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PR PR E R 12 W SAR BOR , FRAL T CT 3K 4
Xof LB B, X T2 Wi JB i v 32 BIR o] ) /08 e fi g LA
T ST A7 AR IS 8 2 i 120 B A
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pentetic acid, Gd-DTPA) , /F i & 5 7] K #& & MRI
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2 2 [ 3% 7% & 13 (fibroblast activation protein, FAP)
T8 CAFs v BE 35, AR 1E 3 A IR R IR 5UA
Pk o BRILZ b, FAP G HAT TS I I A
REFE BT U] N-A i 31 T 1Y) Gly-Pro | X 2 5L 1%
o gl O R A T B LA 2- U T I
Mk ( benzothiazole-2-carbonitrile ,CBT) | f{iE &1 D-
BB IR ( D-cysteine, Cys) _EAY 1,2-8 FLBR S Z 6]
A7 S, B B o 880 e e A R A
AR B N T AR M B A %R
A LT Gd FRIC i B2 i 1y Ji e AH G i 2T 4E 20
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1 kST

1.1 ##}

1.1.1 £#X# Fmoc-Lys (Boc)-OH ( CAS 5.
71989-269 ) . Fmoc-L-Cys ( Stbu )-OH ( CAS .
7372443-3) . Fmoc-Pro-OH ( CAS 5-; 71989-31-6 ) |
Fmoc-Gly ( CAS 5-:29022-11-5) Wy B 55 R4k
A sNN HIEF G ( CAS 5 568-12-12) N, N-
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T HE S (CAS 5:7087-68-5) | 57 TN BE ( CAS
5:67-63-0) \IEC 4t (CAS 5:110-54-3) (@ H R =
THR(CAS *5:543-27-1) [ 3-H i KL N [ ( CAS 5.
3268-49-3) .= LR (CAS 5.76-05-1) WREE ( CAS
5:110-894) (2N (HPLC) (I fE(HPLC) | = (2-%%
SO ) WiAR IR EE (TCEP) S5 4k 2 5 a5 24 1 1
HEREAR R 2R IR W B b B T AR AR
;= BE DMEM 85 57 & (42 5. 319-006 ) ) | RP-
MI1640 ;333 (185 :350-006) .0.25% JififF (155 .
325-040) G4 i iE (5% 5 : 085-150 ) 2 4 fifd 55 5% i
RN B 4E %4 (R at) AR BORAT BR 2 7 5 Anti-
GADPH ( 4% 5. WLO1114 ); FAP 47 1k ( %% 5.
WLO04890 ) ; Hit f — Bt (175 : WLA024 ) %5 4t ity 4y
BRI Bt LA R W T U0 BRI 2R A= A

1.1.2 2 2ME  AHEIEREFRAS . -80 C/4 C
VKA CH A=A W) 5 i B3R (XTL-100, K5
AR A R B ) 5 AR B0 Bl (Primo R, 78 [
heraeus 7y 1] ) 5 15y JE 2575 K # 4R ( YXQ-LB-100SIT, |
TR S B AL AR 22 1] ) 5 R 0RAH (3% (] 4 - Shima-
zu UFLC, 73 #7 : Agilent 1200, & E ZHER R A R
A E]D) S IER TR SRR Z B8 R R 4
X (PET/MR,3. 0T, 3% [H General Electric /A#]) o
1.1.3 Sl shdy  BxPe-3 A JFA AR Ao
20 b BRI F — B R 5 Bt 24 27 B 1 5 1

IR EL(9 H 18 ~20 ¢,5 J&, #E i,
SPF 2% 5l b 1) 37 ) W) B i V1 24 A1) 42 52 360 5l ) 45
ARARA T o ZWTFE S LI TT R A LRIERIR
Y g AE B A & DL E (R B S
LLSC20232173) ,

1.2 7%

1.2.1 Al 1 egfesam X EH) 1 6 s
AN 1P, e i [ AE IR G 45 3] Fmoc-
Gly-Pro-Cys-Lys( L R FR ML & W A) KB . k&
Yy A T J0K THE 3@ 4038 0 °C A IR 7=
THERA 4-F LGRS AL 40 min J5 A CBT F 2k
% Fmoc-Gly-Pro-Cys-Lys-CBT({k 5% B) ,fL-&%) B
FH95% TFA JBiBR Lys fl§E 1% Boe /4P IS5 (kG
W) 51, 4,7, 10-PUEZFF k-1, 4, 7, 10-
MU PR =T 1 [ (DOTA(OtBu) 3 ] iz W AE i, Fmoc-
Gly-Pro-Cys-Lys[ Gd-DOTA ( OtBu) 3 |-CBT (fb & ¥
D), 50% TFA Z=iEF 3 h it DOTA i OtBu
PRI EY E) , FH 10% WRIEFE 0 °C i 2 Gly 2
B B Fmoe fRPERIGIEY) Fo F 55 H 4
PRIEBRIAME L WAL pH = 7.5 Z6F T P S i 45 3]
XF HRIRTA S 7 G R F G 5 GdCl, - 6H,0 Jz
TS 5 A5 B AR L, o s OO €235 % v ) 7
7R 2 S 7/ R B W ks AL EL L a2 1| I W
e TS g uE HOE AR

G Contrast agent |

E1 XTI 1 MG ML E

Fig.1 Synthetic route for contrast agent 1
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1.2.2 xfsbAl 1 ek shBEdn =5 XTELFR 1 Ak
SNEFD) A 3SR AN 2 iR KA SR EE 1
Bic s 2 mmol BEiE 5 FH, FIF FAP 1) — K3 KA 1%
PERESE 51 24 2-GP KB FE Xt EL7nl 1 S &A1
FAP 7E4F5E 19 9% vh TAEW (50 mmol/L = 35 1 3L 4
FEHBE, T mol/L & ALAN, 1 mg/ml 4= 138 11, pH =
7.5) 41 37 CHRMATWEE 4 h, 15384 FAP {5 1)
7R B ) B R TR A AR R (1-Cleaved ) 1A 1
mmol/L [ TCEP A J5 ik HE b 1) WU 3, % & 2 h
P2 5 T 4 A OB S B SR A= W, R e A A
T W sy 3k R, (P 3 S P S AR X T A
1) 1-NP 47 RALE

B2 FLEF 1 BEFERBARKTF 1-NP REE
Fig.2 Schematic diagram of self-assembly of

contrast agent 1 to form nanoparticles 1-NP

1.2.3 mpa kst RA CCK-8 % 41 i ff
I B TR ECE KB BxPe-3 4 g LA LK
253 x 10* A~ ol 52 F0 5 JC 96 LA, BT 37
C 5% CO, MIIGFAERET 24 h J5, 0 5 I AA A
% (50,100,200 ,400 pumol/L) XS LT 1, 4k LE 71
AT 4.8.12 hy RIFEALIMA 10 pl CCK-8 £l
A, RN MR IR AR Th AR S /&, 1o ) B e H 3
g, BRSO 5 7E 450 nm 4b CCK-8 [T RE,
THE A AETE 22, SR 5 AR 1 4t M A7 15 232 74k 240 P
B

1.2.4 &M BxPe-3 IFJg AL A 69 My 2 % MR 21%
A5 BxPe-3 AU FR T 10% g4 LG F1 1% 5
- HERE R 1Y RPMI 1640 35 5% 5k b, > 41 ffg b T X %k
HERIAmE, 0. 25% 114 J T 14 20 Jif 5 5.0 (1 200

r/min, 3 min) , il 8 5 x 10° A 4AHL/100 Wl (140 i
Bllo B S (18 ~20 g) MEPE BALB/c #RK, T
AR B2 RS 200wl b3 40 8, B 42l i
i £ e 1) & BRI SR AE SPF 2 sh ) B AR 5 12 h o
HE DRI SR , B UK FE /2 o 3 S SR 32 A ) 1 (1]
Fd H SRR AR AR DL LR i RO/ NV 4K
MR HARIA %) 0.5 ~0. 8 em I, JEAT L 4R
AR 2 0.08 mmol/kg " i) i ifE, BEHLIS
BePC-3 i B3 3 20 (B4 n = 3) : RO IKIE
5550.08 mmol/kg XJ HEF) 1 3552 H0 20 ; 2 ik i
0. 08 mmol/kg Gd-DTPA 5yt HEZH 5 132554 A Bl Eh 7k
WA AN R . H L b 3 AR R B AT 0 ~
3 h Y BhA MR S35, S /N BUSR B 5 2O 8 s 1
535 ~ 40 mg/ke 1% (IR B L %5 T FTH T 51 2
. TE =9.0 ms, TR =594 ms,FOV:12 mm x 12 mm,
matrix size = 288 x 224, slice thickness =2 mm (12
slices,gap =0) ;T2 M F 5 S5 TE =87. 5 ms, TR
=2 405 ms,FOV:12 mm x 12 mm, matrix size = 288
x 224 slice thickness =2 mm (12 slices, gap =0) .,
TE[R)— JZ T [RVAE RN HEA T i es B UL A 24 ) 1
1.3 %it=43E H Graphpad Prism 8. 4. 3 #£175¢
TP, G5 R AR £ ARiEE (o =5) TR, PIZH ] 22
S HCBCR T ¢ K56, P <0.05 W ERA ST E
o
2 F#R
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Fig.3 HR-MALDI/MS spectrum of contrast agent 1
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2.2 FPbbFl 1 EEEYIME R TR MKBLF 1-NPs
PR RICTRURE 3 W D 45 SRR B OGS L) 1 76 VRO €53
TPl A £ B S [) 5 28. 6 min, YT LU A 1 7E 37 C 4%
4 5 500 U/ml FAP i 4 h 15 2] ™4 1-
Cleaved P45 A R}IE] 4 22. 7 min, 53K 55| TCEP JZ
N2 h 545 3] ZRAK Y 1-Dimer 1 {3 84 5 8] 4y
14.7 min( & 4A) | 553 BB I o 25 SR 2 WY g 1) 7
) 1-Cleaved F1 " B{& =¥ 1-Dimer 19FE 1 (& 4C
4D) B WA UL B B LT T AR KR T
1-NP( [ 4B) ,
2.3 FTLEF 1 HAEFMESLIE  BxPe-3 I HIAH
W XT3 1(50,100 ,200 F1 400 mol /L 43 515 &
4.8.12 h ¥y B0 H B 0 40 i 5 50 wmol/L
TG 1 R B3 12 h BxPe-3 40147 1E E R F
92% , J T e JEE (400 pumol/L) FYXS LLFR) 1 A 7 EL %)
12 h BxPc-3 40 BYAFE FATTE 70% LA, BEHIXT L
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HIRMAE XA R AE 3. 0T (< H PET/MR
(BCss T s 8) #4717 T1 F T2 JInAGER A MR
Hitho K 6A B/ EFIKEST 0. 08 mmol/kg X E 7
1 BSZEZH 1 0. 08 mmol/kg Gd-DTPA it FRA1#7E 2
h S fibRE T IIASORT b R34 5 38 1) gy, LB 2 B 4
() g 55 LR R B LEAEL(T/M) J2& 0 h 1 135.20% +
0.06% (& 6C) ,Gd-DTPA X}HEZH 2 h ) T/M 20 h
(1) 115.70% +0. 05% , Y% HE R 1 75 AH [R] 09 v B2
T Lt Gd-DTPA 358 T1 AR b B 3R B 4T, 25 5%
ARG EX(1=4.170,P <0.01) . {E4A4FEE
TKIZS AR REZHAE 1 h BF T/M 220 h (% 113. 50% =+
0.02% ,H: T/M 12k 5 Gd-DTPA Xf BRAIAH 22 A K.
15 3 /N T2 AR Hr , T/M 8 5 43 B 45
AR 3 A T2 A F 3G A b/, 5L
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Fig. 4 In vitro digestion experiments with contrast agent 1
A: HPLC traces of 100 pmol contrast agent 1 in PBS buffer (black) , incubated with 500 U/L FAP, and 1 mmol TCEP (red), or incubated with
500 U/L FAP (blue) at 37 C for 2 h; B: TEM image of the 1-NPs nanoparticles formed by incubation of contrast agent 1 with FAP and TCEP; C. HR-
MALDI/MS spectrum of 1-Cleaved; D: HR-MALDI/MS spectrum of 1-Dimer.
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Fig.5 Cell viability of BxPc-3 cells incubated with
contrast agent 1 with 4 h, 8 h, and 12 h incubation

time at different concentrations

ZHANT BRZHAE 0.5 h 35 K, T/M 4355074 0 h 11y
94.60% =+ 0.03% 1 106.30% +0.04% , 4= # £k /K
HT/MAEO0.5 h iR 0 h 19 102.20% +0.002% ( 2%
FARAG#E ) AR B B R g T2
PEILPRXT L B3 (8] 6B .6D) o, DL 45 5B, Xf
LA 1 AE FAP VE TR R A sl 4 6 RO A [ 2%
TR G- KT RE % A7 A5 0 58 J AR 98 1) T1
MR X

3 i

TEME B & AR R v, PEFlE A b —
Sefy R YIbR Y (IS i 2 IR IR ) 2Rk
TRV S, X i 6 £ W s 35 G ARG T T LA A S
PE D3 S R B e B, 2 S B E LR HE
Wiy SeBe . FAP & —Ff 40 Al 9 T 1Y) 22 20 1R 2 11 il
FAP Z: 5 [ Jeq S i 38 (9 8 B0, Al 2 I 1 42 1 e %
RIAERS ™ HATTZIF & 2R FAP {4
BT 2T 1 R 4L, W Watabe et al'™™
(PR PE A 2™ Cu AP Ac BRiC FAP (/N340
7Rk S BB ARG Y PET 1% 53677 ; Gao et al''"
WHE 7 —Ffp FAP 38 0] 1) 75 SR HES> 5950 FAP 3
PR MR AN DO LS. B, B H AT 1EIE R
A HF P FAP R LKL (Z-Gly-Pro | X) B43F
PREF L TR 09 MR % . AW Bat a1
Z-Gly-Pro-Cys-Lys ( Gd-DOTA ) -CBT X — 7] #f FAP
U AR B0 3 i vy S SR VA2 eI

ik RONERT DL H pH R R IR SR TR
oG P AT, AT AR AR L 45 S A

BTV AN AL TS5 48, B SR A IR RA S e 88
PR E MAE M A DL S . BT, &t 24
IR AR R FNR J& 40 & N B 46T 12 b FH 4
FRLP A= 0 3 A L o R 8 A R 24 4 3ok 2% 45 40
BRI AR T — M T CBT-Cys 5 4
B BN RO 2 ML PR AT B 202 - R I I T B
SRR RS 2 T 5T, R 20A MR 55257 Gd 1Y
Oy TG SE DX R A V) RN, 1E A R 40 it )5 7E
GSH Wik J7 /E T 2% 8% th Cys, SRJ5 5 CBT &4 5
T i A RN IE R — R AR AR 54, — Rk ik — 23
i m-m HES H AU AORRL T 454 . RSN 52
BRI UE T A A T LR 1 BEAE = A K FAP, 7E
FAP (PE T AT DA R A s il 4 6 RO T L — R 1A
TEM FRAELIIGUE TR RFIE (I 4B) . H
FHAE TS5 F BT K RS 2 1 A B A o 2
T Gd TERIX A AR o X PP SR AN (SRR R M 3 5 T
MR AR A = MR A, 8] B A RU R IR T 1 5%
A FH S AITE IR 3 418U i o A o RIS, 20 i 7 1
S FH XFHGH 1 X BxPe-3 41 7E — i 1 kS
I BRI (LS ) U B AR S BG wp A 32 1 X6 5
1 HAT R A et

AHEGORE A B R XT EE ) T R AR S BxPe-3
AU MR SR, 78 T1 ARG bk 5
XFEEF 1 il GA-DTPA J5¥47E 2 h #5558 T1 AU b
e (B 6) ,HTEFE 2 h EL O h i i T1 iAot
Fb I 35. 2% 1] GA-DTPA X%FHB412 h 0 h fif
SR T1 AR HEEE R T 15. 7% o 1R B
JKALFE 2 h Eb O h g iy T Jin A% Bb BE 3
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Fig. 6 Tl-and T2-weighted magnetic resonance imaging of BxPc-3 tumor model mice

A, B: TIl, T2 -weighted coronal MR images of BxPc-3 tumor-bearing mice intravenously injected with 0. 08 mmol/kg contrast agent 1 (top row) and
then 0. 08 mmol/kg Gd-DTPA ( middle row) , and saline solution ( bottom row) at 0 h (left column) from 3 h (right column) ; C, D: Normalized time

course tumor-to-muscle (T/M) contrast ratios of T1 values and T2 values in panel A and panel B (Each error bar represents the standard deviation of

three independent experiments; * * P <0. 01 vs Gd-DTPA.
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Synthesis of fibroblast activation protein-induced intracellular

self-assembly Gd-nanoparticle contrast agent and study of MR imaging
Guo Xiangyuan, Zheng Yifan, Zhang Manlin, Ren Yibo, Jiang Jinhui
(Dept of Nuclear Medicine, The First Affiliated Hospital of Anhui Medical University, Hefei 230022)

Abstract Objective To synthesis a Gd-labeled molecular probe capable of responding to fibroblast activation pro-
tein (FAP) highly expressed in tumor-associated fibroblasts for magnetic resonance imaging studies of pancreatic
cancer. Methods The chemical structure of Z-Gly-Pro-Cys-Lys( Gd-DOTA)-CBT ( contrast agent 1) was charac-
terized through mass spectrometry analysis. High-performance liquid chromatography ( HPLC) was used to verify
the contrast agent 1 formed a dimer under the cleavage of fibroblast activation protease (FAP) in wvitro, and further
self-assembled to form Gd-nanoparticles. The cell counting Kit-8 ( CCK-8) assay was used for biological safety a-
nalysis. BxPc-3 tumor-bearing mice were established and randomly divided into three groups, 3 mice intravenously
(i.v.) injected with 0. 08 mmol/kg contrast agent 1 through tail vein were designated as the experimental group, 3
mice i. v. injected with 0. 08 mmol/kg Gd-DTPA were designated as the control group, and 3 mice i. v. injected
with normal saline were designated as the blank control group (n =3). Dynamic MR scanning from O to 3 hours
was performed for them, respectively. The enhancement effects of T1- and T2-weighted imaging were observed and
the rate of change in the tumor-to-muscle ratio (T/M) over time was analyzed. Results Contrast agent 1 efficient-
ly responded to FAP in vitro, forming dimers under the action of FAP, and further self-assembled to form nanoparti-
cle structures. Contrast agent 1 has good biocompatibility. The BxPc-3 tumor-bearing mice showed that the T1-
weighted contrast of the tumor reached its highest level at 2 h post injection of contrast agent 1 or Gd-DTPA. In T1-
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weighted imaging, the T/M at 2 h in the experimental group was 135.20% +0.06% of O h, the T/M at 2 h in the
Gd-DTPA group was 115.70% +0.05% of O h and the T/M at 2 h in the saline group was 113.5% +0.02% of 0
h. Compared with Gd-DTPA control group, the experimental group had significantly enhanced T1-weighted MR
contrast, and the difference was statistically significant (P <0.01). In tumor T2-weighted imaging, the T/M quan-
titative analysis showed that the tumor T2-weighted contrast enhancement of the three groups was relatively small,
and the T/M of the experimental group and the control group at 0. 5 h was 94. 60 +0. 03% and 106. 30 +0. 04% of
the O h, respectively. In the normal saline group, T/M at 0.5 h was 102. 20 £0. 002% of that at O h, and no sig-
nificant enhancement of the T2-weighted MR contrast of tumor was observed. Conclusion Successfully construct a
FAP-responsive molecular probe which can self-assemble to form a Gd-nanoparticle structure in tumor cells under
the cleavage of FAP, effectively improving the enrichment of Gd in the target region, and enhancing T1-weighted
magnelic resonance imaging of pancreatic cancer, which has potential clinical application value.

Key words contrast agent; click reaction; self-assembly; fibroblast activation protein; pancreatic cancer; Tl
weighted magnetic resonance imaging
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