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Abstract: Cancer is one of the most lethal diseases globally. Traditional treatment modalities like chemotherapy,
radiotherapy, and surgery often fall short due to their limitations. Photothermal therapy (PTT) , which utilizes the
photothermal conversion effect of photothermal therapy agents (PTAs) to convert near-infrared energy into heat for
cancer cell destruction, typically requires high temperatures that can damage adjacent normal tissues/organs. Mild
photothermal therapy (mPTT) with a lower treatment temperature range (38-43 °C) is crucial for advancing PTT in
tumor clinical treatment. However, even a minor temperature increase can induce heat stress in cancer cells and up-
regulate the expression of heat shock proteins (HSPs) , affecting mPTT s efficacy. To enhance mPTT’ s therapeutic

effect, in this study, a near-infrared (NIR) fluorescence imaging-mediated and kinetic effect-induced NIR-responsive
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mPTT synergistic therapeutic system was designed using dendritic mesoporous silica-coated rare earth fluorescent

nanocrystal nanocomposites (DCNP@DMSN) as the matrix material, modified with MnFe,0, nano-enzymes on the

surface and loaded with indocyanine green (ICG) in the pore channels. DDMFI displays tumor microenvironment-re-

sponsive chemical kinetic effects and NIR-activated photodynamic effects. The generated reactive oxygen species

and lipid peroxides can downregulate the expression of heat stress-induced HSP70 from low-temperature photother-

mal treatment, enabling kinetic effect-induced mPTT. In a 4T1 breast cancer model, it shows promising anti-tumor

performance. Additionally, the platform has near-infrared second region fluorescence imaging functionality for in

vivo tumor localization. Collectively, this approach holds great significance for the development of multifunctional

integrated nano-platforms.
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Fig.1 (a)Scheme of DDMFI synthetic procedures. (b) Near-infrared light and tumor microenvironment responsed DDMF]I realizes

kinetic effect-induced mild photothermal therapy and NIR- Il fluorescence imaging
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Y-OA Hif 8% 4 (0. 20 mol- L") By Il 4% . ] = %
B A 2 mmol () YCl3+6H,0 .4 mL OA (oleic
acid, M2 ) .6 mL ODE(1-octadecene, 1T /\4 ) , &
SARPT R INIE 150 °CL, 4 HF 60 min bifi J 4 76 &
RS F] Y-OA B ORI -

KBl M ] % T Yb-OA R 3K 44 (0. 20 mol+L™)
HINd-OA R 444 (0. 20 mol - L") .

Na-TFA-OA R 3K {4 (0. 80 mol - L™) ¥ il % « If1]
= FFI A A 8 mmol 1Y Na-TFA (sodium trifluo-
roacetate, — 9 SR 4N) .10 mL OA, E IR FHE+E 3 h
J5 193] Na-TFA-OA Rij 3K 4175 K .

NaErF, % 40 K &y (9 1 £« 10) = 30068 i A m A
1 mmol ErCl;-6H,0 .6 mL OA .15 mL ODE, i # &
120 “CHl B 25 R FF 1 h R KK A4, Bl S AUDR
PRI E 160 °C, FAFF 30 min K153 — B B @
ENHERGREEZR . A 0. 148 ¢ NH,F A1
0.1 g NaOH /1y 10 mL ¥ 852 35 ¥ JF 43 41 30 min, FF
I ZE 70 CHAFF 30 min B 22 HEE i H = THE Z
110 CRR £ K, il AR TR 2 300 CIRFFLh)E
B 2 = . A I i TS K 2 B 0 AR BT UE
(8 000 r*min™", 10 min) , NaErF, #% 40 K &4 1K & i
PO e FNTE 7K £ PR % 3 WA 40 BUTE 10 mL 3R 2
Bt PRAE

NaErF,@NaYF,:30%Yb 44 K & i i 45 . 15 =
B T I A 5 mL NaErF, % 48 K /i .8 mL OA .
12 mL ODE, & 2 ¥F C % #1UK J5 F+ i 2 300 °C,
0.7 mL i Y-OA.0.3 mL ¥ Yb-OA . 0. 5 mL #J Na-
TFA-OA R SKARTE 15 min A [RIBE N SR TEA . HIR
TEPRTE AT, BN T AERE 15 min 2 AT B EIR
T 3 B JE K 2 ES 0 3K BT UE (8 000 remin,
10 min) , NaErF,@NaYF,: 30%Yb % 44 K i 25 1 31
Ot AN TG 7K sV ¥ 3 UK 5 43 UFE 10 mL 34 2 %
T ORAE

NaErF,@NaYF,:30%Yb@NaYF,: 20%Nd 44 K
A Y 7 25 OB T IR AR 0. 8 mL Y Y-OA 0. 2 mL
f) Nd-OA F1 0. 5 mL Na-TFA-OA Fif 3K {& , DL #H [7]
M7 ¥ #l 4 T NaErF,@NaYF,: 30%Yb@NaYF,:
20%Nd #% 5 44K i (175 2 DCNP)

DCNP@DMSN (% il £« 1) [B JiS b2 4 hm A
1.0 g CTAB (hexadecyltrimethylammonium bromide,
oS ke = H R A B ) 0.3 g JR%E .20 mL i 4

K 0.5 mLE T R R FE AR AT T S
Wo BB —HELE, A 10 mLIFE £ .0. 8 mL
f) DCNP 44 K f % ¥ . 0. 775 mL TEOS (tetraethyl
orthosilicate , IEFER T8 ) , 1R 21 5 T A BRI
BEFE 1 h )5 THEZ 70 °C, 15 h 5 .0 (12 000 r*min™,
10 min) R 19 JLVE . H B 73 HUFE 50 mL LB, A
0.6 gfi§FR &L , 70 CHMFR R 12 h, B0 38 BUIL i
HE VR 3IK, A 3IRA R CTAB JF 7E 50 CHEAR

DD-NH, 1) il £ « 18] R i 8 )i H i A 30 mg (1)
DCNP@DMSN ., 10 mL JG 7K Z ¥ . 120 pL APTES,
FREFE 3 h 5 B, JE K £ B VR 3 IR AR A
DD-NH,.

MnFe,04 44 K it 14 1 1 % = a] = 506 I o
A 1 mmol B9 Z BE P B %5 .2 mmol A 2 Bk DY IR 2k
20 mL OM, &S B F 110 CHEFE 30 min, SR)5,
FHEZ 300 C,1 h g HEEE, A& K
PO ULTE (8 000 remin™', 10 min) , N il & %
3G BAEEA M h . HLO0.05 g MR .0.5 ¢
BMPA (2-bromoisobutyric acid, 2- WS TR) M
20 mg MnFe,0, 44 K i %5 fi# 76 14 mL & 7 fl DMF
MR AW AR CHL B 1:1) IR A WS 12 h, 38
i B0 3845 BMPA-MnFe,0, 343 BU7E Jo/K 25 rp

DDMF () #] % . 100 mg & % & i i DC-
NP@DMSN i A 20 mL [ BMPA-MnFe,0, i&
(1 mg-mL ™) IFAE R FHEHE 12 h, B0 3815 DD-
MF, I3 i 5 1K . 5 Y 10 mg DDMF
4 #L 7E Me-PEG,gg0-Silane Z B¥ % W ' (100 mlL,
0.5 mg-mL™") , #RJ5 7£ 60 ‘C T 1 J1 6t £ 24 ho #&
Jo BRI O AN LB K IR B TR, e n
SrEEE LB T K, 315 DCNP@DMSN@MnFe,0,,
{75 & DDMF

DDMFI &) il % : [ _E & PDDMF % & i A
400 pLICGHEW (1 mg-mL ™), iR FHFE 12 h )5
B0 BT O UV MOE B SR S 0T il 2 R
T g, 315 DDMFI,
2.2 HMRIE

&g R B R HOH A M F A A JEM-
1400PLUS U 5 o 7 4% A1 A7 2R FH 5 /R SCA &l Y
Zetasizer | 52 o X HF 2R A7 5 45 R FH H AR B2
F BY smartLab 9 kW il 52 . {8 L0748 e 21 7 S5t %
e FE B KN F Y Nicolet iS50 4 . 48 #h|T I
T £T AW ' 1% R FH I HE S W 9 UV -3600P1us Il
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SE o LR L g AL ZE R DL R A A AR Y
BSD-PS(M ) & . it I # G AR 40 K &2 G+
BHE OGP RE o DE IR IR0 o LR A
e =lhS (T = Ta) = QuiJ/I(1-(10)7(=4,) ) o H;
L h Ol R G I R, S O T £ T Y TR AR
T s A 00 VRSV 1) T AL B, T, A R 0 ) D A 5
T 10 808 nm ¥ LE G A M D) R B E LA K
DDMFTIA W AE A = 808 nm ALY GRE . o AM, Qu
Fon T2 AR AR B 0406 W A AR A B R
Qi = (5.4x107") o A THE RS, 5I A5 — AKX
hS=(mC\ye) lro I, m R FE ST, Cpe 7K
LR A, Crue=4. 2 o g KT o SRR A R GE I 8]
o T KAE DDMFIAE B 'O, 9 BE 77, # ] DPBF
VE R BEET R IO, , K I A 5] 25 1% 'O, 1 3R 2R, A
A W] 45 144 F DDMFT A 5% 0, B9 fiE J1, 4 9 PBS
H o ZHH . ZH+H0,H W E A IEw A+
H,0,4H . 7 B3 55 h B B 4F 10 mmol- L' (1Y
DPBF &AW . X FZ A4, N FER N E
B0 R A, JF A RNE A Z A — A8
AR EE. fEFEMD K 2mL&H DPBFIY L
LV WS 2 mL Y pH A 6.5, %A 10 mmol- L™
H,0, #1100 wg*mL ™' DDMFI (1) PBS A W IR & , 16
AR N W B R IT8H 808 nm 1 3T 21 AN
WA, BRSRP S [ B[], OB 23 1.0 Weem™, fiff
FHUV-3600 Plus I = W% i i
2.3 AR

/N ERUSCET 4 20 i (1.929) 2R I DMEM 5¢ 4 15 3%
(1 DMEM 85 3% 25 +10% & B B9 JiG 4 1 35 +
100 U/mL #9925 3R FEE R R A R0 , /) BRUFL IR 98 20
ML (4T1) R H] 1640 58 4= 15 5% 5& (i 1640 15 5% B+
10% 1 LY B4 2F L35 +100 U/mL 0975 5 2 A&
FAG L) , POl 40 A 24 TR R AR R (37 °CL 5%
CO MG FRAHMEH o Calcein-AM /P14 {4 (Bey-
otime, C2015L) . 4l 2 4 ROS 7K ¥ (DCFH-DA
probe, Beyotime, S0033S) VRN LPO 7J(3|Z(Liper-
fluo probe, Dojindo, 1.248) | £k ki M4 i Hi {37 46
(Beyotime C2015S) & 55 i ¥4 422 B AR N7 150 B 5 3
eSS

H 100x10° 4> 4T1 FL i 987 40 A 7 5T 3 BALB/c
OHE P /N B 000 £ 2L R T I e v s R D o 7L R
T ALY A5 /N BB IR AR B 2 100 mm’ B, K 7 /)N
FUBE ML 70 4 6 41 (PBS 41 \NIR 41 .DDMF 41 .DD-
MFI4] .DDMF+NIR 41 .DDMFI+NIR 41), 5415 R

ANBR o 4 ) AR AR R S AR 6 KRS 8 R PN i
DDMF o, DDMFI % (10 mg-kg™") , X B4 /N B 45
T [A) 45 59 1 1Y PBS. i ] 808 nm G B b v
BBA7 (0.4 Weem™?, 10 min) . fEVAIT B, 458
PR i s R RO 6 e 9 2 200 AR, O e R
AN R B AR R V=0, 5xaxb®, Ho b a
Sk IR K T AR b Ry IR A S R B AR B
mm. A THRIE NIRGIE TR A Y7 4L /N B
T b T O [ B 2T A0 # R AGE SR 10 min
DA g ek B IS O R R A AN . T
B 0y S 50 1 3040 S 56 3 0y ) B SRR T 4 R )
e AT, HARAS ) N B RF R 2% 3 4 4 3 R

b3 2 B AL o CHE HE 4 5 0 2021069) , 775 T A
HH 2 A 48 BT R0

3 #RB5H#®

3.1 MBERSRIE

T 538 R A R G R T R T e s ah
K & DCNP. #E KK B M & T, &M T
NaErF, 48 K &, 1 2(a) BT R, & 188 NaErF, 24
KRS — H st RAF, P kiAR R (14.2 +
0.2) nm. fRJ5 1T & % L2 T 5% BB 15 min
T — R 7S )2 i IR AR B W, 7 NaErF, 99K f
2 W 4L B — 2 NaYF,: 30%Yb 4h 5 (K 2(b) ) .
NaErF,@NaFErF,: 30% Yb # 72 49 K S K Sk £ Bl 1Y
— WY B R A HOhE SR R S (19.7
0.1) nmo 4 T {45 40 K & 74 B8 B0 fk T2 1 808 nm
LA, TR AT 4K S AE NaErF,@NaErF,:30%Yh #%
SR FRMAERK T —)2 & Nd 52 )2 NakrF,:
20%Nd. & 2(c) i, DCNP # 58 40K & F 3
RAE A (29.3 +0.2) nm, & 2(d) I AZFE 98K & 1)
150 0 R A% S LB R, AT LU S I B A A AR AR AL,
IEWI St g ok B RAF 4 dntk . K 2(e) h
DCNP #7240 K F 19 XRD, T EAT S g 4 17. 271°
(100) . 30.063° (110) | 30.807° (101) . 43.560°
(201) .53.784°(211) fl B-NaErF, i XRD #5 ifi
Xt R SIE B T A BB A% 4 K i A X R Y A
3,7 DMSN £ DD £ TEM & A 4 /&1 2.(f) fir i, 7]
VLE B ACIR B0 A2 AR K TE T 530 900K R
il . DD WYY — , sr WtE R 4F ki A2
140 nm, fit )2 09 )& FE 29 5 100 nm. XRD i [
(FE 2(g))#—HIESE T DCNP@DMSN 44 K & &
OB IE B, FE B AT A g 17.271° (100) |
30.063° (110) | 30.807° (101) . 43.560° (201) .
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53.784°(211) % H T DCNP, 260 1£ 20° ~30° &b )
A M v TE A B % 5 DMSN X, 26 B DMSN A%
BB RV o N 2 e b N 1 A O =

A3 T A B TR B2 E B MnFe,04 40K &, IF
7kﬁHTEM HR-TEM LA & XRD J ¥ i 17 £ AF .
B2 (h) ok 2k 48040 K i (MnFe,0,) (135 5t HL 5%

(b)

(d) ()

MR, = 40 PR35 5 0 B8 B R (3 [51) 2 B MnFe, 0,
B A a0, H R SEAE 10 nm A F . MnFe,0, Y

XRD &5 577 5 B (B 2. ) 1 B = A7 55 0% 5 Min-
Fe,O, 55 F H (JCPDS10-0319) #H 4% , 3iF 52 T it

G B MnFe, 0, 99 K & B 4l A5 DL Ke H 6k B FY fd 1R
ZE

(h)

—~
=
—

—~
@
~
—~
ag
~

]

B-NaErF, JCPDS No.27-0689

Intensity/a. u.
Intensity/a. u

| |

B-NaErF, JCPDS No.27-0689

I.I|‘| [ L

MnFe,0, JCPDS No.10-0319

R I

Intensity/a. u.

30 40 50 60 10 20

20/(°)

10 20 70 80

30 40
20/(°)

50 60 70 80 20 30 40 50 60 70
20/(°)

12  NaFrF,(a) NaErF,@NaYF,:30%Yb(b) .DCNP(c) i TEM IR F, 3 & Ky ki 42 23 4ii 3 (d)DCNP A HR-TEM & H-; (e)DC-
NP /) XRD % [# ; (f) DCNP@DMSN i) TEM & F ; (g) DCNP@DMSN () XRD % &l ; (h) MnFe,0, (] TEM F& A, i K
MnFe,0, 1 HR-TEM B A, 4% )R} 5 nm; (i) MnFe,0, ) XRD % %]

Fig.2 TEM and corresponding particle size distribution of NaErF,(a) ,

NaErF,@NaYF,:30%Yb (b) and DCNP (¢). (d) HR-

TEM of DCNP. (e) The XRD patterns of DCNP. (f) TEM of DCNP@DMSN. (g) The XRD patterns of DCNP@DMSN.
(h)TEM of MnFe,0,. The inserted picture is HR-TEM of MnFe,0, and the scale bar is 5 nm. (i) The XRD patterns of Mn-

Fe,0,
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Fig.3 (a)TEM of DDMFI. (b)XRD patterns of DDMF. (¢)EDS of DDMFI and the scale bar is 50 nm. (d)Zeta potential of DD,

BMPA-MF, DD-NH,, DDMF, DDMFI. (e) Fourier transform infrared spectrometer (FT-IR) of peg, ICG, DDMF, peg-

DDMF, peg-DDMFL. (f) The BET nitrogen adsorption-desorption curves of DD and DDMF. The inset is the pore size dis-

tribution diagram
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Fig.4 (a)UV/Vis-NIR absorption of DD, MF, DDMF, ICG and DDMFI. (b)Photothermal conversion curves of DDMFI(1 mL,

1 W+cem™) with different concentrations under 808 nm laser. ( ¢) Photothermal conversion curves of DDMFI(1 mL, 1 mg*mL™)

under different power densities of 808 nm laser. (d) Temperature curves of DDMF and DDMFI under 808 nm laser

(360 s, 1 Weem™, 1 mg-mL™"), followed by turn off laser and ambient cooling within 360 s. (e) Temperature curves of

DDMFT under 808 nm laser with repeating of 4 on-off cycles. (f)MB degeneration study of DDMFI. (g) 0, generation from

H,0, decomposition by DDMFI and the inserted picture is oxygen generation digital picture. (h) Depletion of DPBF due

to '0, generation by DDMFL. (i) TNB decline owing to GSH consumption after treatment with DDMFI
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Fig.5 (a)MTT assay for different concentrations of DDMFI treatment with .929 in 24 h. (b) MTT assay for different concentra-

tions of DDMFTI treatment with 4T1 in 24 h. (¢) MTT assay for different concentrations of DDMFI treatment with 4T1 un-

der 808 nm laser. (d) Pictures of different groups after treatment with Calcein-AM/PI detected by inverted fluorescence

microscope, scale bar is 100 wm
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Fig.6 (a)Pictures of different groups after treatment with DCFH-DA detected by confocal laser scanning microscope, scale bar

is 50 wm. (b)Mitochondrial membrane potentials after treatment with JC-1 detected by flow cytometry in different groups.

(c¢)Pictures of different groups after treatment with Liperfluo detected by confocal laser scanning microscope , scale bar is

50 wm. (d) Western blot analysis HSP70 protein levels with different treatment
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(a)The NIR fluorescence spectrum of DDMFI under 808 nm laser and the inserted pictures are different concentrations of
DDMFI NIR fluorescence images. (b) In vivo NIR fluorescence bioimaging of the mice for group ICG, DCNP, DDMFI.
(¢)Thermal image of mild photothermal therapy under 808 nm laser irradiation. The tumor growth curve(The arrow indi-
cates a single dose of drug treatment) (d), tumor weight(e), body weight change(f), and dightal pictures of isolated tu-
mor(g) in different treatment groups. (h)Serum biochemistry data including alanine aminotransferase (ALT) , aspartate
aminotransferase( AST) as hepatic function indicators, blood urea nitrogen(BUN) and serum creatinine(CREA) as renal

function indicators were measured
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