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Biocompatibility assessment of mesoporous TiO, nanoparticles for
the application of sonodynamic treatment of hepatocellular cancer

WANG Xi', TANG Yang', ZHANG Xiao-long', XU Ya-dan', WANG Wen-ping'*"
('Department of Ultrasound , Zhongshan Hospital, Fudan University,Shanghai 200032, China;
*Institute of Ultrasound Medicine and Engineering , Fudan University , Shanghai 200032, China)

[ Abstract] Objective To evaluate the biosafety of mesoporous titanium dioxide (‘TiO,) nanoparticles
in sonodynamic therapy against human HepG2 tumors. Methods Mesoporous TiO, nanoparticles were
synthesized by soft-templating strategy, and toxicity was assessed after co-culture with HepG2 cells, and its
generation of ROS in HepG2 cells mediated by sonodynamic therapy was measured by applying fluorescent
probe. Blood coagulation assay was used to measure hemocompatibility, and safety was assessed by blood
biochemical indices and HE staining of organ tissue sections in mice after intravenous injection. After
intravenous administration of the drug in Kunming mice and HepG2 implanted tumor nude mice, the organs
and tumors were taken at the designated time and digested in aqua regia, and inductively coupled plasma
emission spectroscopy was applied to map the distribution of the drug organs. Results Mesoporous TiO,
nanoparticles were highly dispersed and homogeneous, showed no toxicity after cell co-culture, and

produced ROS in HepG2 cells by combined ultrasound. all indices of blood agglutination assay, blood
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biochemical indices of mice and organ tissue sections (highest dose 150 mg/kg) were not significantly
different from the control group. The drug was mainly distributed in the liver and spleen after intravenous
administration, peaking at 8 h (containing 51.32 % ) and reaching 6.74 % in the tumor tissue at 1h. The
maintenance concentration was revealed within 24 h.  Conclusion Mesoporous TiO, nanoparticles as an
sono-sensitizer can effectively generate ROS, have good safety of intravenous injection, metabolize mainly
through the reticuloendothelial system, and can accumulate in the tumor tissue to provide a good time
window for sonodynamic therapy.

[Key words]

ultrasonic irradiation

titanium dioxide (TiO,); mesoporous particles; sonodynamic therapy; HepG2 cells;

* This work was supported by the Natural Science Foundation of Shanghai (19ZR1450700, 20ZR1452800), Shanghai Municipal Key

Clinical Specialty (shslczdzk03501) and Clinical Three-year Action Plan of Shanghai Shenkang Hospital Development Center

(SHDC2020CR1031B).

JFF 240 6 P98 2 i D %) O R g L
BEEFE RILEE , FLZBEREHC L4 Fhig
W1,k 2 FRHLSs o i 2R 48 75 (high intensity
focused ultrasound , HIFU ) J& H §ij 7 J 75 97 1L 28 &
HH ST Bz —  {E R X [ R 2 2 S ik <
HEMXRBEAE S BB G . H s FRT
(sonodynamic therapy, SDT) F F 7 5 71 X fif 83 £
A o) 2 AN, DT ST B0 iR B2 5 ISR 38 67 ek 9d 2
SR B PR R BB R AU AR R R IR YT
SRR A BB A

e 75 0 75 BOR AL R A BRI, H B 4
BTN BGA P (IR 2 3R 75 BRI AR
FEE AT ECE AR A 25 AR ME S IR k4 2, B
e BB T BE R BN RN RO . JE AL AR
Ak gk (titanium dioxide, Ti0O,) 44 K BiAF S~ 75 45 5]
73t 3 AR A R A N e A R DL R A 7 Y R 05 4
BE 11 SRMIAE B8 TiO, 98 KA B 25 5 B 4E 11 )
B — s R EBR A T THO, 48 K kL Y B2 2 R HE
GGG L THO, 94 Kk BAT W i 1 A FLIE 3
FCAT WL-TC LA Ak LA B 2% 1T w48 4 4 %o 52 B4R 5 19
YooK e 2E R HITIE T O AR B R
FL T1O, A ARLATE SRy 7 8GR N FH 9 22 A 1 AR 2l
LA KR B 3B 7 I Al AT o

vEORE 7 i
EXWHARMBIZE LA B

THEE(TBT), B2 (HAc) ,PBSIEW , & T K, L
@%’; ’ gé Z‘:@%_(NHZ-PEGSUUU> ;MTT ﬁtfﬂjﬁ 92/’ 7 ':

A9t & 2B (DCFH-DA) , HemosIL™ % 51
&R N MR C T ) o AR B A
50 mL K # S B 48, i S L S U5, Nano Z2S90 3
BOCEETY , Bio-Tek EL X 800 i #51X ,ITO US-100
R R IR YT A, 98O0 W AR 1X81, ACL7000 4 H 3l
I B 53 AT AN, 55 B AR D R SO AL ICP, 7170 4
H sl A B Al .

B & T FL TIO, 2SR AL 7 7 Ak 3 13T K e A
M i B 15 mL 5 1 mL KRR Y T WE 7E K A5
HFE AR I FE S A 0.5 mL £ 7K, 150 “CoK #
AhEE 12 h, R HN E =, &0 = (13 000 r/min,
B0 AE 10 em, O BFE] 2 10 min, 4 3C[R) , 205 T
BN B kR PR 3 Uk, B DI R, A BT
EETKF . IMAR L B NH,-PEGS,,, i % 5 1K
(0.5 mg/ml, 100 mL) , B J1 R 48 h 5 B O lcdE
HFEBEFRPUHRE IR,

It 7L TiO, 4 K 4% v 5 75 3h 71 % Xt HepG2 4 i
IMER S Mt R TiO, 98 K JL R 37 41
R R R SDT 4l (7R 8l iRy dl) o 4 HepG2
i 68 240 B 22 b 2 o R AR L O AR L, A MO RE S
TiO, 44 K Hr L1 37 40 & SDT 44 L 50 pg/mL ¥k i
TiO, JH KAL) G FR W . Ak Z2 L35 5% 12 h, FH PBS /)
O PE. 7E4 AR AT IR P N A DCFH-DA ¥
W (V8 B &k B R 10 pmol/L) , 3G # E 20 min.
R A M SDT 0k 1.5 W/em?, i %5 [t
20% , B 60 s B R S 80T 8 AR UK (A & 3B
PR A B 7)) 6 AT B8 7 e IR L FE SO R R AR PO B
Bi R, 58 488 nm BLA WK A 525 nm & 5 I K WL
3 UR TR



A A AL TIOAARLAE 75 8l T3 273697 I 40 LT 988 102 11 69 2 90 A 28 P PP A 477

4 HepG2 Jib 97 41 L (5 10°/4L , & 4L 100 pl)
Fie i 22 o6 LA Hh, 20 AR NG BE 5 AR BE Mk EE (25,50,
100,200,400 pg/mL) TiO, 44 K K f 15 35 25 e J5
Rigedt, MBESHE, HEFRROE T 2 W &L
A 0.6 mg/mL MTT By }: 2, T 1557 4 h 5 FWn
A 100 pL. DMSO, 7E Bio-TekEL X 800 fif &5 1% - ]
K (A=490 nm) o 4 A7 1% %5 B0 LA A 43 b &
~(n=6),

T FL TIO, K AL B Bk iE H R £ M1FME  TIO,
40 KRB R B B Ve BE 1 PBS % W (25,50, 100,
200,300 F1500 pg/mL,n=5). B 50 pL TR 5 E K
PAE] 450 pL NI, B0 5 IR W, R
HemosIL™ i &, 76 4 F 3l L 8E 53 B A0, A6 ) B
1. fi§ J5L B (5] (prothombin time, PT) | £F 4k 88 H Ji
(fibrinogen, FIB) Fl i fb &% 4 & M 1% B & (1)
(activated partial thromboplastin time, APTT) , LI A&
It HAE by 23 R

250 R I SPF 2 B WI/N L #F T1O, 98 K kL e &
JI A B R KOV R, G ek R R K G A 2, B A 2
F 4 410,50, 150 mg/kg(n=5,0.1 mL/H ). 2
Je . VIR BR S e bk R B I AR AS B o M AR A
EDTA K2 Ht & & A7 4 il 2, #5850 B i
T 7170 B4 A Bl A A o A ACHE AT AR ARSI Ciff H
HOFiae CEOIRe) o OO U O CE U,
2o 4% PEERE G W A, 4 pm JRED) i
1T HE B 6 JF WL %%

NI TO, AR HSHBAR &7 A
HepG2 #i BLUFPAE IR A5 4 K Hep G2 41 g B 100 pL
(295X 10° 4 ) 41 i £ Fh T Balb/c 8 B A7 A 3 348
FER L7 RGBT S R K T 2 ik A AR L 14 R
JE AR EAR Y 10 mm HF IR SEE o TIO, 98 K kL i
BTG W A B KO W e R R KT 46 2
Hl 50 mg/kg, 47 # 0.1 mL, BUI/NRT
TE S AR S5 24 b1 A 4 ) B R AR, a9 AR B
FESRTRIES S 1.2 (4 .8 (18 K 24 h, FH SUHE M
P AR BE (n=5) , B B4 T A L0 B b
) B B2 T g 2H 20 (A g8 B BL) L 20 0l PR BT I
SELCE T EK (RERRR - Wi =1:3)h 4 W ik
J& P R A S B TR R 9 % (inductively
coupled plasma optical emission spectrometer, [CP-
OES) M7 TiJo & W& (T4 :1.20 kw ; S 8 T UIEK
Ui fE : 15.0 L/ming 55 46 U ) 2 200 kPas 5 .

15.0 r/min) o f ), R (4180 Ti & & /19 5 7
i) /A E G B IDY% /g B A R B 42U TiO,
YKL R AR

ZitFESW MABEU s Kx, RN
SPSS 22.0 #4741t 3 B, A S8 B LSD 2%,
P<<0.05 W ERA SRR L

45 g

L TiO, 4K L BB ME TR ik N, W B - i
FORUIEG T A FLRe M, 5 BET R AL fLA
DL K FL AR 43 3 96 m*/g, 0.27 em®/g LA & 3.8 nm
(Bl 1A B) . 3 3 B OGHUR DLS 20 8, & B 40 i
) A (51 T 40 oK S 38R0 4% R 124.0 nm, H K 8 TG
B R A T AR B4, BN SOl 18 B9 R P Ak
T RAET BTG 520 A0 278 90 K kL
FE KB WA A IR R e (B 1C) ,PEG LY
29 2K 7l o H 7 AR e (fourier transform infrared ,
FTIR)ZLAMNETE BT, 76 1 500 em™ 3% 71 il X H B
W g U, i B Ti-N-O %6 F 1 F7 72 (B 1D) o

It 7L TiO, 4 K #% 4 5 7 3h 71 2 Xt HepG2 4 B
BIMER  MTT ik b i i 45 5 3R B, 45 86 B vk A
FL TiO, 94 A K7 3L 55 5% 24 hji , A HepG2 41 g (Y
FA R AE% % (n=4) K :99.02% + 3.15% (25 pg/mL)
99.85% +7.02% (50 pg/mL) | 97.62% +4.83%
(100 pg/mL) | 94.14% +6.32% (200 pg/mL) .
95.30% +7.86% (400 pg/mL) , 5% B4 4 22 5
KRG L

TE A 75 TG 9 KR T HepG2 41N 7= 4 ROS
SEH v R BN A T AL LA R g KR R B R g 3
KEFH WS, e SDT AN, MR T
DCF Jir S B Gk 5, F WITE 3K — 21 i e 240 B 79 7
AT REMROSE 2) o AR R S8 9K R B
L MTT 3t 75 e R A 40 M A7 15 R Ok 97.05% +
2.27% ,SDT HAFIE 2R 78.09% £ 4.42%

7L TIO, A K ML B3 Ak E St 2 &M WS
PT.FIB #1 APTT W 3. 25.50,100,200.,300 Fl
500 pg/mL ¥ ¥ 1 PEG-MTNs 1 PT A (s) 20 51 N
16.45+0.06, 16.07+0.11, 16.57+0.06, 16.50+
0.10.16.33+0.12.16.13+ 0.11 f1 15.70 £ 0.17, FIB
R (g/L) By RE S AR 43 5] 4 2.52 £ 0.05.2.80 £ 0.04
2.66+0.16, 2.66+0.16, 2.56 = 0.06, 2.52 % 0.05 Al



478

HHAAR(ES) 2022487 H ,49(4)

Volume absorbed (cm’

0

w

0.014 -

0.012

nm

ol

0.008

dv/dD (em’-

0.010

0.006
0.004
0.002

c
i
L I _
I T
a
.':)
_..-—--"""""'""H
0.2 0.4 0.6 0.8 1.0 0 100 200 300 400
Relative pressure (P-P; ") Size (nm)
D
90 r )
70
- J
L l 3.8nm ¥ |
L/ 50 ¢ . i
- Ti-N-O
Ti-O
Lll.-—l—l"’.
A A L L 3[] I : g
P, , i : = s
5 10 15 20 25 30 35 40 4 000 3000 2000 1 000 0

: ; Wave numbers (cm™
Pore diameter (nm) ‘ )

A : Nitrogen adsorption-desorption isothermal curves; B: Mesopore pore size distribution suggesting a mesopore pore size of 3.8 nm; C: Dynamic

light scattering analysis spectrum with inset showing the Tyndall effect in aqueous solution; D: FTIR spectrum analysis; E and F: Transmission

electron microscopy ( TEM) photographs showing the homogeneity and dispersion of nanoparticles.

El1 7L Tio, 4 K i I8 4L 14 fR

Fig1 Physicochemical properties of mesoporous TiO, nanoparticles

30 um 30 um

30 um

A': Control group; B: TiO, nanoparticle co-culture group ; C: Ultrasonic irradiation group; D: SDT group.HepG2 cells in SDT group showed

green fluorescenceafter DCFH-DA staining.

B2 DCFH-DA B &N fL TiO, 4K K+ S F 3 A1i6 7 EH A ROS

Fig2 DCFH-DA showing intracellular ROS by mesoporous TiO, nanoparticles mediated sonodynamic therapy
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PT :Prothombin time; FIB : Fibrinogen; APT T : Activated partial thromboplastin time.
B3 A FL TiO, 40K 4 M 7 5E S L3
Fig3 Coagulation assay of mesoporous TiO, nanoparticles
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Blood and biochemical results of mice at different intravenous doses (0,10,50,150 mg/kg).
4 7L TiO, A K 4 8% Bk E 59 5 /0N BRI #0 K BT ' Th BE 4 )

Fig4 Hematology,liver and kidney function in mice after intravenous injection of mesoporous TiO, nanoparticles
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Control

150 mg/kg

The heart, liver, spleen, lung and kidney tissues of mice at different intravenous doses (0, 10,50, 150 mg/kg) were sectioned and stained by

HE, and the selected data are representative stained photographs of the same dose groups.
E5 NFLTio MRMEHKFHENEAETF HEL &

Fig5 HE staining of mouse visceral sections after intravenous injection of mesoporous TiO, nanoparticles
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A': Distribution of nanoparticles in each organ of mice before (0 h),24 h, 1 w and 4 w alter injection; B: Distribution of nanoparticles in each

major organ and tumor tissue of tumor bearing nude mice before (0 h),1h,2h,4h,8h,18 h and 24 h after injection; C : Major organs (heart, liver,

spleen, lung and kidney) and tumor tissues of nude mice weighed and then disintegrated in aqua regia.
6 ICP-OES ill & /1 7L TiO, 44 5% ¥ 8 Bk iE 51 /5 X 151 5 76

Fig 6 Metabolic distribution of nanoparticles determined by ICP-OES after intravenous injection of mesoporous TiO, nanoparticles
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Self-assembly
—_—

A': Mechanism of synthesis of -Ti-O-Ti-framework structure based on sol-gel method. The inset shows the photos before and after the hydrolysis

and coalescence of TBT triggered by the addition of water after TBT dissolved in acetic acid. B: Butyl acetate was produced by the esterification

reaction between TBT and acetic acid after hydrolysis, followed by pre-hydrolysis with precursors of pre-condensed titanium to form microcystic-

like soft templates, which eventually produced mesoporous structures.

B 7 JrEl Tio, Kb & M AL 6 K 44

Fig 7 Mesoporous TiO, nanoparticles nanoparticle synthesis mechanism and microstructure
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