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Drug Loading and Unloading
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Abstract Protein nanoparticles (NPs), biocompatible and biodegradable, can be easily surface modified. In particular, am-
phiphilic proteins act as “surfactants” that help form microparticles while undergoing molecular chain rearrangement. These
NPs have been successfully used as drug delivery systems, improving bioavailability and reducing the toxic effects of drug
molecules. The use of regenerated silk protein (RSF) with m-acrylamidophenylboronic acid (APBA) composites as drug car-
riers for loading anti-inflammatory herbal extracts was reported. Firstly, a simple and rapid method was used to prepare silk
protein/polyphenylboronic acid nanospheres, in brief, RSF solution and a certain amount of initiator were added to APBA
solution, and the pH was adjusted by NaOH, and the polymerization was initiated by heating at 90 “C under nitrogen protec-
tion with stirring at 500 r/min. After 2 h of reaction, a milky solution was obtained, which formed silk protein/benzeneboronic
acid nanospheres with hydrophobic interior and hydrophilic surface. The drug-loaded silk protein/polyphenylboronic acid
nanospheres with an average size of 550 to 600 nm were prepared by mixing with the drug solution after dialysis and stirring
at room temperature for 12 h to load the drug by adsorption. By the same method, drug-loaded albumin/polyphenylboronic
acid microspheres and collagen/polyphenylboronic acid microspheres with sizes around 260 nm and 100 nm, respectively,
could be prepared. The results observed by scanning and projection electron microscopy and dynamic light scattering showed
that the drug-loaded silk protein/polyphenylboronic acid nanomicrospheres displayed regular spherical shape indicating
smoothness and good dispersion with no obvious aggregation. The highest drug loading rate was about 13.4%, and the en-
capsulation rate was over 90%. Also, such drug-loaded nanospheres could achieve controlled release for about seven days and
their slow release behavior was pH-responsive, with faster drug release in buffer solution at pH=5.5 than in buffer solution
at pH="7.4. In addition, the synergistic interaction of the silk protein/polyphenylboronic acid nanomicrospheres with the sub-
ject drug improved its free radical scavenging rate and scavenging efficiency, which was superior to that of the direct drug
delivery group. Thus, three protein/polyphenylboronic acid nanomicrospheres with different sizes, electrical properties and
drug release rates may be adaptable to a wide range of intravenous and subcutaneous or intraperitoneal drug delivery needs
and have great potential for clinical applications.

Keywords proteins; phenylboronic acid; anti-inflammatory drugs; nanocarriers; controlled release

*

E-mail: zzshao@fudan.edu.cn; Tel.: 021-31249907

Received November 16, 2022; published December 13, 2022.

Supporting information for this article is available free of charge via the Internet at http://sioc-journal.cn.
Project supported by the National Natural Science Foundation of China (No. 21935002).

TUH % 85K B AFHE R S (No. 21935002) 7 1)),

116  http://sioc-journal.cn © 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2023, 81, 116—123



F F R

1 5|8

HE AH I R0 1 A A A o N R i B 1 A
Z—, WRIEH AR T AEH L (WHO) RS FEE B on, 4Bk
A EREPHAE =D AR5 SEST, i
RIEPIKIETEE, WP ATRE, X IEH AR
PR, AT R 2R, S RMayT ik, Wl &
2P ER A SRS 125 A TR 2 R 3G 58 2454
HIIRTT RUR, A7AE B BURIR MR . AU . HE
MG R 25 S R G MERE A IR in) 8. (R Uk, k4%
PR RECKS T 24 0 I ) S A S0 XA S R s 2% il
BER B B BT, WA =R T 23075 B0 X T)
TR P I AE K 25 A BN 8] DI A2 AT 9 179 2 2 7 i) (8130,

BT EAR ARG R BN BRIE R, {2
i EARE S HAh o TR I MR M BAE . Ak
FURL(NPs) HL A R 45 IR 2E AR 258 PR R A= ) B e 1, 9 55
T AT R, Feale h B AR E A RER
CRMEEMER, T FREEHER RN, 5 BE R
WKL, IXUE NPs LRI 1E 2505k R 48, m T
VR, W80 T 2T B EIE Y,

PRI EARSE) & MR “PiEtik B
Ry, BHA RGPS BSEAMEL K
PR DO BE AR IE . AR T E R SE A e M. T
LA A 35 M R LG g R U517 BRI 45K, RSF
R AR EARARL, SN BOR T BL AL
YRR OS2 S — 5 T, H R A L o 1A T
2 (BSA)22 241 B Jist 2 4 (GEL) 220N Al BE 2L % T 4F
YIRS AEWBR R B E M. K. Ak
ELOR DA SR B T RE e L AR i 2k 2 25 I 34,
Al UME AR R G EE RS, Akt E ik
(RS RN R E T 2 B B B AN A Py A 43 Al AR
1E 200~600 nm 2 [[], RF35—RgRiEknr CLVE 92
R IRV, XS T ke 25 2 SR (1 9 K = 2 ks
(0 RS e /INCT, i 3 3ok 7 R BN i 3 S YA T ) R R
KPR SR SH A A V0 5 S50 (0 s B B 0280, 4R, H
RUFIRIE FE0 T8 R AR B AR 259 1 B . SRR DL &
E 52 BB R 9 R R ST 45 1) SR /D

TRIAZR . HEESRE LM p 2k, Friaz A
HPoE. prES. JrE. PURT-SER, SGBSAR
R, HXPBGP AR JEE . O MW SRR A IR TT
ER. RS ZREAPIR . PLAM. PsiEtE. iR
DL G2 M AR . ARRS 2= CguE B FLIR %6 . il
PERERG AL TNBS i 5 145 i 20 2 A 838 697 2L
RPN Hb B R B R —FiE A 2, Fattori S5BORINHE
i A A G 9 b B =) B R 0% ek D i 22 W 51 AT 1) AE PR IR
I 1 B 4% .

TEATAES, A0 T U AERELEARENE
(AR AR B A, P T B EREE ) 5 43 T I8 & 3k
EREPIR P AR E ARG MER, Mk T A SzpR

Acta Chim. Sinica 2023, 81, 116—123

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

JOLFH AR A T DR, R T BRSO R AT A AT
H 2T BR K.

2 GRS
21 GHMAPHNERRAKBERRIF &

R4 A R FRAH USI R 30 TAR, B s S
FIA VR S5 A 10 )7 7281 #3024 RSF 9Kk, RSF 4> T-8%
TEEH ZIPHIAS RIS i Oddl R A # G 5678, BT e
RS M ) B4 B AR DL R i, AR I AR R I BT
V1733 — B AR A G A, FF A Al it B 8 AT T 1
BR, seplZi k. R @ THE R P RSF i
BN Tria R HES R EE D BN 2.5%M 4.1%, &
FH2R 35N 32.6%F1 49.4% (3 B =] BRI T 288 1 TG i
DA JiR A7 1) 46 3R 25 T ER), (H R WS R I, 1% 7 I &
RSF PIRIEER(20% LIS AF )RR 2 Ja A-E RS o0 AT
B (RIARTE 50~500 nm AN%E) RIS B AR A
SR, JF H#Z5 RSF MR 5 774 KEAR R & (&SI,
WL EEE). A4k, BT 46 RSF ke 208 niess, 76
40 kHz B/ 5 min S50 T ROKBRE, R R RAA
—E MR R A

R 2R B (PBA) 1 R AH O 4] 7] LA S RSF H sk
FEB, E ML, KA 2 - B e X e BB,
AW TSR RN ER AT AEPIAE RSF /KR A IR A SR A I
IR, LLEEMERES RSF BRI BOE oG H B
PE e MEAIRr AR, R4 RSF B — R 51407, RSF
173 FBERN AR HH 51 7K BRI B 7K B A8 5 1 ) “ 8
PEZ B R B, Ak, £ RSF KEWH RS 3-
PR Tk e 22 R R (APBA), 5 21 1 57 7K R A W R 7 A
YI(PAPBA)A nI fit5 RSF B /K BUR A HAER, LA
BAMER B 7K A%, T RSF (155 7K B B R 13 99 KR 14k
0, AR KRB, TE RN B K R SR K B
BUR2E Y RSF-PAPBA fiBER. TE[RIFESLIG S N A AF]
FRMRAT AN S 5 RN, 26228 AMERTEIETE i
S2, W HHER).

RSF 5 APBA MR & VAL M F 5l R EA N,
2h G, WIREAAGE S3, WX FHMER), HitE 48 h
HEUED R, B 1 R, A A ERIASLER ARMERR
R, HIAER ISP ERAR KL 500 nm, 43 A BN
S)HFRMGHT; RIE G E E A (Pin) #LAS % (Far)Fl
HhBLF] B (Dio)J&, BRI SF AR A AL, tHICH &
(SR MR 4 o 7 AR i 2 ARl i (FTIR) M 3k 45 S (1
S4, WZFHER), WERFRIA RSF 1 PAPBA f71E,
T AT HA BT RSF-PAPBA 4K fRER.

NS i RSF {E45 5 (pH=3.8~4.0) i I T+
BEFT S AN L R E ) RSF-PAPBA 44K RER H!
B, BAHE SN K S AbH I AR PR A PR B pH
[ 2 TE 5.0~5.5 47, SERR b, BATRIL S5 pH {E %
AR T A8 O 25 T BRI, ORI AS 55 T J sl b 0 — e R B

http://sioc-journal.cn 117



e
*
]
L
2
s
o s @
-
)
o ® ‘g
®
.
® o
L ]

Bl 1 RSE/ZEFMERIKBIER I 1 BT (a) FE 5T L BE(0) &R LK 7 B BRTHA TR (¢, d)~ HERS R (e, DI BRI B (g, h)fX) RSF/ZR LT RRAIA Bk

RERELTER R br e R TA LN

Figure 1 SEM and TEM images of RSF-PAPBA (a, b), Pin@RSF-PAPBA (c, d), Far@RSF-PAPBA (e, f), and Dio@RSF-PAPBA (g, h) nanospheres
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Hydrodynamic Zeta poten-
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Table 2 Hydrodynamic diameter (nm), polydispersity index (PDI) and

Zeta potential (mV) of BSA-PAPBA or GEL-PAPBA nanospheres before
and after drug loading

Hydrodynamic Zeta poten-
Sample diameter/nm PDI tial/mV
BSA-PAPBA 260 0.05 —242
Far@BSA-PAPBA 290 0.09 —46.2
GEL-PAPBA 170 0.04 +21.5
Far@GEL-PAPBA 180 0.06 +14.3
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B2 (a) BSA-PAPBA. (b) Far@ BSA-PAPBA. (c) GEL-PAPBA #1(d) Far@GEL-PAPBA #}K ek i34 i B2 11 1%
Figure2 SEM images of BSA-PAPBA (a), Far@BSA-PAPBA (b), GEL-PAPBA (c) and Far@GEL-PAPBA (d) nanospheres
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Figure 3 Release profiles of drug loaded protein/polyphenylboronic acid nanospheres in phosphate buffer solution. (a) Release profiles of different mi-
crospheres loaded with farrerol at pH=5.5; (b) release profiles of RSF-PAPBA microspheres loaded with azathioprine at different pH; (c, d) release pro-
files of drug loaded RSF-PAPBA for three different drugs, namely, pinocembrin, farrerol and diosmin, at pH=7.4 and pH=5.5
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Figure 4 The photographs (a, ¢, ) and quantitative curves (b, d, ) of the scavenging effects regarding DPPH radical of the corresponded drug and its

RSF-PAPBA loaded nanospheres within 30 min
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524 RSF-PAPBA fERAMY B A I E . FHRGZH AN
Hby B ] BH X SR 98 24 I R B A S AL 2 IR RETE A ]
pH FRIVHE AR MREZE R, A8l pH s LS
b AR B AT S R 2. A AR ER A TR R
FERS 25 A0 B =] B A RN R AP 2R RV, e sk
W7 d A RIFERIREL. 54F, RSF-PAPBA 9KERS
TR FEIVE AL S T B E S B B AN R .
628 RSF-PAPBA %45 2454k 50T IR R AT B #0841 KL,
XoF N AR Bz 7T B s 3 S T 9% 2 WA i AR 1) Y T R
A AN .

LR, BRI B B (BSA) B KA ik
(GEL) B R ILA R (A kF RSF, SR HH bl 4 75 i [F
fefE 3k BSA-PAPBA f3k5 GEL-PAPBA 1Bk, Jf#k
AR R 2. OB B /&, RSF-PAPBA fill Bk .
BSA-PAPBA 3k A1 GEL-PAPBA TR (R~ 7E 540 nm
A 170 nm Z [AERIRAE AL, HL R 250K i 2 T H P A
VIR A BT 22 e, B I B 2 P A Ik S
R T B R B R 2 A 7 R

4 SLIGERSY
41 GiEHMAPANEBRMKHERRIHIE

B3-S PR RS (APBA) A IR AE 2 B /KR,
7E60 °C RIS T N 30 min Z 1AM N B (V8T 7% 1A
4% . B 50 mL 2 mg/mL APBA &N 2.5 mL RSF
TRV (TS 200N 4%, RSF VA0 i) 4 WA IR 4715
Bl LAERTIR), i8R A5, A 125 pL 0.3
mol/mL NaOH &1 30 mg 5] &7 4,4-HE4-F 3L
1R), RS RN 90 C, 500 r/min #iHE5I K E
&, 2 h G B2 A GER. A 5% RSF-PAPBA &K
TN 43 F 2N 100000 [ENTSS, A pH=5.0~5.5
LB TIKENT 24 h B L H A RS E RPN T,
HIaSH 3 JoK, fREERSSRIEMEL, FRETER
WWIRA TR I5135] RSE-PAPBA KiK. 11 4 mL
RSF-PAPBA #K i ¥ 7K¥E W (4 mg/mL)H, ZFHMA
100 pL 2 mg/mL HIFFFA Z (Pin). ALAY 2K (Far) it 5 =] B
(Dio), HATriA =LA A SR, Hh A BN —
H L HU(DMSO)E . &l FHiH: 12 h J5H 11000
r/min &0 15 min, R EVTREH £5 T /KR C8E 550
VR BS O = IR HA T 19 24 245 ) RSF-PAPBA KiK.
BSA-PAPBA #11 GEL-PAPBA ZKAER 1) 4% fr 824
142 5 RSF-PAPBA [ #HA].
42 M5
421 HEFRETF IHMB(SEM)A K

V4 1) B LF P AOK OER A T 7E 25 B K R 2B, MR
—EABURTHBIBIE A b, AR T TR PRt
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M54 60 s K F S-4800 FE-SEM 37 & 413 #1724
BEAT MEE, M R 20 kV.
422 HHEF R2MB(TEM)MK

Bk bR 7 A& U I GO R R R
KRR HL, BB e R, PRI IR Y b, I 0
MAEJELR b, HRE T T8, FEaTE 200 kV FH TEM
(FEI Tecnai G2 TWIN)SAR, WEEGAKER I TE 3.
423 A% Zeb T 34098 K (FTIR) M K

W PR TRER FLOE I R A H A R TS, 55X
HEREAL 3- P AR IR i 2R R 4 ol i3k AT 40 Ah el ik, R
FHAR ST 22 21 AR 1 A (Nicolet 6700 FTIR Spectrom-
eter) X} FE S BEAT MAA(KBr J5 F732%). SN 400~
4000 cm™!, > HEEN 4 om™!, BESRIRLR B 64 SN
424 #HEXBSHDLS)F= Zeta £AZ

W3 ik b T v ) 4 U B R ROER R L A R T
IKH A, FRE )5 S Malvern /A F] 1) Zetasizer Nano
g oK RL FE -Zeta  FLAL 43 BT A DU 2 BCER 1) RL 42
Hydrodynamic diameter (nm). %74} &%L PDI fil Zeta
HLf\. Zeta Potential (mV).
425 BHZFORMABRGEGE, R %

BB RSO 4 B8 5 1) b S T RIS B T R
FEIEW, RN BT S R R B 2
WeIERE, RUFREFREE, TR ALRY F A B R B 1Y
SEANE T K2 )8 480 nm. I TE FRRA SR L ALRS E AN
BE] SR AR AR M 2. 2 9Kk 1%k 2 & (DLC)
A8 22(DLE) 43 Al B (DA Q) TH AT 21
DLC(%)=[(f %k b 254 51 & )/(FF i S 5T )] X 100% (1)
DLE(%)=[(#1#_F 259 51 &)/(FN 25 5 7)1 X 100%  (2)

Bici] 0.01 molV/L pH fEHZ3 74 7.4, 6.5 5.5 F1 4.5
PR B IR 5 22 PR (PBS)TE N TEUA L. B2 4K SR 1
PARSNBETRON 5E 75 Bl — B T H AR T/ & AEY
FAHL B F B[] RSF-PAPBA 4KKi T, K M#EfaSE
ff] BSA-PAPBA. GEL-PAPBA #14fi RSF #4Kki 74k
f£ 1 mL PBS W, FEINEE 71 &4 14000 (132
fragd. BHRAOMWETREN 4 mL 5F 25X10*
mol/L H,O, ] iR PBS Zph¥sii+, 78 37 CIIRRIR
L 100 r/min PR, FERE— BT EIELH 1 mL /) PBS,
FEINGH ek ()45 B PBS. 83 F AN AT W4 6 e T
(Hitachi U-2910, Japan) ISR 5 1 245 W0 FE R vt
SRR, AR SR 3 4P AT SLIRAE T 1.
42.6 #HHHKFZ 4 DPPH A &1 KAk Ak

1,1- 2R -2- = i ik %8 (DPPH) ¥ il /£ Jo 7K L%
W TECRIE 2N N R AR S RGP T, AR RS
RO BE B IS VG R — IR, IR ERA R W
RSF-PAPBA. BSA-PAPBA. GEL-PAPBA #14f RSF 4
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F F R

KRS HAE 2l p . B 3 mL BESVATRS 1 mL 0.4
mol/L ] DPPH IR A, TElEGICIRIIZEMET, Bid:
30 min, BERE 5 min fEEK 517 nm PERAE 4, 5
FRFEED 0.1 mol/L ¥ DPPH ¥&WRAE 517 nm ML 4,
XfEE, #iE R (3)iHH DPPH A 3B R K ().
n=[(Ao—A)/40] X 100% (3)
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