

HA . FA D) J FA-HA 1) TGA Fl 550 & 43 by
(derivative thermogravimetry, DTG) £k uni&l 6 fir
Ne M 6an[ A, HA EEAMAERE, 5
— BB 180~280°C,  FEJE HH T 2 Y SZHEKT
SUSE, S T BHAE 280~500°C, 2 TR T

IR BARWT AL T (BRRILPTED . FA F2 A =4
MrBEpy e i, BB — K BEAE 30~120°C, FEEREIKAS
ZER, i HrBrE 220~280°C, THZH T 15k
Wi FEUY, 55 =B BLfE 280~500°C, & Hh FhkE
WA T (BRPRILHTEL) . FA-HA 24 =4
MrBEry g, BB K BEAE 30~120°C, FEREIKS>
78 %, B 200~300°C, FEZEH T8k
Wrsd 200, 55 = B BEfE 280~500°C, S TR
ZAMWT R B0 (AR BL) o HIEI6b AT AT, HA
F1FA 43 I 7E 262°C F1 236°C 2k H Rk F Fe K, 1M
FA-HA 7£ 234°Cik 2|5 KR %, 100 FA-HA B9k
Rt T HA S FA, XnlReRmH TrEiEfad fitp
o[ ek o+ N S AR g IR, e
fhSCHER A el
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Fig. 5 'H NMR spectra of HA, FA and FA-HA
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Fig. 6 UV TGA (a) and DTG (b) of different samples
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) 473 4 L B WK HA 2 B i I 0 26 T JE 50
(7)o TEHZRCHT, TR I 5T 50 F N E
H, SEHAEWE TSP A eSS (F
7a); K TbJEFA MBS, FE B OB R 2
¥ Bl 7c /2 HA 5 FAYELR G WIS, ATl
BINHA 5SFAG R YRR, & r RS
MR R AE W R A2k TEERS, FA-HA (K]
7d) W FIEE LKA, PEFR Al UL K%
FHIE B LRGSR, RIEAIXDEH, X nTRESE T4

el PE S HA 31 [R5 N S D 1 s, 1%
WG A H 2 05 - B B R b WA 2
g =
29 FIMTENINZOTEM LI
2.9.1 DPPH - j&EFRAE SN E 4G

WK 8 fir /s, HA. FA L)L K FA-HA ¥ H A
DPPH - {HFRAE ), HEWERB R il
WL, EHIE 0.25~10 g/LJEHE N, HA X} DPPH - iy
5 B R AE 5.20%~17.73% 36 P, 1 FA-HA Xf
DPPH - M5 FRAET LA T IR HA 41, HBEHE W
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SU8200 3.0kV x2.50k SE(UL) 20.0 pm

20.0 pm

(b)

(d)

SU8200 3.0kV x2.50k SE(UL) 20.0 pm

SU8200 3.0kV x2.50k SE(UL) 20.0 pm

Fig.7 Scanning electron micrographs of FA-HA copolymers
(a) HA; (b) FA; (c) mixture of HA and FA; (d) FA-HA.

FEREINANIE 5, TEPREE I REL T HA, 7E10 g/L
I B R TA 3 (83.76+4.86)% ., 11 B FA 75 SC 10 v i
0 Bl X DPPH -+ BT BRAE L 2 80— ik i
WHs v, (B2 H 5 FA-HA B9 R fE 1 L —3,

TEf e B (K4 T FA W 4 165.9 mg/L) %t
DPPH - 9 fix K7 B % 4 (79.30+0.60)% . H1 b AT
I, HA WS L 2R B e A B F 42 = Ho X DPPH -
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Abstract Objective Sodium hyaluronate (HA) was used as the research object to modify it with phenolic acid
in order to obtain the molecular structure with better antioxidant activity or even new activity. Methods In this
study, 5 kinds of phenolic acid-sodium hyaluronate was prepared by free radical-mediated grafting method, and
the grafts with the highest grafting degree were selected to optimize the synthesis conditions. Then, grafts
structure and physicochemical properties were analyzed. The grafts were characterized by IR, UV, 'H NMR,
FESEM and TGA spectra. The in vitro antioxidant capacity of grafts was determined by the scavenging ability of
DPPHe-, ABTS'* and O*". Results Among 5 kinds of phenolic acid-sodium hyaluronate, the grafting rate of

ferulic acid-sodium hyaluronate copolymer (FA-HA) was highest , which was chosen as experimental sample in
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the following tests. Firstly, the reaction conditions were investigated and the highest grafting rate was (16.59+
0.31) mg/g at the optimal preparation conditions. Then, FA-HA structure and physicochemical properties were
analyzed. Data from UV, IR, '"H NMR analyses, TGA showed that FA were successfully grafted to HA. Compared
with HA, the results of gel permeation chrematography (GPC) showed that the molecular mass distribution of
FA-HA copolymer decreased from 34.4 to 31.5 ku, but the uniformity of molecular distribution was improved.
FESEM results showed that the structure of copolymer exhibited a closely connected lamellar structure with a
relatively smooth surface. TGA results showed that thermal stability of FA-HA had a little decline. The
antioxidant performance in vitro results showed that, during 0.25-10 g/L, FA-HA can eliminate (83.76+4.86)%
DPPH-, (76.95+5.06)% ABTS"* and (83.08+2.51)% O respectively at 10 g/L. which were higher than that of
native HA and FA. Conclusion FA and HA were successfully grafted together by free radical grafting, and the
grafted FA-HA had better antioxidant activity in vitro, which provided a theoretical basis for further research and
development of phenolic acid-HA grafts.

Key words sodium hyaluronate, phenolic acid, ferulic acid, free radical-mediated grafting, anti-oxidant
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