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Synthesis and Characterization of Gd* Incorporated Mesoporous SiO, Nanoparticles,
a New Magnetic Resonance Imaging Contrast Agent

ZHANG Yong-yu', LIU Li-zhi', FENG Yu-peng?, CUI Chun-yan', WANG Jin-hua', XIE Fu-kang?,
SHAO Yuan-zhi®, LI Li'
(1.Imaging Diagnostic and Interventional Center, State Key Laboratory of Oncology in Southern China// Cancer Center of Sun Yat-sen
University, Guangzhou 510060, China; 2. Department of Histology and Embryology, Zhongshan School of Medicine, Sun Yat-sen
University, Guangzhou 510080, China; 3. College of Physics and Engineering, Sun Yat-sen University, Guangzhou 510275, China)

Abstract: [Objective] To prepare Gd** incorporated mesoporous SiO, nanoparticles (Gd-MCM-41), a gadolinium-containing
nanometer particles with high paramagnetism,as a novel MRI contrast agent. ~ [Methods] Gadolinium was incorporated into a
mesoporous silica nanoparticle MCM-41 to prepare Gd-MCM-41. The superficial syndrome, Gd loading and magnetic susceptibility of
the Gd-incorporated material were detected by high-resolution transmission electron micrographs, energy dispersive X-ray spectrometer
and 0.5T NMR analyzer, respectively. The distribution of this nanosized particles in Balb/c nude mice and nasopharyngeal carcinoma
(NPC) xenografted CNE-2 tumors were analyzed using a 1.5 T MR scanner. [Results] The globular-shaped Gd-containing mesoporous
nanoparticle was approximately 80 nm to 150 nm in diameter. This Gd-containing material has a Gd loading of 2.89 wt %. The
particles dispersed with dispersant Tween have an R1 of 7.45 mmol™-L+S™ and R2 of 10.97 mmol™"-L-S™" at 0.5 T respectively. After
tail vein intravenous administration,the Gd-containing nanoparticles were mainly distributed in the liver,and the significant
enhancement was demonstrated in NPC CNE-2 xenografted tumors. [ Conclusion] A gadolinium-containing nanoparticle Gd-MCM-41
might be a novel nanoparticle contrast agent for magnetic resonance imaging.

Keywords: magnetic resonance imaging; contrast agent; gadolinium; nanoparticle
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TEIm PR MR KA rp, 8 5 2 il ek 52
FI BB RN SRy PR EH 2 rh &A% R GE B TR 3R T 4 15 1
W 5 k2 LU GO B R B R AR A
AT REARZS Y H R S5 2 1 e e i 3 52 51
S M A e s ML iR 3 52 0] — 2 = i L SR AL (Gd-
DTPA) , &0l LIS s A2 (8] 19155 22 57, s il
ANREE R TR SR AR DT O kL, A oA
WEIAR AR FIZ WK, SR T, Gd-DTPA J&—Fhh
AR RRE NS Y, LS Y Ry TE G A
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— PR B | 2 T AR T 4 R S A
HAEY AT RAF 09 BE s R, W TG 3R
Oy FRAARRESE S AT AR W A A LA e,
SR TR 24 14 15 43 A, etk 4 T 2 il o — il
H SR RLAR I S ELANK M B—A L AL EL 12
E YK Bk (Gd* incorporated mesoporous SiO,
nanoparticles, Gd-MCM-41) KM HZRAE | FE4 550
PrZARARHRES AR ARG DL , ik — 25l
I TSR IR 53 LR A AT AT PR AR

1 #M#H57*

1.1 EIe#sl

1.1.1 =%z TR IR Balb/c #RE 12
HOMEYE 4 ~ 6 JEIS W 1 TN R 25 K2R S R 3
Yo, BEWIRI/NE B CHR )3 B MM di
RS2 sy B 4 ~ 6 WS, (RN
18 ~22 g,

.12 £&XA HEFFRETEHER S =
3L R 1k 1 (cetyltrimethylammonium  bromide,
CTAB) | 1F i iR £ Wi (tetraethoxysilane , TEOS) I
GdCls-6H,0 1 F 3 [F Sigma Chemical A F], 757K
A EAEL(GACL-6H,0) T Alfa A F

113 £&ME BEIG S B IR RS
(ICP-AES) (SPECTRO CIROS VISION , 7 & i JK v
Y BTACES A ED) L o P OE T R T B B
(HRTEM) (JEM-2010HR, H A Ht, Tk &4t) X-
552 RE1EAY (EDS) (ISIS-300, £ [# Oxford A H] ) |
0.5T B AEAR AT (NMI20-Analyst, | 240 75 H,
TRHHEARAF) 15 TSR R RS R 4%
(GE, Sigma,HDx 1.5T, 28 GE A #)).

1.2 XWHZE

1.2.1  A4L% kA # Gd-MCM-41 #41 & =R

AR ZH DATT A8 A 55 BAR 5 SCHRBER T 4 4
mL 250 g/L M 2K T 80 mL L&k, 4R
J& A 0.5 mmol + 7N ke 3k = KL IR fb 4%
(C16TAB, Z3#rii) 11 mL 100 g/L B 2 — i
(PEG), T=RTHFHAEMFAMA 10 mmol 1FfE
R 216, i FHEHE 2 h 1SR R B = K=
T 5 A2 FL A AL RE MCM-41 JE 8, 7 500
CKibe 5 h R AR, BP9 kg MCM-
41 Bpik . SRJEH MCM-41 MR T—E R A5
FoKh IREAIE A 0.5 mmol GdCly-6H,0 $i
FE2h 5, 1 mol/L AY NaOH ¥ (5% 1 mol/L
(2K ) W15 PH (B 8-9, AR ZEhi+ S 2 h
Ja B PR, THREN TS Gd-MCM-41,

122 A4L4 K H# GA-MCM-41 #) %5 #) R 4E
W2l B LA KR IRE KA 5 555 Tween 230 75
ELGIARIURL I i TS R W rh B R R
R - wyaewi A v, AR G L B =1 AN =1
Gy P B B AR AT S, i FL A 200
KV, SESELGA K FIOR (TR RN R R X5
RRETE A G KA L L &

1.2.3  A4L4 KRR A Gd-MCM-41 #9482 M Ae
A GA-MCM-41 3 fif T 8 B2 5 2% vh 7 (PBS)
o 5 R B 0.1 mmol /L IR IR U, BRI A
L E T 37 °C /KGR, 48 h J5 5.0 (10 000
r/min,r = 8.5 em)5 min J5 8 FIEW, HEAT AL
A5 B IR R EIEAL (ICP-AES) M . B W/
FE3 H, SrELY K BRI R i ik e B 45 24
JE BT 1 h 4 h 24 h B, 2.0 %Rk
I PR, B ICP-AES MR T 25 4L 8 e i
NRERAEL A2 NG ARAL R A BT 1R Ok

124 %% RIR2 M 0.5T ZREILAR 5
BEASCIN % FE & B RTR2 43 5065 AS 8] € 2 (0.01
0.05.0.1,0.25 mmol/L) i Gd-MCM-41, il A 43 #%
FI Tween BB 73 HEAY GAd-MCM-41,Gd-DTPA /K%
W L B 25 B8 KB ARLRERS , B 3t SR e B ARG S
PR TALRE AR N, SEAT 44 20 B IR 4 T1 T2,
HAE A2 (1/Ti obsd) =(1/Tid) +Ri[C] (i = 1,2),
(Ti obsd A7 [F] ¥ B s A s 119 5t B 1) 8], Tid 24 J6
FE K At R R [a] [ C ] A R Tt P SR A R i
WeBE ), FHE S Gd-MCM-41  Tween I J 43 5 (1)
Gd-MCM-41 .Gd-DTPA 7E 0.5T 45 T3t ¥4 % R1,
R2 (mmol™-L-S™"),

1.2.5 4kW MRI 424 5% HX Balb/c #E5L 6 H |
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BEDL ST 2 41, 4300 Ry S 20 (S EL AN K 1 5% 7
Gd-MCM-41), X} REZ (7 $ % M1 5% 7 Gd -
DTPA), #f Gd-MCM-41 2% T 4 g/L AR H ILLF
Y ZVI, PO AR VR, e R T R A
FTZE R 600 W 4iR7% 5 min, i H 58 42 3 HE
Y5y, R 20 ¢/L B9 E G240 2 mL/kg X RR B
A7 I SRR, DA BRUR 7 Dk i 2.21 mg/mL (1)
Gd-MCM-41 7% 0.2 mL, #| & M4 T 0.016
mmol Gd/kg, W HRZH 4 5 AH N B Z vk J32 114 5 L i
57 Gd-DTPA 0.2 mL, AHFFEX sl 59 b BEAT A
RS Y SRR BE2E R, SR ARG SER (GE,
Signa, HDx 1.5 T, 3 [E GE 2> w])HH, 3 g1 &
LB, FH SRR 3 mm, TR, L (FOV)
8 mm x 8 mm, % [ 256 x 160, A K B (NEX)2,
SE TIWI. TR 400 ms, TE 13 ms, J617FH, K54
WSS 1.5.15.30.60,90,120 150 min 474
SUREILIR A, X H SR 2 06 A BT IR 1) i 5
FHE B A Ol

1.2.6 ##E MR ¥ 2428 % I Balb/c # 5
6 H R EUMRHS SR A S CNE-2 40 bk (i
LU R e B s O SE B SR R B 4 )4 Fa s, I
JEHARL 1.2 ~ 1.5 em, 57 B CNE-2 4 B
FEJRAAE AL, REMLA K 2 41, 5256 40 U i bk i
2.21 mg/mL [ Gd-MCM-41 EJF7% 0.2 mL, X IE 4]
T SRR 07 BE JR Ve BE 1) 8 L 1 5% ] Gd-DTPA 0.2
mL, 7 EF 1.2.5 17 8% CNE-2 # R AE
Jo8 MR F14 , W5 CNE-2 RS AT 15 AL o,
e e ZH £ R A

2 % R

2.1 EELAKMEL Gd-MCM-41 By &
K HVET AR B B, LA PH B 2R T PR 7
(C TAB) A, LLERERR 2.1 (TEOS) A 4a AL hEYH
KA, K GACls- 6H,0 Ay JFURhE i3 7R T 7
WrhAE AL Gd (OH)3 Y 0K Gd 43 3] MCM-41
IAFLLIE S, & LA B — L=
FULEEELIE G 9K IR (Gd-MCM-41) .
22 EELAKIERF Gd-MCM-41 FIEEHIRAE
YK R R BRIE (x 10015, BN H, B
R — YRR /N 80 ~ 150 nm (& 1) ;A
3 HGA] Tween J& , HoArHiM: R4, BUkE ELAR JCH
AL 2) o X SHEZRREIEAY (EDS) 43 M4l A /s —

ETR 4 B AL, B4R ALE BB 2y
ELZALYPKRARIY, RETESE I E S22 S
BHNELE = (R E )2 2.89%(F 3),

B 1 £L#akiER 5 HRTEM EEERHEE (x 10°)
Fig.1 Scanning electron micrographs of gadolinium-

containing nanometer magnetic particles(x 10°)

B2 S Tween SHIELAKIER ) HRTEM B ERAHE
B (x 10°)
Fig.2 Scanning electron micrographs of gadolinium-
containing nanometer magnetic particles with dispersant
Tween(x 10°)

2.3 EELAKERF GA-MCM-41 BIFaE &

FLRHE B 55 B IR R B E %A (ICP-AES)
AR TR, RN R B LA KIS BRI
b PR rh A A 1 EL T R (RIFER T BR 0.07 mg/L
AR o FHUEHERT, £LAKE R Gd-MCM-41 7EAK
PR IAEE SRR S iF B 2L+, 3iHd
FELAKE T H] GA-MCM-41 Fa 8 M B i
2.4 Gd-MCM-41 B93th & Z R1 . R2 B9iNZE

X4 R1.R2 kiR (R 1), RINA
Tween BFEE M HLAG G, GA-MCM41 /Y R1,R2 {H1Y
/NT GA-DTPA, LA Tween WFEESM50 51 R1,R2 {8
JafSEMR A EGE R, R2 [ KT Gd-DTPA,
2.5 {&KM MRI R{RLLE

SRR B ZH R /DK T 5 0.016 mmol Gd/kg 11
Gd-MCM-41 723, 1 min J5 M 32 3 k(550 5 B
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1 3 & 10 12 14 16 IR 20

Pl szal 13587 ets Curser-0007 (1452 cts) IceVl

Element Wt(%) No. (%)
O K 43.29 58.31

Si K 53.82 41.30
Gd L 2.89 0.40
Total 100.00

B3 X SfZaEiE (L (EDS)MUE K & LK FHBI R 53
Fig.3 Composition analysis of gadolinium-containing
nanometer magnetic particles by X ray EDS

The results show that this Gd-containing material has a Gd
loading of 2.89 wt %.

# 1 Gd-MCM-41,Tween HE5HH Gd-MCM-41, Gd-
DTPA JRFit#& % RI,R2
Table 1 Proton relaxitivities (Rl, R2) of Gd-MCM-41,
Tween-Gd-MCM-41, and Gd-DTPA  (mmol™'-L-S)

Non-dispersed Gd-MCM-41 dispersed

Solution Gd-DTPA
Gd-MCM-41 with Tween

R1 3.17 7.45 4.27

R2 3.89 10.97 4.99

I 29 30 ~ 60 min 3K | B S5 S 00 B TR
{HF 150 min 5558 A& T FH (B 4) , IEF#R
BUFF IS5 53 8k 1030 + 85 ([ SA)
i 5 min J5 , FFIEHZIIF GR35 4K, 30 min J& , FFAEZH
LU TIWL BRSBTS, HES®REN
1689 + 193 (°F-41) (K 5B) ; B (5 538 & N 1400
+ 120 CFHH 1012 + 115), FFBEZLZI4E 150 min
54 B s Ak, S ISR AR #2718 Al
T RSN AE MR NPT 5 B AR AR 40 A, PR TR
% 2 B K 3 0.016 mmol Gd/kg (1)
Gd-DTPA /NEURF'E 4 WL A s Ak, FFIEEH1E
SEREE R 1025 £ 90( & 5C) , {ESFRESL S min S5 T
WE S-SR B R 1 150 + 193 (&l 5D), B HEM{ES
SEFE R 1160 + 120(3FF1°4 1 010 £ 105)
2.6 FEIEJE MR R

SIS ZH AR R ER DK S 0.016 mmol Gd/kg 1Y
Gd-MCM-41 B 77, S 00%E CNE-2 £ AL AT -
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4 BpkiEsHER T Gd-MCM-41(0.016 mmol Gd/kg)
BIE/NREZ MRI 5 SBETL
Fig.4 MRI signal intensity in mouse aorta before and
after venous injection of Gd-MCM-41(0.016 mmol/kg)

FUE S50 K 870 + 63 (& 6A), HEHFES 15 min
J& , B R W] R A (18] 6B) , 5 S R 1064
+ 70, M X A ZH R B Dk i 0.016 mmol Gd/kg
f) Gd-DTPA , EL 16 CNE-2 B B MR 55
SR 876 + 65 (&l 6C) , T S A J5 oA UL W ik ik
k.5 min J&5 , HAF 5388k 915 = 75(F& 6D) . MRI
7 S 21 A SRS AR 07 Hh LA A S s Ak 16
W EL 9K A AL T 78 il 2 21 9 SR 45 . MIRT

R R RS AR R WA S sk, RS AR o AL AR
B T9: 5041
3 4t i

H 1983 4F LUK I K& F i MR X e 7 — B
PEH] Gd-DTPA “F4L2EZ &1 {2 Gd-DTPA
AR, a5 AR T Fa G  MELL S5 4 K T4
AR R o3 AR ZRAKR 23 B AR RETEA= )
R MRT X 6 790 A0 36 FHAT 158 0 7 1)

PLEAAE (Silica) GOK AR ER I A P19l K
PERLE T2 T R 02 A S A R A Kb
RIEEM, S5 8MAEM KRS T46; MHERY
100 nm K/NWERL, 5 T8 i IR PEAS T2 3 1
A0 M5 P I A8 2H L a) B, g e DA i 1
B L AU A4S PN R ARG TR BT, DA T o g 4 4
W R Taylor FE 140K Gd %% E A LA
gkrp FRZA B Z LTRSS MR AR B T 40K
FLIE 2T 1AL S 55 8 3 NI Sl K T R
fioh, PR s e , DT (3 AL 25t 7 R S R, [
Kim FI Rieter 55 i & H A7 22 BUA W L 9 365 5% 711
) B LA KA R 15100
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B 5 FEHRESHKES 16 pmol Gd/kg B Gd-MCM-41 (A-B) &% Gd-DTPA (C-D)BI/5 3Bk MR
Fig.5 Aortic axial MRI of normal nude mice before or after venous injection of Gd-MCM-41 (0.016 mmol/kg; A-B) and
Gd-DTPA (0.016 mmol/kg; C-D)

Images shown are before injection (A,C) and 30 min post injection (B, D). The aorta (white arrow) and live were significantly enhanced after

intravenous administration of Gd-MCM-41 (0.016 mmol/kg; A-B), compared to almost no enhancement with Gd-DTPA.

6 EIHE CNE-2 B RBIEBREEHIKES 0.016 mmol/kg Gd/kg B Gd-MCM-41(A-B) &iZi& 5 Gd-DTPA (C-D)#ig

Fig.6 MR images of NPC CNE-2 xenografted tumor in nude mice before or after venous injection of Gd-MCM-41
(0.016 mmol/kg; A-B) and Gd-DTPA (0.016 mmol/kg; C-D).

Images shown are before injection (A,C) and 15 min post injection (B, D). The CNE-2 xenografted tumor was demonstrated considerably

enhancement on MR images after intravenous administration of Gd-MCM-41 (0.016 mmol/kg; A-B), compared to almost no enhancement with Gd-

DTPA.

B S AR TAE R S Al o) oo il & T
&R AR AR, Ak G B Y LA R T R
1) 2 TN BRCRLJEE 18-100 g ofil] o — ol 2 I
PEES B ELAKR AR GA-MCM-41, Z49 K41 k|5
[ BRI okE | AR 24 80 ~ 150 nm, 5 LA 145 Y
SR R 0 A SIRE O L | BRI JOURE A R P 43 A o
Uf A5 A R N EESR | 1L 50 38 1o g A 52 2 11
A PN Rz (1B, 2 P s 5, AT T, W
T EIRHEE R AR, I A 2R e AR
PET A, DE— 204 o g K s 5 50 7 e R 41 40
FO R RABCR I I IE R B . — I RE Lk
i SOBAR AR e 4 T2 )5 138 RN
80 ~ 150 nm AYERIE Z LGk WUk ; 55— J5 1 m] %)

YOI RLEA T R, s ] A TG (n-
NH,), ARicHEm 41, AP i gs v s ¥ m)
avB; AR MR B 5 EL AN K & 52 50 76 M
JRiEB I E A, LASE i R ¥R e 12 W I RCR A

X SR REIEAL (EDS) 40 #7871 B &M kLN
L fad A A TR R AR E . A 9K AR
DL Bk iy, PR RE PN Y (A - H T
A A B AR G R EE ) T AR - S
TR A EAE I SRS, AR T s 44U
(A F) st g o200

R R R2 BRI Bn (R 1), KINA
Tween T 43 5L )45, GA-MCM-41 %) R1,R2 {&
¥I/NF GA-DTPA, JllA Tween BB/ HIUS 1Y R1,
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R2 E¥ B KT GAd-DTPA, AlfE S FHINZEA
X AN A Tween BFEE , 3 Gd-MCM-41 1443k
P RO P R BURLAS DL A BUAE VR R @
Tween [ THA —L G R MTEES S Gd B &,
5 Gd 507 45 @ Tween V5 —Fh 22 1w 1% 1
I, FE AR B s ] A REAR /K A i 5k Ty, fiak 43
ARG IEABINFL AT DL g R R
VT WP 3 B X LR A R R
M), A A v Lt T 3R

ZAL MBS AE R e BB FBAJE 1T
RIWAREL ARyt RIS L2 188 3 52 3 R
2 T R DS AR T R aE T N
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ICP-AES il Rt thiF s Lot ,, R/ Z
Je MLBAE & TCP-AES A5 I A K H i B 2L T 2, 16
AHZ A KL AL R S BT i o, AN 5 % B =
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WL s S g0 e W 08 5 A ke I 7
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AR 43 A Be 254% 8 0 2 5T AT B0y 2 B S
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