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nanoparticles (MSN) and investigate its potential application in inducing macrophage M2 polarization. Methods MSNs
were synthesized using the conventional sol-gel method. The interior mesochannels were occupied by small-molecule
CUR, while the exterior surface was adsorbed by cationic polymeric polyethyleneimine (PEI) to link the negatively
charged siRNA molecules to formulate the (CUR@MSN)PEI/siRNA co-delivery system. The formulation process was
monitored by transmission electron microscopy(TEM). The MTT assay was used to evaluate the cytotoxicity in
RAW264.7 cells under various concentrations of nanoparticles. Confocal laser scanning microscopy and TEM were used
to observe cell internalization using FAM-labeled siRNA. GAPDH-targeting siRNA was used to prepare nanoparticles
and then was transfected into RAW264.7 cells to observe the silencing efficiency of target genes. The knockdown effi-
ciency was examined by real-time quantitative PCR. The related control groups were untreated cells, CUR delivery only
and the co-delivery of CUR and siRNA negative control. By loading miRNA-130a-3p antisense oligonucleotide (ASO) to
transfect RAW264.7 cells, the effects on the polarization of macrophages were observed. The M2 polarization marker ar-
ginase 1 (Arg-1) was measured by western blotting. The related control groups were untreated cells, CUR delivery only
and co-delivery of CUR and miRNA negative control. Results The (CUR@MSN)PEI/siRNA co-delivery system was
successfully formulated. The nanoparticles exhibited dose-dependent cytotoxicity, and the cell viability was maintained
over 90% when the nanoparticle concentration was less than 10 pg/mL. A high cell uptake efficiency was observed, and
the target gene knockdown efficiency was greater than 80% (P < 0.05 vs. all the other groups). The CUR delivery-only
group and co-delivery of the CUR-and miRNA-negative control group improved Arg-1 expression ~ 3-fold (P < 0.05 vs.
untreated cells). Using the co-delivery of CUR and ASO, synergistic effects were obtained, and Arg-1 expression was
increased ~ 8-fold (P < 0.05 vs. all the other groups). Conclusion The CUR-siRNA co-delivery system can effectively
transfect macrophages and synergistically induce M2 polarization.
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1 #RF A E
L1 E&4H ookt =R AL EL (cetyltri-
methylammonium bromide , CTAB) | Z A AL N (sodi-
um hydroxide , NaOH) | 1F i i PO £, 5 (tetraethyl or-
thosilicate, TEOS) . PEI (Sigma - Aldrich, EXH);
RAW264.7 /)N BLE BE4H Al & (ATCC, 228 ) ; DMEM
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CUR . Dil (MP Biomedical , 3% [€ ) ; & RNA $2 B 5
& SR &L 51 W DL K SERT E i PCR A &
(TaKaRa, H ) ; Fi 4K (ABCAM, FE[H ) ; ¥ [i] GAP-
DH /) siRNA (siGAPDH,, 1E % : 5'-CACUCAAGAUU-
GUCAGCAATT-3";J2 X :5'-UUGCUGACAAUCUUG-
AGUGAG-3") \siRNA BHMEXT IR (siNC, 1E X : 5'-UU-
CUCCGAACGUGUCACGUTT-3"; ;2 X : 5'-ACGUG-
ACACGUUCGGAGAATT-3") . miRNA 4 i /5 %1 B
PE X F8 (miNC, 5" - CGGUACGAUCGCGGCGGGAU-
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2.75 mL TEOS, % 74 I A TLIE F A 2.50 mL &
R £ g , 80 CJ .2 ho ZEiRMRIE R, &0, H
B2 K FITC K & BEEAS VRV 3 UK, Fhg , 25 T8 15
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1.3 CUR 5 siRNA #y 3ti# 1% R et i

K I MSN 44 # CUR 5 Ji0kE (19 HL 8 1% R S8 64T
ARG B IR MSN K 4 mg A F] 1 mL 75
A 1 mg CUR M JC/K B rh 259 5 2k 1
JFiE H A il A 14 R 2 MSN SE 2 WG L #E
WA, BT 15 000 rpm/min B0 15 min, UL
TEZTOK PR 3K, 045 T8, 15 3R 3 (0 5l
% CUR@MSN, FREU1 mg PEI T AE] 1 mL /K&
st B 75 010, % CUR@MSN Jin 8] PET ¥, 7K
W 30 min, B0, TTK O BEVES 3K, 15 3
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R L A= R T REON ST S B
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K5 F2.4.6.12.24 48 .72 h J5 BUB T
1 mL, [F] B b 78 45 6 1) R A o 5 38 3k 76 i B 1Y
Ao o A0 T 5 56 B 1) 77 950U 22 CUR 5 8, IR 315
REBHE 7
1.4 I IR B & T Hom

K FH W5 20 Bt bk RAW264.7 20 J 78 47 ) 3] 40
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T-HE8E K637 C R B5% CO 553548 h ks
F%,1E 4N % i N 80% £2 A5 I 1 A7 1B 2 11 i AL
AR, ¥ 40 0 32 b AE 96 FLAR M , ¥ (CUR@MSN)
PEI 40 K7 FH 55 752 5645 HU R B 5 AL 41 At 24 h, Bl
Je e B 3 4 SR BE P SR 24 b S HEAT MTT A6
LG Ty o BART 5 4% 5 mg/mL () MTT %5 5 55
FEW TR G (MTT: B3 52 W =1 4) J5 A 4 Jf 355 77
LN, BAL 200 L, FEAN LR R4 4 h 5 HUE
FE AT AN Assso oo W R ' BE (L, 5 FH A Ak UL 400 Y 225 17 4
EbRELL
1.5 Zmpesk R RIEK

¥ RAW264.7 4 Jif 422 B AE 3¢ IS B 7= LA, 48
FAM % AR 10 1Y siRNA $E47 240 i 5% YL 5256, 72 4%
P2 )5 5 0 Dil kY B 55 307 B 15 min, I3
35 W 8 4% 22 5 H I [ 72 28 i 10 min, PBS
5 UE P, DAPL Y% (0 44 (4, 5 min, PBS & Uk % ik
Je o T O S B AR R O O 4 A i A e
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Z R ER AW (1 1) 47 8% J5 R 195
T R I RE TN A T8 7K B 4800 R A R L 8l
TIEBHEY) R A T R R AT I R A AT IR A Y €
175 5 R B L 4 DK 8 M L PN 1 A i O
1.6 %8 %% PCR(RT-qPCR)# M GAPDH #9322
S

4 RAW264.7 241 L H2 R0 7E 6 FLAR N , 4 R FE e
BEYRAR >4 4, BS540 : CUR-siGAPDH
3% % 4 2 [ (CUR@MSN ) PEI/siGAPDH | ; % iR 4H .
RALHRARL (R IFA TR YY) 25 A (CUR@MSN)
PEI] . CUR-siNC 3t i % {& % [ (CUR@MSN) PEV/
sINC|. W& G 5 m A=, +
FARD) Y 4 b T 4o 8 8 R AR 2 5
TE 48 hJi , >k H RNA £ Bt 7] 6 4 B4 i P s
RNA , 2K F PrimerScript RT reagent Kit iz 7] &5 jifi 7%
SEA L cDNA , 5Lk eDNA AR {4 H SYBR Premix
Ex Taq i #) & JE17 RT-qPCR J2 i , L) B-actin /E K
N FE A, K GAPDH [ ULERSCR o Hirb, /N
GAPDH 5191751 : LiF5 149 5'-GTTGTCTCCTGC-
GACTTCA-3", FUiF5 |4 5'-GGTGGTCCAGGGTTTC-
TTA-3"" 5 /INE B-actin 51 Y75 0 LUi#5149 5'-CT-
GTCCCTGTATGCCTCTG-3", F #5149 5'-ATGTCA--
CGCACGATTTCC-3',

1.7 CUR-ASO ki # 4Kk Z &f B o 2 i M2 A #2410
9 %"

F RAW264.7 40 MU 4L FhAE 6 FLAR N | ¥ B4
BAYIATE 23 18 4 41, BDS2 56 4H : CUR-ASO 33k
%K % [ (CUR@MSN ) PEI/ASO |, H:#1 ASO 4 miR-
130a-3p S SLEERZ R ; %F BB« AR AL PELH (R AT

FEYe) 25 3R [ (CUR@MSN ) PEL ], CUR-miNC 3
# 3% 4K Z [ (CUR@MSN ) PEI/miNC ], %% 4 /N5
T i SRy 3 B R AR L R 7R 3 d 5 R H West-
ern Blot 17 Arg-1 8 IRy AR . FELIRN
K FH RIPA AR P 40 o) 700 28 fik &4 L, i B 5 2
H, &k 10 min J5 5 B 22 vh IR & 328 47 SDS-
PAGE B i LUK, # [ J5 5 Arg-1 ., B-actin i) —$T 7
B, K H 5 HRP % 1Y —HuiE & J5 & 6K
1% . K Image] 43 M7 257 JK BEAH
1.8 SitFE o

JH Graphpad Prism 8 # {44 B 48 , 1 5 £
KB+ brifE 22 FRon , AR 4 (8] He 4 o)k B
BT 25T, P L3R FH SNK-q A6 560, 2 56 7K 7
1 «=0.05,

2 &% R
2.1 thRERIENME

R FH % S AL B RS AT UL T4 %) MSN P B 2 B
2R ML FLIE S5 18, B AR 9K L4 80 ~ 100 nm (&
la) ; 7EWZ [} CUR /NI, MSN PN 38 B FLE 45 44
R HL T2 FE LI, $2718 CUR SRR 3/E A MSN Py
#B (& 1b) ; 76 CUR@MSN 1 W B PET K401 J5 , 44
KL AR TR, D3R LB S5 75 e AR L 25
FEY TR, F W] CUR@MSN £ L W, T PELIR)Z, H.
MSN P CUR o & A= ik (& 1e) o it 284y
SR TG, T 1 5A H MSN X CUR A9 £ 35 5 Al
2GR 9K 65.74% . 16.57% , T3 siRNA 150 %
2594%., ik BREUVBCNZE AT WL, CUR # MSN W i}
HEA SRS 2 B G108 B RRAE , 7E ] 24 h Y
Al RFBUR 2 20% , B J5 P RE B/ (B 1d) , 3=
A MSN AJ 5P CUR AR 1A 7 ]

Cumulative release(%)

% 12 24 36 48 60 72 84

G Incubation time(h) @

a: blank mesoporous silica nanoparticles (MSN); b: the curcumin (CUR) adsorption into MSN (CUR@MSN); c: coating of the CUR@MSN sur-
face with polyethylenimine (PEI); d: cumulative CUR release profile from CUR@MSNs in PBS

Figure 1 Transmission electron microscopy observation during the preparation of nanoparticles and release curve
after the adsorption of CUR
B 1 Al ] 5 0 i 10 1 G ri e L B T B CUR J 1 Bk 46
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0
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23 wmiedE LK

LR £ i BB AR T LA (A 9 L R AL (1
DX385 PN 0 400 A TR (1T 3a) , 2 BH 40 KR Tl
20 L FRE T 5 [, 25 S P B T L L2 1) 400 ik A 1)
(CUR@MSN ) PEI/siRNA 4/ K ki 8 4 (1€ 3b) , ik
AL 5 AT LA AL EL B oy & AE R (] 3e) o LA
- 25 SR B g R 3 % R G T T e e R A
Y, H JROR B S

MSN: mesoporous silica nanoparticles; CUR: curcumin; PEIL:
polyethylenimine

Figure 2 Cell viability after treatment with various
concentrations of nanoparticles by the MTT assay

2 MITT A I A ] v J3E 490 oKz Ak 2 48 i ) 44
M 41224k

a: confocal laser scanning microscopy images of cell uptake (blue-DAPI-labeled nucleus, green-FAM-labeled siRNA, and red-Dil-labeled

cell membrane); b: transmission electron microscopy (TEM) images of the transfected cells showed nanoparticle aggregation in endosomes;

c: local magnification in the red box shows the aggregation behavior of nanoparticles and degradation of their structures
Figure 3 (CUR@MSN)PEI/siRNA nanoparticle uptake observed by confocal microscopy and TEM
3 JERE WU I L B AN 4 U (CUR@MSN ) PEI/SiRNA 44K ki

2.4 ¥ RITEKZEAEN

% F RT-qPCR ¥ GAPDH f4 & 3k 28 1k , 78 &
A GAPDH [ siRNA J5 4 s 3 15 GAPDH T [ 2| &
FEYL YN ML AY 0.16 1% , BIUTERBS0CR = 34 80% LA L (&
4,P<0.01); BHH: X HE SIRNA T R 30 H 5 2 A UT
BRECR | R UITTERAE HJ2 2R H T siRNA 193 51 PE AL
YER . 1% B (CUR@MSN ) PEI 21K 2 48 7l 42 4 v

Y 32 1% siRNA/miRNA , 37 1M 325 21 10 B #E 3 1A 11
Hi.
2.5 B v mAe M2 A A

5 R AL FE ) 20 it 44 AH Lt , (CUR@MSN) PEL I
(CUR@MSN) PEI/miNC 41 1) Arg-1 Fik 2 TF 2 ~ 345
(P <0.05), (CUR@MSN)PEI/ASO 4 (1) Arg-1 &35
BI85 (P <0.05) (K5),
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Relative mRNA expression
(=]
>
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Bractin | quu c— SE——

*: P < 0.05; MSN: mesoporous silica nanoparticles; CUR: curcum-
in; PEI: polyethylenimine; siNC: negative control siRNA; siGAP-
DH: siRNA targeting glyceraldehyde-3-phosphate dehydrogenase

Figure 4 GAPDH expression in macrophages after

transfection with different nanoparticles

4 S[RGNKREE DL S B 20 i GAPDH [ ) e ik

—_

Relative grey scale
O~ WhE U ®O O

a: Western Blot bands; b: relative grayscale of bands calculated by Image J software; MSN: mesoporous silica nanoparti-

cles; CUR: curcumin; PEI: polyethylenimine; miNC: negative control miRNA; ASO: anti-sense oligonucleotides of miR-

130a-3p; Arg-1: arginase 1; *: P < 0.05

Figure 5 Arg-1 protein expression in macrophages after the co-delivery of CUR-ASO
5 CUR-ASO L 1% R0 I B WEAH IS Avg-1 25 111 3R 35

3 4t it
3.1 AT MSN &gkt A s &5 R AE

T RE R TE AR AR Y 5 I W A4 Y 5 & 2 g
45 TG T R RE S, AN [] i B Ak T 1) %o 4R
JIE A% U 28 56 F o, v M2 1) A A A I g i T
A3 14 & -4 (interleukin-4 , 1L-4 ) | Ifil /M A7 4 4
K %(platelet derived growth factor, PDGF) ZE A1 i
PSR (87 i A AN e U S u e S | I = RS 1)
PRH AT o PRIt g R A A A R L 2 ]
M2 J7 [l il A A i S AL R B CR C 2l 1
B SREm . CUR #2135 5 M2 iRAE /N3
TF25%9), A K AE CURVE A, AW I il £ 3L T
MSN [ CUR 5 siRNA 1y 33 a6 R 48, i i i 4

BELERUE S T A LAY MSN & 8 25 L 7 9 4% L3
BERE , PN B0 2 18 3 ) ) B R RS T /N3 CUR A
fE53F PEL, Hi T MSN (Rp IR 45 4, N &R L AT
FH T W B 3 /N -, R T A] IR B 0 1
BRI > T, Je i 6 SR i BRAR 4
ZRGUK AR RG] ] T ARk RS
LR TR MSN, MBS A VLB TR EY
S X R IR R R GRS SRR — 2 R
RAEPIRN 5 00 B BRI VE R o ) G At e e 9 i
2y [n) i, AL E Sk Tt 245 i g 20 e P9 5 32 35 P-glyco-
protein (Pgp) 43, 4 B 58 K FH A L& P 17 2k 40
I 25 ) 22 2 L B, 3R TR 45 7 £ X Pep 11 siRNA,
TE A5 AT TCER 20 B Pep 43+ B 235, DAITT fiF
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Wk A B X 22 22 bL R i 2
32 HiRE e HMA MR

FERL TR EE oK 5 R G S, AR A RN
YR BE MR RS T A YN e IR R, 5
R B AL A 5 i 45 1Y 97 48 CUR Al PEL &
T J5 B MSN 22 330 1 750 2 40 1 28 7 200 2 1 i 7
B 30 118 Ve S TR P 490 KR X 200 i 37 g 149 5 i 1]
DLk 7 o AE BRAR Y R, S B AT R Y B 24 0 ik s
FH o 7842 4 W VR B2 3 T P A 3400 L 3 o RO 3
B4 0 fEE T2 B 41 i 5% BT siRNA iE A
W, it —2 R A5 S B T B AR M K P 2% F
YK KL R EEAFAE 5 LA, A 35 5 B WA b nT D
YRR RAEMAAAE T EE b, R W 40 i 2 38
ok P9 AR AT A0 oKk B B, X 5 Y RGE
MSN HE A 40 I F a4 — 25075 30 20 40 K kL B 45 4
AN | 2 WI7E B 40 M50 B0 2 A A T R
MSN F8 33 b PR o8 e el 1t kg oA 4 22 4 PR 443G
TARIE™
33 Fe BB E A GEF B 4 i M2 AR AL

S FH BH X PR GAPDH siRNA 3E47 20 Jif 5 Yy =2
VEAN i e 20 5 0 J7 3 AT ke O 80 5 IR Y 22
S VR A T B e A8 38 7 A R ), BB RS T 4 1 A
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