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Abstract Injectable hydrogels, as an effective vehicle for localized drug delivery, have attracted increasing attention in
recent years. With improved tumor-specific drug accumulation and lowered risk of infection, the application of in
situ-forming injectable hydrogels provides an alternative to surgical implantation. In this study, based on a unique feature of
regenerated silk fibroin (RSF) that it can easily form f-sheet structures, which function as physical cross-links, under various
conditions, we designed an injectable silk fibroin hydrogel which encapsulated SBA-15 for the co-delivery of a vascular dis-
rupting agent, combretastatin A4 disodium phosphate (CA4P), and doxorubicin hydrochloride (DOX). Such a CA4P and
DOX co-encapsulated hydrogel ((RSF/CA4P)-(SBA-15/DOX)), simply prepared through a designed ultrasonication proce-
dure, showed two different types of drug release behavior. CA4P was rapidly released, and it not only targeted the abnormal
vasculature of tumors, causing vascular collapse, but also inhibited tumor cell proliferation by binding to tubulin and arresting
mitosis. On the other hand, the sustained release of DOX can inhibit the proliferation of tumor cells for a prolonged period of
time. Because of the rapid disruption of tumor vasculature and sustained inhibition of tumor cells proliferation, the
(RSF/CA4P)-(SBA-15/DOX) hydrogel showed significantly enhanced cytotoxicity against human breast carcinoma cells
(MDA-MB-231). By using this co-delivery system, the required dose of DOX can be lowered, and at the same time, the su-
perior antitumor efficacy of the drugs is maintained. Our results suggest that the application of silk fibroin hydrogels to the
co-delivery of a vascular disrupting agent and a chemotherapeutic agent with different drug release behaviors is a promising
strategy in tumor treatment. Moreover, after sonication, the hydrogel precursor of (RSF/CA4P)-(SBA-15/DOX), can reach
target irregular-shaped tumor sites via intratumor injection, and the hydrogels then form in situ, simply induced by body heat.
Such silk fibroin-based hydrogels are injectable and malleable and fluorescent in dark field, which greatly facilitates their
biomedical applications.
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Figure 1 Schematic representation of the sequential drug release in dual
drugs loaded hydrogel
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Figure 2 SEM images of the cross section of the lyophilized
RSF-(SBA-15) hydrogel
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Figure 3 The rheology characterization of the RSF hydrogel and the
RSF-(SBA-15) (w(SBA-15)=20%) hydrogel. (a) Storage modulus (G")
versus frequency for the RSF hydrogel and the RSF-(SBA-15) hydrogel
at 37 °C. (b) Storage modulus (G") versus strain for the RSF hydrogel and
the RSF-(SBA-15) hydrogel at 37 C
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Figure 4  Illustration of the preparation of the (RSF/CA4P)-
(SBA-15/DOX) hydrogel. The hydrogel was injectable, and fluorescent in
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Figure 5 In vitro drug release in 0.01 mol/L, pH 7.4 PBS at 37 C. (a)
CA4P and DOX release from the (RSF/CA4P)-(SBA-15/DOX) hydrogel;
(b) DOX release from the RSF-(SBA-15/DOX) and (RSF/CA4P)-
(SBA-15/DOX) hydrogels with or without 5 U/mL protease XIV
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Figure 6 Immunofluorescent staining of HUVEC cells. The HUVEC
cells were imaged at 12 h or 24 h post-incubation with different hydrogels
at37 “C under an atmosphere of 5% CO,. Scale bar, 20 um
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Figure 7 In vitro cytotoxicity studies of different hydrogels were examined as a function of incubation time via CCK-8 assay. At the 4th, 9th, 14th day,
the media of each well was removed and replenished with 1 mL DMEM-FBS containing 2 X 10* cells (at the 4th day), 5 X 10* cells (at the 9th day), 1 X 10°

cells (at the 14th day)
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BAIC DOX (14 FH 7 AELATS R DR v 280 10 e e s 4 i £
R E 1.

3 g

A TAER T — P2 AT VRS K BEAR, 1% — K
Jisz e A% 3 ek 4% ) ifL 7 BEL BT 771) CA4P kYT 2654 DOX (1)
BB J 20 S K R, 4 B R A . Heh
CAA4P 7EFTHATRE M RE i, 36 438 14 b A FH T Fievgg 1l 7 p
(PN R AN, TERERRIERERIIPEFH N A8 CA4, SN
YL -1 B A IRKOKANIR S B gs &, BREE
S PR JF 988 LA T SEL DR 7 S%oF e 98 200 i S0 SR 952 110 B
%; M DOX fR¥EF— 3 FIERAT A, IR HTH K& i
BT R, 155 BARFSANH] e 20 M i A 4. 20 s
TE BT 3K — RUER 24 7K Bk s T DA% 1) 9 ot 25 90 36 ik A [
HIZh F1 28347 R, ELAE AN 2 T R B K b
MM H AR, B TaESWERE F, Lem
CA4P/DOX B FAA 22 ORI HH At P e sg 25 R, ERT
FATV N TE T ARG 20 A2 1) 1 3% 9 A 2590 R R TUAT
Jei, A ARSI U 24 nT 3 S /K e s LA o A 1) SE B
AT HA, 2F|AMNFLFiF SBA-15 & HAE
WA 25 8k R b E R B BRI R OME, Bt
X — XA A S KB R AR R R H T HEM 2 4
RSP & mh 46 b, Dol i 5 R s sl 71 5 ok 3 iR T
R

4 SKIERSY

41 BELEAKRIRINEE
W S A HUAE IR 43 BN 0.5% 1) NapCOs b 7K i
Bz 45 min, FI2E 7K TS 40 CHAET T
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PR . BB 47T 9.3 mol/L HITRALHEKIEH,
60 CYfR 1 h. JHIRRE 8 |2 B I Zb A7 i 8 23 Bk [ 4 2%
FiG, BT EBETKPEN 3 K, BHSNERES &
N 12~14 kDa. #7525 02(8000 r/min, 10 min)F K5
2, BRI FRES LN 4.5%K) FE LB AKER, FE
T4 CUKFE £ T,

4.2 (RSF/CA4P)-(SBA-15/DOX)7K Bz A&

FREL— & B ) SBA-15/DOX(#I 4 7712 S1.3)%;
KET 1 mL ZEF/KF, FEEHS 1 h, {f SBA-15/
DOX 5153, SREIAE] 5 mL %45 CA4P [ RSF /K
WHh, IRNEIR ). B AT IR A (i AR R A
IXEH IR AT, FS-1200 N), 1200 W X30%, ON 10 s,
OFF 2's, ##i/5 3 min. fJ5 A 1 mL {3583 EIRTR A
W, T 37 CHAETE 10 min J5 T BOKEEE.

4.3 RSF-(SBA-15)7K BRI FRAE

7 BB RS EM: Je¥ RSF-(SBA-15)/K
BB (B &S0 ST R T8, 28 )5 3 ik
FEAE G T Wi A & b, Wi4: 60 s, T Hitachi-S-4800
P R B, I RN 1 kV.

AW Z WK WAL NAAAE Physica MCR301
(Anton Paar GmbH)iAY F5e k. A EAN 25 mm
HIPAT IR (PP25), b FARIEEEA 0.5~0.7 mm. 75K
IR, T B ERE SR IR R, TRAERE S AR IA
SN — AR R R CREEE 2028 10 mPass). il
WIRER 37 C, XMTHREEH, MEEES 0.01~10
Hz, BIAS[EELE 3%; *FT RIS, RASEEA 1%~
300%, A ELE 0.1 Hz, KEHIRHIHE N 1 mL.
4.4 WEHHLEEHKERERINOEYRER

FREL 5 mg SBA-15/DOX ¥, EHL RSF/CA4P.
RSF-(SBA-15/DOX) F1 (RSF/CA4P)-(SBA-15/DOX) 7K i
K% 200 uL, 73 HE T 2 mL E.0%8$, A 1 mL PBS
(0.01 mol/L, pH 7.4)Ei&H 5 U/mL & H i /K fif B
(Protease XIV)[¥] PBS ¥, 7£ 37 CHEIKH(100 r/min)
TEIR 20 K. FERE— BT IR HORE, RRCHURE /S B4 1 mL
Bt PBS WM. f 5 R AN AT WL a0 O FE
(Hitachi UV 2910 UV-Vis){E 290 nm 5§ 480 nm &K~
€ PBS ¥ CA4P B DOX WG,

4.5 HAESCIG

HUVEC 4 Jfg F 9 52 20 ffa B 5% W (ECM) 5 5%
MDA-MB-231 Ziiffl F 55 72 (DMEM) K5 7%, RS 7R
dHEARAN T 10%5 4 11375 (FBS)~ 100 U/mL 7525 Z 11100
ng/ml $E8H K, BT 37 C. 5% CO WA i %,
K 3 R 0.25%)#EBE-EDTA JH A6 J51£ 4R
451 MR IERKFER

¥ HUVEC 4 7-e 83y b, HET 24 FLIK
i, BEFR 18~24 h, MM FELA S0%E, SANEM
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F F R

BEILEE F7 — 0 IS TA]. 7K Bk S5 40 M 1 S 855 57 35 %
Transwell, 7~EFEWIE 8 Aras. A G o s seis Bk
Tz, S1.6.

+DOX
Hydrogel

Tumor Cell

DD N T AR

B8 AKWEBEB AT F T Mg 4 P 4 Pl s
Figure 8 Illustration representation of the detail cell experiment of
hydrogels treated tumor cells

452 ME KB AARI GG 2m e F M (BUIT TG 2H A0 R
by

e A gn i B M SE K B i CCK-8 vk E .
MDA-MB-231 #iiffi LEEFL 5 X 10* N 0 % B b T
24 fLHH, F 37 C, 5% CO, H1 37 FEH 15 9% 24 h. 3T
BEIRW, N 1 mL £ DMEM. 43X 200 uL & 47
AN 7] 25 9 8 A [R] 551 & i /K Bk fie, B RSF-(SBA-15)
RSF/CA4P . RSF-(SBA-15/DOX) Ml (RSF/CA4P)-
(SBA-15/DOX)/KEEE, IMAFIEE 0.5 mL DMEM (1)
Transwell HIREEN, BT 24 FLIRF. B53%F 1 K2 A, ¥
R IR BGHT T 1% DMEM. AR 6, CCK-8 /£
WG I, fEH 2 h 5 R C(Elx 800, Biotek,
USA)IIZE 450 nm &b W FE .

RIS CCK-8 357, FH PBS VeV 40 2 1K, 44X
JE LI 1 mL DMEM 4825555, 7E85 57155 2 R
% 3 K, CAFFER AR A A e 20, v T AR
A, 25 4 R CCK-8 A EfLEFIMA 1
mL & 2X 10 MDA-MB-231 #iif¥) DMEM 4k %3
I%; R4 9 RN CCK-8 /5 BFLEH A 1 mL &
A 5X10*/> MDA-MB-231 41}l f) DMEM 4k 5255 3%; 1F
14 KIH CCK-8 RAERFALEHMA 1 mL &F 1
X 105> MDA-MB-231 4iififi \) DMEM %k 455 5%
4.6 BIESH

B P E 2 18 0 SE i 2% %2 Rl id one-way
ANOVA analysis Al Tukey’s test 73 #T. N[E)ZHH04 2 1]
MGt 22 R RN p<0.05(*). p<0.01(**)fil p<
0.001(***), NS F/ni i BE %= R, p>0.05.
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