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Fe*-doped Polyaminopyrrole Nanoparticles for in situ Magnetic
Resonance Imaging and Photothermal Therapy of Breast Cancer
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(1. College of Resources and Environment , Jilin Agricultural University, Changchun 130118, China;
2. College of Chemistry, Jilin University, Changchun 130012, China)

Abstract Fe*-doped polyaminopyrrole nanoparticles (Fe/Ppy-NH, NPs) with uniform size are prepared by Fe*'-
induced oxidative polymerization of aminopyrrole and the coordination between Fe®* and polyaminopyrrole. The
colloidal stability of Fe/Ppy-NH, NPs is good, and the mass fraction of Fe’" is as high as 17.4%. On the one hand, the
large amount of Fe** doping in Fe/Ppy-NH, NPs can enhance the extinction ability in near infrared region, and the
photothermal conversion efficiency of is 37.9%, which showing that Fe/Ppy-NH, NPs is a good photothermal reagent
for the photothermal therapy of tumors. On the other hand, the presence of single electron in the 3d orbit of Fe’" can
reduce the longitudinal relaxation time, Fe/Ppy-NH, NPs are able to act as T,-weighted magnetic resonance imaging
(MRI) contrast agents for tumor localization. In conclusion, Fe/Ppy-NH, NPs have shown good effects in in-situ MRI
and photothermal therapy of breast cancer.
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TR 06 AR AN LA BB I AR AR R X T L R A G R, A X LR R R B
WULOBRI, — I, AT A S I RIVE R, R RN AL TE RO | BRI SO R BRI
&, S BFEACEBOMYR ST — I, REBEE RASXHIT 2 A w251, i@ J5 &1k
JYEIRNIS | B0 45 200 R RN 25 2R Ak e IR 245 PR O s, AMUT S AS B GRIIE, T B2 S5
P IE R AR BRI, TR BT R B FLBER YT Tk T o b 2L

Bl AR K, SETF YRR IR YT 2 8T 8 T B IR iR T F-B . FEARZ 9K K
o, REAUKRA RS A G SR A RN R A RCR , R IR, ST
REVAAMBPPDEPGR R E L, i RFRPEN A RS R g R R E 4%, X
SER YK R R B RER oy E, RERSTERCHL . A L - A AR K BH - A A AR
SFERINIKE T SHETReuE A, RHEHEMEE N6, EBEMEMGTT P RS T R
T 0 P i 2

FIF & Z R0 G T-BOS G E I AL ST e A, 15 SR LT AN IR, AN B F 5 47t
REENPGRIT RO, T HL AR 0% ik O X e S A B 4l 2L B, IR A T BRI R R
SR e T R LR O A U A R B T RN 2 R T UE TP AE R R T, RBAS
REAC A Bl 7 A O ) sth 5 st (), 2B 10 &4 T A P RE IR AR (MRD 15 52 ThRE . Rk, A& R 43
FYER 1R8N EiRad i 4 )8 B 5 RA WA B E A, A B HI15 3 H MRUADEHIGS T ThRR 4K
SEAAFRE, SEBUX AE R (4) BfGR R YT 2,

ASCR ARG T, DURE T R AR5 R M AR I SR A, [R5 A i iy 2R 22 SE i ngs i
Br, Hil45 T —FhERES TR LA R A LS 40Kk (Fe/Ppy-NH, NPs). Fe/Ppy-NH, NPs i /AR 7 R
U, BEMSAE 2 B T K K I ) B 5 {17 . Fe/Ppy-NH, NPs H4a% B 1110 it 40 B0m 3k 17. 4%, — )5 T
A B TR AT LA E X A GEE 1, i Fe/Ppy-NH, NPs FGEEEAL R (n, %) 53k 37. 9%, FI1E
SRl R A A SRR S g R S RTRYT 5 D — T BT R AR B 3d LA T L FRAIR
JE| BBl £ B 9 1) 5t 5 b5t ], i Fe/Ppy-NH, NPs GESEAE A T, AN A MRT 3 52 77) , S B I8 A1) - 7
Fe/Ppy-NH, NPs 7£ Zh PR ] 9 A= 90 2 4 1 AT, RRAE AL /I B 07 L A8 A5 T80 F s k3B 07 5 4, 6 MR
AR EHGRTT P R T R A RsUR .

1 SCIGERyY

1.1 RFI 5

1- 2 LML (41 >98% ) F7S K A = A ALk (L6 99%) , g BalHn T A (LB A A BR A 7 5
DMEM 55 37 3 () M IR £h (PBS) 28 Ptk (pH=7. 2~7. 4), 3£ [H Gibeo 23 7l 3 F5 G4 M3, 51
Gemini 23 A 5 4L THEI0R] (CCK-8 ) k7] 65 R B AR 11 1l AL (e 2 A T 1 2 350K 0. 25% ), bt
RHEERHHLABRA A Balble /N, Jb ot 4E@ RS0 h W E AR A FRA w5 /N FLI I 40 B2 (4T1) , I3
N R AE IR A FRAF] .

JEM-2100F 2437 5 H . 555 (TEM) , H AH F#E 2241 (JEOL) ; UV-2600 7442 4h-R] 1L (UV-Vis )
IPEEET, H A B bR 24 (Shimadzu) 5 LEO-808 BUGLT OGRS , RIIBREOE i RHE A BR A ] 5
Ti27 BILTANARAY , 25 [ Fluke 22 H] ; CMac Plus BUEGFRY , 35 [E Molecular Devices 2y &) 3 ZV-E10 B
AABL, FJe (P EDABRZ F] ; BDS400 AUME & 0 5, # IR ARG BR 9352\ ; GE Signa 1. 5T
RURE AR AL, 2618 GE /A F] 5 Agilent 725 10 i BRI A 55 85 TR JF 1 & 51 615X (ICP-OES) , 3 [
Agﬂent/z_\\ﬁj .

1.2 XIdfE

1.2.1 Fe/Ppy-NH, NPs B 4| % THSCECHIA 4 1 mmol/L Y 1- 28 FLAH % /K I B IV JE 9 100 mmol/L i
NIKE S EABOKEEW . FERE IR T (300 t/min) , 125 100 mL 1-28 FENE RS K W T P InA
6 mL /N KA = AAAHAKIER, 2R T RSP 24 b BHR -GV LA 10000 r/min A 35 2 B0 10 min
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Ja . HEEFRUERDIE, BIF53)] Fe/Ppy-NH, NPs.

1.2.2  Fe/Ppy-NH, NPs th & fE ¥ Fe/Ppy-NH, NPs [ /K 15 05 0 21 85 Sz F5 JEAR |, 3 3 TEM W1 %<
Fe/Ppy-NH, NPs B JE S . 38 5 UV-Vis 43 66 E T E Fe/Ppy-NH, NPs 73T 214G X By Ml . 38 3k
ICP-OES € Fe/Ppy-NH, NPs FP 4% B 1) &t

123 Fe/Ppy-NH, NPs By ot 2 M 6281 50 TCHil e E 43 5124 100 F1 200 mg/L 1) Fe/Ppy-NH, NPs 7K W,
Xof et i Eh 2R B 4350k 1, 2 813 Wiem? (19 808 nm HT 2T AMNESE , HihET K 900 s, i i 2T /MR A W
TR IR AR Ak . g R A 200 me/L By Fe/Ppy-NH, NPs /K9, X Hoit in 21 2R % 8 3 W/em?*
808 nm ITLL AN , I AN PTG 457 IO HE G, 388 3 R rR (AR VL 1 A o/ Ao o P R
YL BEIS ] (R A8 Ak, TR bR

1.2.4  Fe/Ppy-NH, NPs %t 7L R 40 o 0 2 e BF % B AT1 A0 LAEEAL 5000 4~ Y 25 HE I 7E 96 fLAR
BT COBEFAE T 24 by ARG SHE/9M 0, 25, 50, 100, 150 #1200 mg/L 14 Fe/Ppy-NH, NPs 1%
3% 24 h; [ AL BIINA 10 wL CCK-8 VAT, 4RE205 5 2 b, il AR AR 450 nm &b (956 %
{H, PEMTTHE 4T A0 AT A %, 2558 Fe/Ppy-NH, NPs X LR 40 A ) #54% .

1.2.5  Fe/Ppy-NH, NPs %t 7L ff & 48 o o 6 34 06 97 £ 30 4T1 LUBEAL 5000 4™ 4 25 FEHERILE 96 fLAR
BT CO B R SR 24 hy SRIGSWE /500, 25, 50, 100, 150 #1200 mg/L ) Fe/Ppy-NH, NPs 1%
7% 24 h; DR N 0. 33 W/em? (1 808 nm i1 21 4N B S FLAK 30 min, T 1] 45 £L = 4351 im A
10 L CCK-8 ¥ ¥, 4KLEWFH 2 hr , (i F AR 450 nm A0 A4 628 BE L, T80 4T1 40 A A AR X
TEIG %, #55K Fe/Ppy-NH, NPs X FL IR AN A HGAI TR .

1.2.6 Fe/Ppy-NH, NPs By fk § & A M HF % AU Sc8 Jy Z8dat 1oz 28 — R B sh ) e Fi 2
BB H Ay, Ara SCO0 88 ek e BRI TS UEA T . AR SO DA R O 1 Balb/e /)N BRAVE M BIFSE T 42,
#4200 g Fe/Ppy-NH, NPs ¥ T 50 LA 38K, Hfd ot R F ki g 2/ EUAN . 24 h 5L, 4325103
I T IS BRI LAIPEAT Fe/Ppy-NH, NPs BRI e . 7 dJE X/ INBR S 22 SR AE , X 228 B A T
H&E e @ LU Fe/Ppy-NH, NPs f 126 Pk - LIRSS T 50 ol Az BRER 7K Ay [ i i BRE /DN BRUVE Ry Xt
HR4 .

127 NERA LB A A A 2 BEAE 5000001 4T 2 0 FY 4 5 3 v St 22 MEVE Balb/e /s BUEES
TXFFLGIT, kS FR SR, BV AR5 RS PR AR

1.2.8 MRI&&G S EHFad  L/NRIREAFUIRERAE IR S, #4200 g Fe/Ppy-NH, NPs % T
50 wWLAEBEER K, i kS 2/ NN . 24 b BRSSO T MRIIGE . MRT I35 %/ B
SCJit SR AE, AL ICP-OES X g 2H 2 rh 1y & s A 1 , 3153 Fe/Ppy-NH, NPs 7 Hh (4 B 2.
1.2.9  Fe/Ppy-NH, NPs 7e /) R LA B A 9 AR M A A X DU/ R A7 ZLAR A AR g e %
%, #4200 pg Fe/Ppy-NH, NPs ¥ 50 L AEFRER K, FFil ik R F ki S 2/ NEUAR . 24 h )5, 1) b i
BN 2825 B4 0. 33 W/em® 1 808 nm T 1AM, 38 12 21 AMEAGA S fifrfez Yk 32 Bt s 1] A 22 £k

2 ZFHRE5TE

2.1 Fe/Ppy-NH, NPs )& 5 R1E

P 1(A) >} Fe/Ppy-NH, NPs ) TEM B& /. R LI H, Fe/Ppy-NH, NPs HA7 R} #—F2RERIE TS,
B E AR LN (55.248.9) nm. i ICP-OES Ml 45 R 1155 1) Fe/Ppy-NH, NPs H 4% 25 1 it it 43 B0
17.4%. Fe/Ppy-NH, NPs BEMSTE 25 25 F /K A e /724E . 181 1(B) A Fe/Ppy-NH, NPs i 1) UV-Vis IO
i, HAF 808 nm AL HBER AL , FHA Fe/Ppy-NH, NPs ELA WG LT /M AT R Sbiat sl g
2.2 Fe/Ppy-NH, NPs R3¢ HL 14 RE

1 T Fe/Ppy-NH, NPs iR AE ST £LAME KA SR, dE— 2058 T HOGHERE . &1 2(A) FI(B)/R
T HE 808 nm [T LI AN RS, Fe/Ppy-NH, NPs 75 7 6 i 5 Bt st 10 A8 Ak 15 100 . it 5 ' HE s 1] ) 4
K, WO EE BB i . 2 W VMR FE AN AR I, VAU B B YOG B AR 2 FE A R I g A 5 >4
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Fig.1 TEM image(A) and UV-Vis absorption spectrum(B) of Fe/Ppy-NH, NPs
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Fig.2 Temperature increment of Fe/Ppy-NH, NPs solutions by altering the laser power density
c(Fe/Ppy-NH, NPs Y(mg+L™): (A) 100; (B) 200.
SEWOCIN A EAAZIN , VA3 BV B AN TN . 7E¥R 200 mg/L ., WOLIIAEE T 3 W/em®
MR, £ 900 s HOGHR IR, Fe/Ppy-NH, NPs % Al FHlL 2 58 °C, 32 Fe/Ppy-NH, NPs Btk
f ERYF.
3 25 1 T ¥R 200 mg/L B Fe/Ppy-NH, NPs VR 7E DI 585 8 3 W/em® B 808 nm T LLAMEOEIR

ST RTHE-FERMZ . SLMARIGEE R 3, Fe/Ppy-NH, NPs FEAT LT /NG RRGT T R B T 53R 11
THILAE ST .

70 2460
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Fig.3 The real-time temperature of a heating - cool- Fig.4 Calculated photothermal conversion efficien-
ing cycle of Fe/Ppy-NH, NPs solution(200 mg/ cy of Fe/Ppy - NH, NPs solution(200 mg/L)
L) based on the time constant for heat transfer

3 IR AR LA 1S B B I RPRRE I W 5, (M 173. 3 s. TEIERE |, E—211
15 5] Fe/Ppy-NH, NPs [ 6L ALRR K 37. 9% (K1 4).  FiRSE R FHH Fe/Ppy-NH, NPs J&—Fft KL A7)
SRR, AN T R e R Y
2.3 ZHAASCIS

B S(A) AT UL, B 55 4T1 400 FE 5% 37 10 Fe/Ppy-NH, NPs ¥ B (2 7 TH 5, A IEAE TS R 3 &
A= B A REAG, BIEE SR AE 200 me/L B VR R, AAEAFTE AR IH AL T 90%. iR S 25 B,
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Fe/Ppy-NH, NPs X ZLARIEEANML AT 1 (82 HEARAS, Fe/Ppy-NH, NPs A B A HA&& BRI A LAY B

HE S(B) A L, 7E5 Fe/Ppy-NH, NPs 3532 (R 3Lhl I, E—2E T2 % % 4 0. 33 W/em? 3T 41
ANEOGRENS FEAT YA A TG R KR EER#AR . Fe/Ppy-NH, NPs ¥ 8 100 mg/L A, 23 OG4R 8, 40
A7 15 2R BEAIK 2 68. 7%. i FE Fe/Ppy-NH, NPs ¥ & 4 200 mg/L i, 285 OGHR IR, 404716 R AU
44. 4% , AP E 20T RIRSCIRZE SRR, Fe/Ppy-NH, NPs fEIT£1AMHOG BT T 77 A= iy 34
REMS R HOCHIRIT IR, 34T 4R AET .

(A) (B)
glooF 1 [ & 100 |
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Fig. 5 Relative cell viability of 4T1 cells after 24 h incubation with different concentrations of Fe/Ppy-NH,
NPs solution before(A) and after(B) 30 min irradiation with 808 nm laser of 0. 33 W/cm?

24 EREYZREMH

TEZHR A S2 i, DLURFR KIS T Fe/Ppy-NH, NPs (/N RAE 524, RREIKTEST T AR B3 K iy
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Fig. 6 Major liver and renal functions indexes of mice 24 h after the injection of Fe/Ppy-NH, NPs
solution(200 mg/L)

The control group is age-matched healthy mice that injected saline.
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AR/ EESE U, HKIWAY L2 AT
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Fig.7 H&E-stained major organ slices of mice 7 d after the injection of Fe/Ppy-NH, NPs solution(200 mg/L)
The control group is age-matched healthy mice that injected saline.
2.5 XtRAIFLARERE A MRI AL 5
SR b g 1 v 38 37 PR A B (EPR) %00 B2 3% 55 I Fe/Ppy-NH, NPs [1] g 5806200 & 46, A A T
MRI T X e 9 5 6224 [ 8 Sy ) IR AN S B 4 vp /N SR MRISEAR . RIS 24 h )5, SEdedlvh

MRI Signal ~ Low 3@ High

Fig. 8 T,-weighted MRI images of 4T1 tumor bearing mice 24 h after the injection of saline(A—C) and
200 mg/L Fe/Ppy-NH, NPs solution(D—F)
(A, B, D, E) Coronal view; (C, F) axial view.
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/NEREL D BB Y MRLAE 5 BH S &5 X

~ 10f Average=(7.24+0.70)%ID/g
M, IFH S SR BALX . 3 2 sl 7.64 801 773
Fe/Ppy-NH, NPs 1] /f > MRI 1% 5% 71| i % L 6% 657
TINEUEL FL IR Y MRS . § Al
FE bk 13 5t 24 h J5 , Fe/Ppy-NH, 2
NPs 75 i 5 3 37 ) 5 4 5t 0T L gy f g
AL RS S RIHEARR . B9k 0 5 3 . .
Fe/Ppy-NH, NPs 7 5 F fuy e /)N B4 Jih e Sample
RS T B R HOE M {H o (7. 24+ Fig.9 Biodistribution of Fe/Ppy-NH, NPs in the 4T1 tumors
0.70)%ID/g, AbTF# s KE, HHF 24 h after the injection
Eéi/f:? SFINRERY ivfﬁm]. The unit %ID/g means the percent of injected dose per gram of tissue.

2.6 XTREALZELBRERBEIRNIIETT

1 10T L, 76 808 nm ITZLAMEO GRS, FE R IKIE S T Fe/Ppy-NH, NPs FFR1HR U g 2 o7
B TR R 2 7E 8 min A8 A SR AEAS A3 40 °C. 7R IERE [ 4E K OGRATE], Ied 15 RE A8 48 1
42 “CHACHF a4, M AT SEE /N UG LRI R (R TR YT

16 min
25°C 60 °C

‘min 8 min

- 24 min

Fig. 10 Infrared thermal images of the 4T1 tumor bearing mice treated with Fe/Ppy-NH, NPs under
the irradiation of 808 nm laser at the power density of 0. 33 W/cm*

3 &

WIS T —Fh RS F T IR0 FUMRIE R L IR UL A EIIGT 7 18k B T8 44 1 SR 2 L 4 K b
F(Fe/Ppy-NH, NPs). Fe/Ppy-NH, NPs j& FH 4k 25 175 & I S SNk B i) S AL SR A S i il 2 1), e A
FaEVE R4 . Fe/Ppy-NH, NPs HVEK 25 1Y T 4t 73 8050 34 17. 4%, AUREREAE S T, AL MR 5271
SEPE IRE (4 22 07, I8 RERS ISR HAE T 21 AN G X AU OERE T, YR L RCR ik 37. 9%, S —F R4
ERRGRTR] , REAS S IR IR DA YT . Fe/Ppy-NH, NPs TEZNWIA N 1 £ ) &2 4k R AT, REASTE/N
UL FL IR AR (e kA B 4, 76 MRS R EHGATT TP Y R I T B AR A0 .

Y R SN B AL S PUE NS A PUE S L 2 TR R o
5 £ X W
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