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Preparation of mesoporous silica nanoparticles with different sizes
and study on the correlation between size and toxicity
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Abstract: To investigate the crucial role of particle size in the biological effects of nanoparticles, a series of
mesoporous silica nanoparticles (MSNs) were prepared with particle size gradients (50, 100, 150, 200 nm) with the
traditional Stober method and adjusting the type and ratio of the silica source. The correlation between toxicity and
size-caused biological effects were then further examined both in vitro and in vivo. The results indicated that the
prepared MSNs had a uniform size, good dispersal, and ordered mesoporous structure. Hemolytic toxicity was
found to be independent of particle size. At the cellular level, MSNs with smaller particle sizes were more readily
internalized by cells, which initiated to more intense oxidative stress, therefor inducing higher cytotoxicity, and
apoptosis rate. /n vivo studies demonstrated that MSNs primarily accumulated in the liver and kidneys of mice.
Pharmacokinetic analysis revealed that larger MSNs were eliminated more efficiently by the urinary system than
smaller MSNs. The mice's body weight monitoring, blood tests, and pathological sections of major organs indicated
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good biocompatibility for MSNs of different sizes. Animal welfare and the animal experimental protocols were

strictly consistent with related ethics regulations of Zhejiang Chinese Medical University. Overall, this study

prepared MSNs with a particle size gradient to investigate the correlation between toxicity and particle size using

macrophages and endothelial cells. The study also examined the biosafety of MSNs with different particle sizes

in vivo and in vitro, which could help to improve the safety design strategy of MSNs for drug delivery systems.
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290 20 min, 3 B3, FFHEB FRAKE 95% OBEE
WAL B VR UTTE, LARBR 25% B8 1) CTAB AR R & B 1
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YKL AN SR TE 25 B4 38 5 1 MSNs # A F XU 45 77
li] 58 7E S A A b, R 4 5 R 4 T R OB
(SEM) W% % ki 42 MSNs [ 285

MBI S & R 2 A4 B O B R
FARHT I FE G FR KL, 0N 35 B 1 IR R T fly A B 2
/K (PBS) 787021 5, 1 500 r-min™ B 0> 15 min, 3 _F
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AR SEEE MY D E AL ARG (LDH) 3%
%, LDH v P (1) 8 SRR 1 mg (18 AR B AL =
A2 1 nmol- L™ P4 I 2, 122 (R R K 32 7 441 i S 452 473 72
Ko WREL 10 pL () MSNs Ab #5041 B BE 35 70
AZ 96 fLIR, 774 LDH A7 A 5 LDH A7 B (S0
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20 H AL H S 48 KR RV I M 45 R s (B
1H), % 41 59 M3 5 54 (0.944 + 0.033) % (1.789 +
0.032) % (4.099 + 0.129) % (0.265 + 0.005) % . 4
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FH Ik AT D0 DY R 42 MSNs B2 AR 350 B B 4 i AR D ML 25
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SRV AN [F) ST B9 MSNs X 4 2 48 A0 LS &
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24 hWIEE, PN B A0 25 2H B = 45 25 (500 pug'mL™)
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Figure 1 TEM (A), SEM (B) and appearance images of 50, 100, 150 and 200 nm MSNs; the particle size, PDI (C) and zeta potential (D)
of each group of MSNs (n = 3); Fourier transform infrared spectroscopy (E) of MSNs modified with amino groups or FITC; N, adsorption-

desorption isotherms (F) and pore size distribution (G) of MSNs; the hemolytic toxicity of MSNs (H); MSNs: Mesoporous silica nanoparti-

cles; TEM: Transmission electron microscope; SEM: Scanning electron microscope

FHIAl . 25 b, MSNs BT 5 5501 40 i 55 M 5 LK FE B[R]
TE AR &R A% f R S b

2 52 AN [A] R A% MISN's b 441 i 45 B fr) 52 0, SR F
TR AR BRI P AN AR A2 MSNs 7£ RAW264.7
AITHUVEC iX 9 48 g b i 40 A 15 50 (B 2C L E), 4T
FJE A (4 h) (25 %2, S AR P R A0 AR oR 1 o A 1
B, FERCE B R B 22 5 (E 2 AKLAR I A P R AT 00
EL, AR TR 55 & INHE R, 50 nm MSN's B3 BUE 14 535 5
THREMRARH . B 5 R R A3 — 25 %)
FITC 7 ic (1 % K 4% MSNs 3% BN 41 Jfg 1 1) 24 )l i 5
BEAT 52 B M (B 2D F), B0 3 A 75 b 490 it of A [
K42 MSNs 6 BT 5, 155 W 4 Jf % &% # 42 MSNs )
TREUAE J1 ¥ T o8 R i ok L BB, R L SR A
BB A A, SR I ZE R A K. TEERRGH
50 nm MSNs ()15 % 56 3 B 43 3 & 100,150,200 nm
MSNs 4 fitd - 44 5% ¥ 588 i 1 4.60.5.696.37 135 16 N JZ
S 50 nm (1S 3505 0 5 FE U] T AR = 4K 2.43
1%, IHe 4% B0 B /N 42 MSNs B S5 50 25 5 ol B B

3 MSNs R Z-F N IR

K FH I 40 B AT P AR AT B 2R 4 b T S R IR
(1) MSNs ZE4T T T- 401 (B 3A.B), RAW264.7 &5 J v,
W B~ 250 ng-mL" i, 50 nm MSNs i 5 #1208 T2 %
4 18.04%, HA B M 6.57%, S5 HA=HLH BEM
25 (P <0.05); HUVEC 0 2 L H [FIRE 8 %4, 50 nm
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PR T 25 SR DI AS [0 4% MISNs S 24 Jf 07 T2 1) 5 i e 5
x5 & MSNs (103 52 39 it 38 n, #3405 HL B2k A
MR X Eb 20 AR P 505 5 W ), MISNs 15 5 f1 B 0
BEARLAZ B3 0 52 35 P 1, 4R MSN's = 2Ll 1 i 5
1 6 . 590 T3 S A P A A L R A AR P SR M

1 it 5% 7 B 453 45 00 5 45 5 (1&13C), 50 nm MSNs
() LDH RS 1) 25 v T Ay =20, 1 50 nm MSNs
SXof 4 L P P B IR i 0 S5 3 v T R = RLAR ) MSNGs.
2k 75 $ 250 pg-mL" B, 50 nm 41 RAW264.7 41 iy
f) LDH 3% 144 (40.28 + 1.77) U-mg™ prot, 73 Hll 72 100
150.200 nm 41§ 1.36.1.8.1.67 fi5; /£ HUVEC 41l i/,
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Figure 2 The cytotoxicity of RAW264.7 (A) and HUVEC cells (B) after treatment with 50, 100, 150, 200 nm MSNs for 24 and 48 h; The
confocal images of RAW264.7 cells incubation (C) and HUVEC incubation (E) for 4 h with FITC-labeled 50, 100, 150, 200 nm MSNs.
Scale bar, 40 um. The flow cytometry analysis of fluorescence intensity (FITC) of RAW264.7 after incubation with FITC loaded different
sizes MSNs on RAW264.7 (D), and the flow cytometry analysis of HUVEC after incubation with different sizes FITC-MSNs on HUVEC

(F) (n=3), "P<0.01 vs control group; MFI: Mean fluorescence intensity
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Figure 3 The cell apoptosis analysis and quantitative diagram of RAW264.7 (A) and HUVEC (B) by staining of Annexin V-FITC/PI:
control, 50 nm, 100 nm, 150 nm, 200 nm MSNs (n = 3). The activity of lactic dehydrogenase (C) in RAW264.7 and HUVEC treated with
different size; superoxide dismutase activity (D) in RAW264.7 and HUVEC treated with different size MSNs. n = 3, “P < 0.05, “*P < 0.01 vs
50 nm MSNs group; “P < 0.05, P < 0.01 vs 100 nm MSNs group; "P < 0.01 vs 150 nm MSNs group. LDH: Lactate dehydrogenases; SOD:

Superoxide dismutase
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Figure 4 Detection of ROS generation by fluorescence microscope after exposure to different dosages of MSNs in RAW264.7 (A) and
HUVECS (B). Scale bar, 200 pm
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Figure 5 [n vivo fluorescence distribution (A) of Balb/c mice after intravenous injection of FITC-MSNs of different particle sizes (50, 100,
150, and 200 nm), fluorescence distribution (B), and semi-quantitative fluorescence intensity (C) in isolated organs of Balb/c mice in 72 hours;
pharmacokinetic processes of MSNs of different particle sizes in the blood of Balb/c mice (D); excretion percentages of the degradation

products of MSNs of different particle sizes in urines of Balb/c mice up to 72 hours after tail intravenous injection (E) (n = 6)



+ 2520 -

Zj% %4 Acta Pharmaceutica Sinica 2023, 58(8): 2512-2521

SR AR EE AL 6A BT, 50 nm 4LAH BT X HEZH % A
RS, B RN R E AN IR REEE S, UE]
MSNs B A BAF AR P 2 4tk B Ria %A B L
PR AR o IH 4SS 40 B 6B fitai, 45415 4 B 20 oK L 5
FMEE R AR FRAR (50~200 nm) MSNs #BH A ¢
UF I EI A2 M o A SRS EZH L (O AT il R0
B AE) MIY) AT T HE By, FHRE— 0 A W AN AR
A MSNs X/ BB 8 0. AE 6C T LA HY, 150 F1
200 nm ZH ¥ 7 J0E R0 B G A /0 38 43 (1) 98 48 i AN B
SULH LA, AR B AR E A SO B4, X 5k ER
WU I A I 5 AR A o E WA [ R 42 (50~200 nm)
MSNs B A7 RUF AP, B S5RAAEAN R IR,
SR A T BE S 45 24 L R R R ORL AR IX (A1 B /N K,
FEK A5 245 5 W 5 OR AR X T, B R 65 25 AN R R AR
WA P 22 Ak, F5 B — DA G SRR UG IE .

Z#Hig
AT 5 3 T 4 ) 5% 2R ) A% T AN IR R4 ¥ MSNs
A . B _ == Control
# -o- Control ~ -#- 50 nm :‘ 105
= -+ 100nm - 150 nm S T
= 26 ~200nm X, 5
5 O
z
Z 244 g o
=]
2
= 40 =
224 Z )
. . 2 201
5 10 15 =
Time / d 0-
C
Control
50 nm
100nm £
150 nm “}
200 nm

RBC/ 1x10'>L"!

MCH / pg

(50.100150.200 nm) J 7 40 il « ML 4% B /4L 2K
BT MSNs Kif2 5B MM AH G 1 . R4 4 SRR
B, MSNs %} RAW264.7 Fil HUMEC W Ff 41 s [ 4 fify %
PE SRR AH S, WA R /N G B PRy, 7 ek B RN
K7 I ) 2 A, A B N B 25 5 A S A s
IR L JE IR, R B4 /I b 4% MISNs [ 41 At Py A6 2
=, BT B4 D RAW264.7 %F MSNs [ 45% B fE /7 3%
T4 B2 4 s HUMEC, o200 i 25 v S ELAH [F)#a 55 idf —
R I/ RLAZ 1) MSNs 52 5 175 T S804k 38, i i
ALY ER A ; B e 40 M IR T S0 PR RS E T MSNs
F14) 240 o 25 1k R AR AR A DG 5 T I S 58 B R A R R4S
MSNs A FH R B AR MDA 25 1, BORLAR BR] 3% 0]
M B AN I SR o A P SRR A5 B R VA6 R
B 1 2 43 58 5 A% S 7 MSNs 3 B 25 AR 78 /)N BT BE
LB HE, H KRR MSNs 167k N 55 5) B AT I 245802
FR I 25 PR 45 SR 2R, AN [RRL A2 MSNs #2228
WA PR Z S AE i, HOR R AR 1) MSNs %5/ K 4% ) MSNs

55 5 B A FE B, AN [RDRLAZ MSNs A0 B Ji5 /) SR A 2. if

B 50 nm 100 nm 150 nm BN 200 nm
124 _ 180 T
& o 8 © 40

& 120 =

6 S —~
m O 20
% 60 =

0 0 0

Figure 6 Body weight changes (A), and blood routine images (B), and HE staining (C) of mouse organs of Balb/c mice treated with MSNs
of different particle sizes (50, 100, 150, and 200 nm) (n = 5). Scale bar, 200 nm; WBC: White blood cell; RBC: Red blood cell; HGB: Hemo-
globin; HCT: Hematocrit; MCV: Mean corpuscular volume; MCH: Mean corpuscular hemoglobin; MCHC: Mean corpuscular hemoglobin

concentration; PLT: Platelet
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