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Preparation of Hyperbranched Poly (ethylene glycol )s via
Reversible Addition-fragmentation Chain Transfer Free
Radical Polymerization of Multivinyl Monomers and
Their Application in Stem Cell Culture

LI Zhili, ZHOU Dezhong"
(School of Chemical Engineering and Technology,
Xi’ an Jiaotong University, Xi’an 710049, China)

Abstract  Using poly (ethylene glycol) diacrylate(PEGDA) as the multivinyl monomers (MVMs) , 4-cyano-4-(phe-
nylcarbonothioylthio ) pentanoic acid (CPADB) as the chain transfer agent, and 2,2’-azobisisobutyronitrile (AIBN) as
the initiator, two hyperbranched poly (ethylene glycol)s (HBPs) with different branching degrees and multiple
pendent vinyl groups were successfully prepared in a one-pot reversible addition-fragmentation chain transfer(RAFT)
polymerization by regulating reaction parameters to specifically promote intermolecular combination. HBPs can react
with thiolated gelatin(gel-SH) via thiol-ene click chemistry to form HBP/gel-SH hydrogels and be used for the culture
of human induced mesenchymal stem cells (iMSCs). The chemical composition and structure of the HBPs were

characterized using gel permeation chromatography (GPC) and nuclear magnetic resonance spectrometry. Research
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results indicated that the branching degrees of HBPs can be effectively regulated by adjusting PEGDA monomer
reaction concentration and n(PEGDA) : n(CPADB) : n (AIBN). Rheological analysis showed that HBPs and gel-SH

could cross-link to form a hydrogel within 2 min. Cell culture experiments demonstrated that the HBP/gel-SH
hydrogels exhibited no significant cytotoxicity, and the hydrogel formed by the higher branching polymer displayed
better biocompatibility. These hydrogels hold great potential for applications in stem cell culture and expansion.

Keywords Hyperbranched polymer; Hydrogel; Thiol-ene click chemistry; Cell culture

Bt 2220+ A0 B 5 B T ARG RIS, 4N TEI R By TR B ) R A F A 5 . 4R
WM, ARG 4k (2D) K FRAEAE SR B T TC AR R AR A BE , HL) v Al S o 0 24, e Bk
For AR TERE ) K BRI R LA R = 4 (3D) M4 4544 | = K K Z TRtk (FLBREE | BB i 5l
PE) S5 KRR AN BAR LA M, o] AR N A8, %l F T A g2 A gt Har, ik
JREE [ MBS | i B R IR AN 2 K5 2R KR KEEIR R R I B 7 SR, T
A P FRIHLEE BEZ B RR ], 33X 2E R IRKEE AT ICTE 0 RV 2R IR T R . ok, AR A
Y1 T HA T A A A AR N5 AR B mT S B A2 AL B T4 T 2 A i AR e 27, AR
ZMERRAEYT, B FE(PEG) RIILAE G I | Hoas 11 05 B 0 s 25 K 1 S5 0 34 i i FH 4l 25
IKEEIE S0 BRI, AR A2 B PEG H T8RS BN, FEAR KRR BRI T /K BEA 1 Re 1)
RIEPE 02,

AR AW R — A B s AR R+, SR | AR 20 AN = 8 AR o A
RERS IR T /K BE I 1 08 A ALK 52 AN 2R n] PR 1 L S g 222, LA T 2 3R (2 /) N
21 (PEGDA ) Ry J5URHG i 2 2R 2 s F Tl & /K BE AL H BT T5 SR B 0l , 0= R AR 4 A
TR LR S ORGSOV FBER A 5UE R A i = RS S 5. Wang 5522 R H 8l ) 2%
1) 2 G SRR (MVMs ) i 5RO, il ad s R G A rp g KAk g | RPRAE KR, Fe5
PEARIE T2 G, AW T o Bt b I BERAL , 6 5 MVMs Mk B R A e 5640 T il & 7 1A &
AL HAr A KB R IE A LR &Y.

AL PEGDA MR fA | -3k -4- (B AR I BEAR 5L ) IR (CPADB) MBE 5 | 2,2 A 5

5 (AIBN) A5 &5, SR FH—5075 Al i W 45 7 7 (RAFT) R G1, dlad J345 PEGDA FRAAEE KMk
K n(PEGDA) :n(CPADB) :n(AIBN), il & T PRI A] S AL B2 A48 2 A R & — B (HBPs). HBPs HA £
FOMFEREA], AT 58RI (gel-SH)7E 2 min PSSR )it HBP/gel-SH /K BENE , FIT 17 S:01)
Fo T A0M GMSCs) 555 . 45 W], 30 755 HBP 3203 Ao 2 i B RIS TR K BERE 1 Mk RE , H.
1RSI BE ) HBP JE 8114 7K B8 56 2 30 HH B M0 S5 1 A L

1 SEIGERS

1.1 KF5XEE

PEGDA (M,=700) , 2l FE 99%, |-V P4 4% 3 B4 B 45 /0 W) 5 CPADB (41 97% ) F1 — HY 5 FHY ot fig
(DMF, %2 ), il s AR I AT FRZA ] 5 AIBN(ZERE 99%) . DL-N- . 1E-1: Jbk 20 i P9 i
(ZEFEE99%) . T MR (A4 ) F1 A B S CRE58 BE 294 250 ¢ Bloom) , - IFBRRL T AR AL RHEE B A BR S 7 5
LBk, SrHral, BV E 258 B 2= RGN A PR | 5 AR SR T 40 M (hMSC) 355 58, AEWa, b %
WS A A BN A AL TG B Eagle B335 55 (DMEM) , A= ¥14% , 11 FEBR KA RBHEE 2 | 5 R4 1
(FBS) . HH R-#E8 K IEW(PIS), =W, i) BIAEYIR A Al mACE S (CDCL,, 46 99. 8%) |
i 2 P (A= 0 ) R TR R % P TR (PBS, AW g ), il Bk 3 0500 A PR AN | 5 BT R 3 R
(AlamarBlue) , A=¥19%, BB AEYRHEABRA A iMSC FI TR =24t

Agilent 1260 IT BYEEE 1315 (415U (GPC) , FE[H Agilent 23 7] 5 INM-ECZ400S/L1 %A% 4 HL 45 I %A%
(NMR, 400 MHz), %fi-}: Bruker A ] ; MCR 302e U3 A8{Y, BLihFI] AntonPaar /A ] 5 Synergy Hybrid H1 %l
FEARIL, 55 Biotek 28 A 3 Olympus CKX53 FIE| B 98 E s , H A Olympus A A .
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1.2 SCEEFE
1.2.1 HBPs #y#| % LIPEGDA NELK | AIBN 51 &K . CPADB NEEHEFF], il RAFT R A & K
HBPs. i#113# 95 n(PEGDA) :n(CPADB) :n(AIBN) il % T WA [A] 32 A6 B2 Y HBPs. 1 4200. 0 mg (6. 00
mmol ) PEGDA, 100. 4 mg(0. 36 mmol) CPADB, 19.7 mg(0. 12 mmol) AIBN F1 15 mL T il ( BL{A ¥k & N
0. 4 mol/L) & THA #E 18 HEF 19 25 mL W LB s 7EZIR T, H Ar KA 30 min DABR Z400;
BEE T 65 CRAREITEFE T B, DL 600 r/min AR EEREHE SN ISR TR A, R GPC
MR A IR MREYN 53 HE421E 20000 B, KR 2 FE AR 2 S, 4 1k Ony 5 itz kR X
AUER], I CBEDTTE R4l 3 YA IR 43 75 (MWCO) 4 3500 B HTASE T 10 d, 135 HBP-1. ff
HBP-1 F£ S8 R T 5 F 20 “COKFE

# 3500. 0 mg (5. 00 mmol ) PEGDA, 167. 4 mg (0. 60 mmol) CPADB, 32.8 mg (0. 20 mmol) AIBN Fl
50 mL TR (ELPAHR BE R 0. 1 mol/L) B T WG 9+ 1 100 mL 9 VB A, SR TAR ] 4 ik il 4
HBP-2.
122 GPCMK  HGFEMIEAELE 1 mL A 1 mg/mL IR ALAR (LiBr) B9 DMF W, 330 0. 22 pm R U8 A%
PSS BT GPC/MI Y, 8 GPCINRAE S B oy F it (M,) . I (M,) | 531504 (D) LA
Je R PEGDA 4k 4%
123 'HNMRIMK K 5~10 mg BAEWEMT 700 L CDCL A, B TAZREE rhof 1 A% mg IR i {0
W HAL 05, F708 F MestReNova 4351 7047 .
1.2.4  gel-SH 8y % & S BESCHK[29,30] )5 745 K gel-SH. il Fl DL-N- 2, it -2 It 22 152 6 P9 i % 11 BH
IEHEA TSR AL . N IR A WIAE 40 “CK B HT (MWCO A 12000~14000 (B T4%) 24 hs , B &k T8
H gel-SH 3B F-20 ‘CukAfirh s ZRESCHR[31] 3k, K Akt 4 Ellman 350 2 gel-SH H—SH & [ 1)
g
1.2.5 HBP/gel-SH K%k it 19 %) 4 W — 5 i i HBP-1, HBP-2 Hl gel-SH 43 1A f#AE DMEM 1537 3 ep
T N4 5% . HBP V5 W BE 43 31 40, 80 1100 mg/mL; gel-SH YA HEEE 4 100 mg/mL; ¥ i filt HBP
VST gel-SH T LAARFR L 1: LIRS TR UK EER .
1.2.6 &[0 SR R B i HBP/gel-SH 1A M7 25 1 T B0 S I a] . K5 AN [) k8 1) HBP %
TR gel-SHA M LAMRFREL 11 B F B0, — @i a5 518 8048, RIRA AT 3 WHAhY
FESEER AL, (RS G RSt a2k O st ]
127 AR MRS A T WS HBP/gel-SH IR A5 W) 19 SE i S kit A8 470, 7825 °CTF #7437 B[]
PRI . B AS [ BE Y HBP 5 A gel-SH AR LUAT L 1 IR A, il AL AR5 52 300 WL 5
RSB R e, TR BRI A, TR WA AL B 500 wm. T3 FE R0 SRS BE R B (G7) AR RE A
(G") My fb il 6 . 3 E A A HBP ¥ 1%k B 43931 2 40 i1 100 mg/mL; gel-SH ¥ W 1 & i 2l 100
mg/mL.
128 AR HFEFR A 19%(ERFED PIS F 5% (RTS8 2 1x BN 7 A hMSC 15 95 5646 T25
RE R85 7% IMSCs [ E IR MBI FRAE , 37 °C, 5% (KR40 CO, 1, A48 h G IR, Fram imh 7 B2
K 5] 80%~85% i HEATAEAX . RGO, 25% RER IR I AL 4, FH )5 2305 . KA IRl ik B2 1% HBP %
T gel-SHIER LIMAFIL 1: 1R GG, RS L 100 pL 2 96 FLARH . 58 2B AL)E , A 100 pL
hMSC 3535 5L, ZENMEIEFRAA TP S 12 he FEEIAREFREL, LL1X10* cell/AL A5 BB iMSCs RN R K BEIRE
T, B PR AT SRl B SR A . AT SRR A8 3 AT LS, DATCKBER AL
RS IR
1.2.9 2@ & MM AR ] AlamarBlue 78 BEA™ B[] 25RO 7K 356 108 2% 1 4 i ARk vs 4 . LI A 100
pL 10% 11 AlamarBlue %57 (B fif hMSC K552 345 B AlamarBlue 23R , H & THFRA I T 1~2 h. 2K
e e R AR SRS I 378 Y A 2 i BE [ I (X)) 4 530 nm, &S (A,) 41590 nm ], BT A5 SE563
3 UEA A5G . LAIC/KBERE LA R 2s XTI
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2 HZRTUE

2.1 HBPHIERSRIE
1 Scheme 1755, LI PEGDA N2k | CPADB WEEFERSF] . AIBN 5| & H], i) RAFT R4

HBP, SCE7E T e £ (L JE R A B2 v 410 S 0L 1T 400 6l 43 —F P R AR 224, ﬁf‘a, mﬁﬁn(PEcDA%
n(CPADB) : n(AIBN)=50:3: 1, BA{AH [} 0. 4 mol/L, i1t GPC Wa I & 5o A5 vh KL YR B9 M, #1 D
[EI(A) K 1] D GPC HRZR S BLAIZAS A g aT 1, ZE S 0I3Y, FR T PEGDA MR EE R, Fod it gk
R, PR ERYE KA 1(A) ] 4h)5, M ik%]4300, DN 1.08. BEE VI T, ZERY 2 18]
MEZES, MM DIZEEEIN. 765, 5 hBf GPC & BB AXIFR, DA 1. 42, XRITE A T 5
ghfh o2 FEROV R, PEGDA MREEARZE T, KorFRZS G HE—035s, REWH M, D Y
hn, TR Z 350 k454 . 6.5 h)5, M, 15520600, B K 1.79. 45 W BORENFFTT M, 200y . TLGE
BTG I 22 5% B AR RN ZE B, 15 B B ) HBP-1, M, 926300, Py 1. 75 & 1(B)FI$e 1], it
'"H NMR 2087 iff— 25 0F S T HBP-1 HAy Ak 454, A= (ST) (A SCRR(E 8O TR S AL 33. 8%,
LR 66.2% [ K2 (A) F1(B) 1. A T A& B A 3 & A6 9 HBP-2, R n (PEGDA) :
n(CPADB) :n(AIBN)=25:3:1; Jyitfeid FEER AL, FRARRIAMEE R 0. 1 mol/L. HE1(C)FFE2 7] .,
554 1 HBP-1 M 1, 4 i HBP-2 1 FE v B4 11 GPC i £ i B 55 . B4 26 h )5, B4 4k % 3k 3|
64. 4%, M, % 21000, P 4 2.40. 4k )5 15 2 5 28 9 HBP-2 9 M, 4 31500, D R 2. 12[ B 1(D) J.
'"H NMR 208, HBP-2 HAT 8 3 (19 S ALE (70. 3% ), Z M0 29. 7% E 2(A)FI(C) .

o ?
L. $

CPADB, AIBN
Scheme 1 Schematic illustration of the synthesis of HBPs by RAFT homopolymerization of PEGDA

(0} Butanone, 65 °C
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~

o
/\ﬁko\/‘}o

13 14 15 16 17 18 12 13 14 15 16 17 18
Retention time/min Retention time/min

(D)

13 14 15 16 17 18 12 13 14 15 16 17 18
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Fig. 1 GPC traces of HBP-1(A) and HBP-2(C) at different time points during polymerization and the
final products of HBP-1(B) and HBP-2(D) after purification
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Table 1 Reaction results for the synthesis of HBP-1 at different time points
Time/h M, M, D PEGDA conversion (%) Time/h M, M, D PEGDA conversion (%)
0 500 600 1.19 6.0 9400 14900 1.58 38.0
4.0 3400 4300 1.08 12.4 6.5 11500 20600 1.79 41.2
5.0 5600 7100 1.28 28.1 After purification 15100 26300 1.75
5.5 7100 10100 1.42 33.6
AINg (B) ©
0 >0,
C Q C ! d
d % d ' ¢
) a
ese (5] o ! b a
11 g1 !
3d Zd /
oC o c 0 !
)b c‘)j* 7 6 5 4 3 7 6 5 4 3
a 4 )
Fig. 2 Chemical structure of HBP(A) and '"H NMR spectra of HBP-1(B) and HBP-2(C)
Peaks c, d and e are all related to the structure of the polymer. The signal of pendant vinyl content is between § 6. 5 to 5. 7.
Table 2 Reaction results for the synthesis of HBP-2 at different time points
Time/h M, M, b PEGDA conversion (%) Time/h M, M, b PEGDA conversion (%)
0 600 700 1.15 25 8700 19700 2.28 63.4
21 7300 13700 1.87 57.2 26 8800 21000 2.40 64.4
23 7800 16300 2.10 60.7 After purification 14900 31500 2.12

2.2 HBP/gel-SH 7K 5B A I &

W& WS (40, 80 1 100 mg/mL) i HBP I 15 100 mg/mL ) gel-SH (&I S1, WASCIFHER , #il
HEE 0. 8 mmol/g) IR AFATUR G, 7EAEFE pH AT, HBP FEHMZ E LM gel SH FZH
A 3E 2o AT BB S DT ER S R A 7T L5 A5 T Ik 58 e (11 3). HBP/gel-SH &AL R
TR T BE SUEN AR P R F 18T, UE S22 K BRI LA R AT S L 3 e ) R SR BRI
HBP/gel-SH S 1] . K455 (36 3) 2B, HBP IR gel-SH I WRIR & )5 PIRETE 2 min N TP BUEE I .
5 HBP-2 M tb, AH[FEVEE T HBP-1 ARG BEHER . U140 me/mL (%) HBP-1 35 7S B 1] HBP-2 B fie B
(B 46 %6 T 31 80 s, iX & F HBP-1 HA B 2B H: 2G5 (66. 2%). 245 HBP ¥ Wi M 40 mg/mL 34 Jin 51|
100 mg/mL i, BERCHHAI4E 5 . U140 mg/mL {4 HBP-1 381294 30 s, 17 100 mg/mL %) HBP-1 %
WU TA] A 15 s, 32 R i v B2 HBP ViR B 22 M B, 35 1 e B i 80 H , AT 1
I E

Thiol-ene
Click chemistry

Fig.3 Gelation of HBP-1 and gel-SH mixture via thiol-ene click chemistry and optical photo of
HBP-1/gel-SH hydrogel
Table 3 Gelation time of HBP and gel-SH mixture”

HBP-1/gel-SH HBP-2/gel-SH
Concentration of HBP-1/(mg-mL™") Gelation time/s Concentration of HBP-2/(mg*mL.™") Gelation time/s
40 30 40 110
80 20 80 70
100 15 100 50

* Concentration of gel-SH: 100 mg/mL.
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2.3 HBP/gel-SH /K& HIR T HERE ST

A 3 45 9% B ) 48 AR AP 2 HBP/gel-SH B RUIRA TR . HIR A VA TRAIRFEAR it (G ) PRAFFESR
RACE-, T ReRiaE (67) W I TRE , RUIBUE™ . B4 MR 4TI, FEAHRIHREE T,
HBP-1 5E B 6" Y7 T HBP-2. 41140 mg/mL # HBP-1 & J i /K BE K G b HBP-2 % 1 i 7K B8 st 155 3779
Pa. [A££, 100 mg/mL () HBP JE B (/K EERL 1 6 3475 F 40 mg/mL HBP JE S /K BEKE . U1 100 mg/ml. [
HBP-1JE A /KEERE G oM 18735 Pa, 1M 40 mg/mL (1) HBP-1JE A /K EERE G~ 7985 Pa. XS K N # R )
CIFHE BT R T ACHE B, P2 i T SE i . 45 & Ul il AN gt A8 AR 25 SR 6 I, ik ele s
HBP [ SZ A2 FA R B R SRR eI R 1 S T 15

104 10
10° 167
]
s £ 10
s 107 H )
o g w
&) N
10 otk
10° 1 1 1 10° 1 1 1 1
0 1000 2000 3000 4000 0 900 1800 2700 3600 4500
Time/s Time/s
104 10°
©
100 L 104
)
s g 1
s ) . &
O 10 P g i, St S
O e 89 . 107 b
10! - 9 G"
101 =
10° L 1 L 10° I | ! |
0 1000 2000 3000 4000 0 900 1800 2700 3600 4500
Time/s Time/s

Fig. 4 Time sweep oscillatory rheometer measurements of G’ and G'’ of 100 mg/mL gel-SH solution
mixed with 40 mg/mL HBP-1(A), 100 mg/mL HBP-1(B), 40 mg/mL HBP-2(C), 100 mg/mL HBP-2

(D) solution at 25 °C
Table4 G’ and G” of HBP/gel-SH hydrogels
HBP-1/gel-SH HBP-2/gel-SH
Concentration of HBP-1/(mg-mL™") G"'Pa G'[Pa Concentration of HBP-2/(mg*mL™") G"'Pa G'/Pa
40 104 7985 40 72 4206
100 124 18735 100 73 9876

2.4 HBP/gel-SH 7k B iMSCs 32 5 F0iE MMl

iIMSCs [5] LB 58 1) 34 58 8 7 LA R G e P03 D R e )32 o0 FH 1 20 L7 9 o AL U AR R A
SEDOTL SR, FRER YT TR 0 A R T RE AR T T R AT AR, R, iMSCs ARSI
B RAR R MBI . R E HBP/gel-SH /K BEIE 19 A= AR 2 AT A i 34 P8 , Ke iMSCs 2R 2R [ vk
JE () HBP/gel-SH /K BEfE 26 i g A 755 3%, RACBRLL (UT) Ny 96 FLM i . i I8 5 F R S2 (A SC 37 H5
SO L, 40 mg/mL [ HBP T 1) 7K SR SE  Th1 114 iMSCs Y B0 H AP BHRRE, ELiMSCs b BRI B 5 1
FRRELAIG TG K . BlE HBP MR B2 (340, REBAHE K BERL FR 1 1 iMSCs B pst/> H 2B . @i
AlamarBlue A 7] HBP/gel-SH 7K SR 22 11 1 iMSCs 15 P . & 6 /T L, Bl 15 3% KB, Frfy
HBP/gel-SH 7K # J& & TA] iMSCs 15 PE 2 W 35 0, B0 BHK BE R A o T iMSCs 3456 . >4 HBP ¥k B2 54 I i,
iMSCs TG PE TR, X AT B2 TR W EE (SR B A R A #E k. A, ASCRR T A A F A
JE 19 HBP il £ B 7K BE I X iMSCs 16 1 F52 M0, & BRAEAH [RIR B, HBP-2 (324K R 70. 3% ) il %5 (7K

Chem. J. Chinese Universities, 2025, 46(7), 20240546 20240546(151/153)
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5 JE 1R iMSCs 195 11 BH ik 55 1 HPB- 1 il 4 R /K BRI (SZARIE N 33. 8% ). WA 6 K, W 40 mg/mL (1Y
HBP-2/gel-SH 7K ¥ 1 25 T iMSCs 21 JitL 1% P . HBP-1/gel-SH /K BEE &5 16. 6%. X S546HiTE—5, K2
ISESREAR TAHEARK. BRRE, 5ARFIA IMSCs TEYEF L, 40 mg/mL HBP/gel-SH 7K R 1E
o5 6 REYANMLIE PE T & , 2] HBP/gel-SH /K BERSTE iMSCs 3535 K 47 1 )5 TR Vs 7

40 mg/mL HBP-1/gel-SH 80 mg/mL HBP-1/gel-SH

100 mg/mL HBP-1/gel-SH

200 pm!|

Day 2

200 pm| 200 pm!

Day 4

200 pm| 200 pm|
200 pm!|

Fig. 5 Bright-field images of iMSCs cultured on the surfaces of HBP-1/gel-SH hydrogel with different

200 pm

Day 6

200 pum|

concentrations of HBP-1 for 2,4 and 6 d

(A) = UT (B) =UT
150 =% 40 mg/mL HBP-1 150+ =5 40 mg/mL HBP-2
e 80 mg/mL HBP-1 e 80 mg/mL HBP-2
xx 100 mg/mL HBP-1

100 mg/mL HBP-2 g

100 100

50 50

Relative metabolic activity(%)

Relative metabolic activity(%)

Time/d Time/d
Fig. 6 Metabolic viability of the iMSCs cultured on the surfaces of hydrogels formed by HBP-1(A) and
HBP-2(B) at concentrations of 40, 80 or 100 mg/mL with gel-SH at a concentration of 100 mg/mL
for 2,4 and 6 d

Data are shown as average+SD; n = 3.
LN
3 &

{1 FH MV Ms ()R] # 5 REm , 38 1 4% PEGDA B AR S W vk B F n (PEGDA ) :n(CPADB) :n(AIBN),
BTG T AN AN R SRS HBPs, I FVEBERC R . 7EAE3H pH 25040, HBPs 38 i B l-Ja s i
SRR AS I i HBP/gel-SH /K BEIE . BFFT 25BN , 8715 HBP 1) S A2 RA Rk B BB 6% S B B e BT 1)
FKEERMERE Y 235G 815 . HBP/gel-SH /KBERE HAT R AT A AR 2 A A i 8 e, HLHAT 35
FRJE I HBP-2 B B /K BE RS (1) iMSCs T PR BH S B0 35, S 1 JAE T Al i 2 i 1 0y i o v g

X HAZ & Whttp: //www.cjeu.jlu.edu.cn/CN/10.7503/20240546.

2 % x W
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