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Construction of Thermosensitive Drug Controlled Release System for
Highly Efficient Chemo-photothermal Tumor Therapy
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Abstract Combination of chemotherapy and photothermal therapy can cover the entire tumor area, achieving an
effective synergistic treatment performance. In this study, covalent organic frameworks (COFs) with unique pore
structure and excellent chemical stability were utilized as the shell, and Fe,0, nanoparticles with favorable
photothermal properties were adopted as the core to construction a core-shell structured drug carrier with a
particle size of approximately 200 nm. The antitumor drug doxorubicin hydrochloride (DOX) was encapsulated into
the pores of COFs. Subsequently, the composite material was modified with the thermosensitive material, poly (V-
isopropylacrylamide) (PNIPAM) , which was used to seal the surface of the composite. Furthermore, under
irradiation with 808 nm laser, Fe,0, nanoparticles rapidly converted light energy into heat energy, thereby generating
a temperature change that achieve two purposes, on the one hand, the temperature change reached the lower critical
solution temperature of PNIPAM for phase transition, causing the structure contracts inward and thus achieving the

controlled release of drug molecules. On the other hand, the high temperature could kill cancer cells effectively, thus
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exhibited chemo-photothermal tumor therapy performance. Finally, carbon dots were grafted on the surface of the

system to achieve the folic acid-mediated target controlled release mechanism, and a temperature-sensitive drug
controlled release system was constructed successfully. The system exhibited highly antitumor performance by
combining with chemotherapy and photothermal therapy.
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BVERGIN, AR TALT 25 R IC, T LUA R THIRE IR TR, R I ARG AL 8 4 A oK
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1.1 {F5E

2,5-HUEIEHE-1,4- ZHIRE(DMTP, 41F>97%) | 1,3,5-= (4-Z A SL) % (TAPB, 4iF>97%) |
3- N AL = LA AEAELE (APTES, 2HZ>99%) | MR (4H>97%) | hBRb % 3% (43E>98%) | 2 N-5~ N
JE TN B BE B (M, =40000) | DY 7K & 5462k (FeCl, - 4H,0, 415 >98% ) Fi7s K-G85k (FeCl,- 6H,0, 4l
FE99%) , FHERTRL TR B A A ) s Tk Z 5 Z I RIEUK (25% . FEAME0) | Ahpat, R
HET A A= 2w

D8 Venture % X 52 ¥y K ATHHL (XRD) , Ffi-I: Bruker 23 7] 5 Talos F200S G2 S 7Y% & B i 13l s
(TEM), 3£ [# Thermo Fisher Scientific 23 ] ; Nicolet iN10 I B A5 27 SMETEAY (FTIR) , £ [E Thermo
Fisher Scientific /37 ; Tescan Mira Lms 1415 HL 7 5 (4058 (SEM) , $E 5 Tescan 237 ; UV-2600i/2700i 74
LSNP (UVs), I Shimadz 2] 5 1X73 BUSEIOE B UEE, H A Olympus 24 ; BDS300-PH
TR B A 22 BT, P E ARSI F] 5 Evos FLEYAH M 24, 3€ [ Thermo Fisher Scientific 23 ] ;
Multiskan Go BI ) KRR, 3 [E Thermo Fisher Scientific 23 F] .
1.2 EIdiE
121 Fe, 0,4 KM T H & REK MK Fe,0, 40 KFLTHl Fe,0,-NH, WKL F HESCHR[ 19 10575 G 0. FR
3. 11 g FeCl,- 6H,0 #13. 95 g FeCl,-4H,0 ¥ T 100 mL Z& 48K, 7ER U T THE 2 60 CF, ITA
26 mL 27K, FREit bt . S THEZE 80 “CRUN 2 h. PRSI A TIEIS , 155 Fe,0, 90KKF . TEAS
ST, FREC300 mg B4 11 Fe 0, 40K KL I A 200 mL A/ B 40 HL. IFAZE 60 °C, BEJF A
20 wL APTES, $5i#¥30 min. %012 mLZUK, FREL00 1 h, RS RS EEVRIG , 2FE | v
T4, 155 Fe,0,-NH, 404K 1~
122 #HERBR A M H] 4 FRE20. 68 mg M ER AN ZUK- /KB TR I P (UK KRB L 1:3). A=k i ot
PRI , BRI 43 8~14 kD BB HTAS BT 48 h, 3B L (FA).
123 Fe,0,-NH,@COFs@DOX # & % 8 mg DMTP il 10 mL Z.JW5 % . 15759 a5 4 10 mg DOX I
5 mL LB 5 S8 I 2 a P IFIR Y 1 hs FREU10 mg TAPB 5 10 mg Fe,0,-NH, K41, A
10 mL ZJif, #7553 AL 20 min, 3R G b TR A0 b ZAB A 2547 DMTP 1 DOX HYIR B
A 100 wL VK Z B2, 7 3% 24 h 5 Z Bk, 282075 T08 )5 13 5 Fe,0,-NH,@COFs@DOX. Al A
DOX, T I, 135] Fe,0,-NH,@COFs. FIF4E50- 1] IEHAL 2 HSE 4255 (DL, %) :

DL = ™ x 100% (1)

my

KA m WAORIR R B 2T () 5 my RAPRIR R I ST ().
124 Fe,0,-NH,@COFs@DOX@PNIPAM-FA & %  FRHL 10 mg Fe,0,-NH,@COFs@DOX % F 5 mL 7K
A1 mL I FRER A5 F1 S mg PNIPAM, 253453 6 h. 77 W1 S B 5 T35 16 F 2025 T4, 304 NPs
#Fe,0,-NH,@COFs@DOX 4 Fe,0,-NH,@COFs , F & A 915 BFE 5 Fe,0,-NH,@COFs@PNIPAM-FA.
1.2.5 4KFR R BFEE E KT ) A R R B A2 TR, FH K 808 nm [ OETEAR
[ D)% R G 10 min, FZIAMMBAGESEREE ML . SRR (0, %) 1A T2
_ hs(AT i = AT o)

1(1-10)
A T(W/em?) OB (2.0 Wiem?) 5 A /KB TF WAE 808 nm I K AL W BE 5 AT,,.a (C) Fl
AT, CCar AR FEREE R 2 FHREE IR ARk s b ERERRL, s(em®) W ESRIER AL, e .

x100% (2)
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1.2.6 A & & & T 25 4 B AT b 5 2 DOX Al B i o7 4% il B A 55 76 pH=5. 8 FIAS [R) Ik B (25 FHl
45 °C) T HE T, 2 B I DA R AIORE R 55 2 b 3 W B T 25 DOX W B . AR [) - B il A 43 b
B - AR BRZ ] NPs 2EAS [F] 3R BEAH [R) pH B 22 vp i P R 8l 124 IR 26, T 25 Rl

127 (RN HE & 2L SRFHMEME 2 (MTT) B2 2800 50 A 20 i 2

ISR A2 1x10° N FLIERP B 96 LA, TERSFRAA TR E 24 h, SRIGIIN AR [RIHe
B 40 K BORL , WEH 24 h. BALIA 100 wL 1 mg/mL MTT %W, ZEZEH 4 h. FEE BB IMA
150 pL ZHIESEH(DMSO) , ZEREARAL I 55 4 490 nm ARG .

FEEAAE T B 29 1}10° S FLEEFP B 96 FLAR H , TESEFRAE TP IRE 24 h, SRIG I AR [RIHe
BN BURE, %7 4 h. FH 808 nm #4% LA 2 W/em? A 38 JE 45 I8 10 min J5 . M5 24 h. SLAIIA 100 pL
1 mg/mL MTT AW, REE0FE 4 h. 3525 RIEWUE A 150 L. DMSO, {8 I FRASCI % 4 490 nm 4k 1)
W

RIS Sy LR ARG
A, - A,

Cell viability = AS I
d

O A AR AR FL B E R 5 A, AR ZAL PR 40 B FL AW ERE(E 5 A, RS R R 3
FAIMTT 255 (TCANA ) ) FL AP S5 W A
128 M AEKRG $4T1, MCF-7, Hela F1 A549 41343 51 5 NPs (30 we/mL) 3055 2, 4 Fi6 h, H
PBS YB3, 4, 6- 2 H-2- 28 B m W (DAPD 7EREG A5 F N ARiC i ifiAZ , i 2O i R A B .
129 s AE A 22 < SCEG(E FHENE Balb/C /N (IR ZY 18 o, W H T M T B A= R A BR A
Al , AT A (R KL sh i SR P A bRt . s /INER LRI AR, IR R e o] ok
E/NEAREM ARG, B2 SR 4T 400, B /NS 2 50 05 4T 1 4, R K 28 60~80 mm’ B}
WESTE TIGYT . B/ NN S 40, g6 B seab b A /N BRI R S PEARTR) . HLAR SR 7341
WF 55140 NS PBS; 45 24 : NIR 44 (808 nm, 2 W/em?, 10 min) 5 55 3 41 : 8 N TE 5 NPs;
A . NS DOX; 55 54 SN TE ST NPs+NIR 4H (808 nm, 2 W/em?, 10 min). i FJ#EAR - RO &
Jibea (R BE RN TR, AN T AT R AR (V.. mm?)
Vo= Length ; Width?

1 : Length(mm) MR KB 5 Width (mm) 4 98 581

1210 MEETEMWEFREEFL /DNEUAITH 15 dB), S mREEASE /N, W/ L IF ., i
Jiti B SR A A 4% Z2 R H R B B0 A TP D E AU AR e, BRI S 24 h 5 1T H&E
;ﬁéém{

2 FHR5i11R

2.1 NPsHIHI& S &R
AR Rt FE A0 Scheme 117, L COFsAE a8k AA , SR FHEHWE I B U8 Fe, 0, 44 KK T4

x100% (6)

(7)
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Qra -
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Scheme 1 Schematic illustration of the construction of thermosensitive drug controlled release system with

covalent organic frameworks for chemo-photothermal tumor therapy
i SEM B ZEREA BIER . M A L(A)FI(E) nl i R MU 3], FIrifil 45 1Y) Fe, O, B A AT B 573 Y
Z5K, RiAR 29150 nm. L Fe O, 0K KK, JRAZ41%E COFs AR -G08, PRSI AILBER 5 1) PNIPAM
i B i AE G 2 ), A MR R AR HAT DR 5 BT U BRIE IS, RiA2 2959 200 nm[ 1] 1(B)
F(F)]. TEMZ53R 85 Fe,0,[ B 1(C)FI(G) JFNPs[ & 1(D)FI(H) RSP R/NE SEM S5 2R3, 2
W A Te b, HAAMOCRI S e et , S & RPRHG s 2 [ 1E 1(D~(0) 1.

o
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Fig. 1 SEM images of Fe,O,(A, E) and NPs(B, F), TEM images of Fe,O,(C, G) and NPs(D, H) and element
mapping images of NPs(I—O)
(I) SEM image of the characterized region; (J) superposition map of (K)—(0O).

Chem. J. Chinese Universities, 2025, 46(9), 20250068 20250068(54/61)



Jd B3 s Ky ¥R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

DR IIETE I 2(A) [BoR, 7EPH 365 nm YEIIHL F, FA I &SI T 453 nm, 1 NPs FH FA
FY R STIELT R 2 513 om [E 2(D) | ALY £ 2R AR R o DOX [ & S 1 4 480 nm, 5%
M) T FA PRI, Xt R B g s I A B Z AR R H . Fe,0,-NH, I NPs [ FTIR 1% &
[ 2(B)FI(E) J347E 573 F1576 em™ kb H B Fe,0, H Fe—O [ 4a R sh 1>, H H Fe,0,-NH, 1) FTIR i
FEI7E 2933 em™ Ab H B T 24 S REE I N—H P 248 I Sh R i , Ui B Fe,0, 3R 11 & 5 2 JL 5L AT 5
Hh, FE2(E)7E 1618 em™ Ab 1 BE T C=N 25 AR Zhid, 300 DMTP FI TAPB &A= T REREAR G SO, i
—BUEBH AR ST B AR COFs™.
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Fig. 2 Fluorescence emission spectra of FA(A) and NPs(D), Fourier transform infrared spectra of Fe,O,-NH,
(B) and NPs(E) and XRD patterns of samples(C, F)

WL XRDARFTEERL 25 . R 2(C) AT AT 2E SR 3], KRR I7E 2. 79° 12 7. 397 4b HH BRATT S,
S35 J& F COFs /# (100) F1(210) AR TE ™ 5 76 & 2 (F) H o] LUWEZ | Fe, O, FFFEAT S U6 . k45 R 3R
B, AL T IR 25 s B R 4
2.2 NPsH)e#EEL1ERE

H1 1 3(A)~(D) AT LABH S8 SR 3] Fe, O, 4K KL T HAT AT G RE . 2. 5 Wiem? 38 B (1) 06 B G
10 min J5 , ¥EE K 1. 0 mg/mL [ Fe,0, 2 17 W (A AT 3£ 55. 5 “CLIE 3(D) 1. A 3(E)~(H) 0] LIS
|, NPs LR TF i HAT B B 00k BEHEPE L 1. 0 me/mL NPs BV W (19 5t i IR AT 14 45. 1 "CLEI3(H) .
AR GE YK R R S AR A L R, 4 DR E (1.0, 1.5, 2.0 F12. 5 W/em?) FEA75E
5. Z5OR, HE DRSBTS, IR LI, BB OR ISR L HA B i S S, S R
NIR R B B R IE A S R [ 3 (A) ~(H) |. 454 B 4 BT A3 5 715, Fe,0, I Y VL LR N
32.36%, BLEHLL Fe,0, A YEHGRI A FTSEME ; NPs JEEL LR N 14. 26%, Ui B &Mt 28 )5 ] £
TR Z AL OR B AT R, (B HAT RAFAEIPERE, 76 NIR BT T RBAS ™ R a8 E, IR
FESEANNG, IR E U H AR
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Fig.3 Temperature rise curves of samples with time under irradiation with different concentrations and
different laser emission power
(A) Fe,0,(808 nm, 1.0 W/em?, 10 min); (B) Fe,0,(808 nm, 1.5 W/em?, 10 min); (C) Fe,0,(808 nm, 2.0 W/em?,
10 min) ; (D) Fe,0,(808 nm, 2.5 W/em®, 10 min); (E) NPs(808 nm, 1.0 W/em®, 10 min) ; (F) NPs(808 nm, 1.5
W/em?, 10 min); (G) NPs(808 nm, 2.0 W/em?, 10 min); (H) NPs(808 nm, 2. 5 W/em?, 10 min).
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Fig. 4 Radiation heating and cooling cycles for 1 mg/mL aqueous dispersion of Fe,O,(A) and NPs(D),
relationship between cooling time of the materials and —Iné of Fe,O,(B) and NPs(E), photothermal
stability of Fe,0,(808 nm, 2. 0 W/cm?, 1 mg/mL, 10 min)(C) and NPs(808 nm, 1. 0 W/cm? 1 mg/mL,

10 min)(F) systems during four consecutive photothermal cycles
2.3 YIRS EN
N, B P BT 5 L1 5CA) 136 BH, COFs B BET FE R THFRZ ) 1238 m¥/g, fLARZIH 2. 2 nm, B{ET
SCHR[26 J4RIE S5 R . X2 TASCH COFs AR il A0 Ml iy, FERLZS S PEREAR . COFs £ 5 AYAL
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SEA UL HAT /R R 25 30 . 43158, NPs v DOX (25 35 (16. 25+2. 10)%. WE 5(B) ffs, 18
25 C'F, 72 h WL BS54 28. 77%; S T+ im 2 45 “CHE, 72 h i) DOX Bl i ik 51 37. 25%, & T
25 CHAM T RSP RIE . X i TR A MR R I IR B8 3R 5 PNIPAM ) A S
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Fig. 5 N, adsorption-desorption isotherms(A) and pore size distribution of COFs(inset) and NPs release

accumulation curve of DOX under different temperatures(B)
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Fig. 6 Cell viability of NPs co-cultured with different cells
(A) MCF-7 cells; (B) 4T1 cells; (C) A549 and Hela cells; (D) MCF-10A cells; * P<0. 05, ** P<0. 01, *** P<0.001; ns: no

statistically significant difference.
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Fig. 7 Fluorescence images of cellular uptake of NPs
(A) MCF-7 cell; (B) Hela cell; (C) 4T1 cell; (D) A549 cell; scale bar: 200 wm.
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Fig. 8 Growth curves of tumor volumes during 14 d with different treatments(A), body weights of mice
with different treatments(B), tumor weights of mice after 14 d with different treatments(C) and

tumor tissue imaging after 14 d with different treatments(D)
NIR: 808 nm, 2. 0 W/cm?, 10 min; * P<0. 05, ** P<0. 01, *** P<0.001; ns: no statistically significant difference.
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Fig. 9 Temperature change images of NPs(A) and PBS(B) under NIR infrared in vivo
NIR: 808 nm, 2. 0 W/cm?, 10 min.
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Fig. 10 Hematoxylin and eosin(H&E) staining sections of various organs and tumor tissues of mice in
different treatment groups after 14 d
Scale bar: 10 wm; NIR: 808 nm, 2. 0 W/em?, 10 min.

& P
I T LG Fe,0, W H% , ZFLYE COFs Noe G pRE . JE— 253 1 W B PR 50 g 25 9

DOX £ 2 COFs LI N, BlJm DL S0P RE R N-S N R N AR I B, 5B T 240 Ayt 32 iy b 75
PERE . A A AR A R AR A, SEBL T AR A S A i Y R S AL L A SR
B IR R A RLAF I A A A R B R OR , 5 P2l DOX B NIR M EL, PPl it i 2 /i
SR AP DA, BT ARSI T IR T AT BRI UM ACR . 28 EITE, AT R
T LT COFs M BT REEHINT, WO SRR SE Bt TR A S

(1]
(2]
(3]
[4]

[5]
6]

(7]

[8]

[9]

2 % x Wt

Anonymous, Saudi Med. J., 2024, 45(3), 326—327

Li B. Q., Shao H. L., Gao L., Li H., Sheng H. G., Zhu L. Q., Drug Deliv., 2022, 29(1), 2130—2161

Zinn S., Vazquez-Lombardi R., Zimmermann C., Sapra P., Jermutus L., Christ D., Nat. Cancer, 2023, 4(2), 165—180

Farran B., Montenegro R. C., Kasa P., Pavitra E., Huh Y. S., Han Y. K., Kamal M. A., Nagaraju G. P., Raju G. S. R., Mat. Sci. Eng.
C: Mater., 2020, 107, 110341

Xia Q., Zhang Y., Zhang H., Zhang X., Wu X. D., Wang Z. Q., Yan R., Jin Y. X., J. Phys. Chem. B, 2022, 10(39), 8046—8057

Li S. Q., Zhang H., Bao Y. J., Zhang H. L., Wang J. C., Liu M. Y., Yan R., Wang Z. Q., Wu X. D., Jin Y. X., ACS Appl. Mater.
Interfaces, 2024, 16(13), 16653—16668

Yan X. J., Meng L. Z., Zhang X. Z., Deng Z. C., Gao B. W., Zhang Y. J., Yang M., Ma Y. A., Zhang Y. Y., Tu K. S., Zhang M. Z., Xu
Q. R., Mol. Ther., 2023, 31(5), 1383—1401

Zhao Y. H., Li Y., Zhu R., Feng R. Y., Cui H. Y., Yu X., Huang F. R., Zhang R. X., Chen X. K., Li L., Chen Y. H., Liu Y. H.,
Wang J. H., Du G. H., LiuZ. H., Signal Transduct Tar., 2023, 8(1), 224

Wang L. D., SunJ. Y., Wang L., Li Y., HuZ. Y., SU B. L., Chem. Res. Chinese Universities, 2025, 41(2), 351—357

Chem. J. Chinese Universities, 2025, 46(9), 20250068 20250068(60/61)



Jd B3 s Ky ¥R
EU CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

[10] Rai P., Mallidi S., Zheng X., Rahmanzadeh R., Mir Y., Elrington S., Khurshid A., Hasan T., Adv. Drug Deliver. Rev., 2010, 62(11),
1094—1124

[11] Wang T., Hu X., Yang Y. J., WuQ., He C. D., He X., Wang Z. Y., Mao X., Int. J. Mol. Sci., 2022, 23(18), 10743

[12] Li Y., ChenJ., Xia Q., Shang J., He Y. J., Li Z., Chen Y. Y., Gao F., Yu X., Yuan Z. T., Yin P. H., J. Nanobiotechnol., 2024,
22(1), 630

[13] Pei H. W., Zhang J., Sun Z. Y., Chem. Res. Chinese Universities, 2025, 41(1), 21—32

[14] Deng X.T., Zhao R. L., Tang Y. F., Yi M., Wang D., Lin W., Wang G. L., J. Nanobiotechnol., 2024, 22(1), 711

[15] LinD., Lv W.X., Qian M., Jiang G. W., Lin X. J., Gantulga D., Wang Y., Biomaterials, 2025, 314, 122869

[16] Khalili N. R., Badiei A., Pirkani Z., Ziarani G. M., Vojoudi H., Golmohamadi A., Varma R. S., J. Mater. Chem. B, 2024, 12(32),

7915—7933

[17] Khalili N. R., Dehkordi A. B., Amiri A., Ziarani G. M., Badiei A., Cool P., ACS Appl. Mater. Interfaces, 2024, 16(22), 28245—28262

[18] Huang G. Q., Zhang L. Y., Feng J. H., Wu D., Wu L. B., Pan W. L., Jiang Y., Chen M., Chen J. X., Shui P. X., Small, 2025,
21(7), 2407553

[19] Mahmoudian M. H., Azari A., Jahantigh A., Sarkhosh M., Yousefi M., Razavinasab S. A., Afsharizadeh M., Shahraji F. M., Pasandi A.
P., Zeidabadi A., Bardsiri T. I., Ghasemian M., Environ. Res., 2023, 236, 116773

[20] LiuJ., ChenB., Zhang J. J., Chem. Res. Chinese Universities , 2020, 36(5), 927—933

[21] LiuB.T., Pan X. H., Zhang D. Y., Wang R., Chen J. Y., Fang H. R., Liu T. F., Angew. Chem. Int. Ed., 2021, 60(49), 25701—25707

[22] Wick M. R., Semin. Diagn. Pathol., 2019, 36(5), 303—311

[23] Dada S. N., Babanyinah G. K., Tetteh M. T., Palau V. E., Walls Z. F., Krishnan K., Croft Z., Khan A. U., Liu G. L., Wiese T. E.,
Glotser E., Mei H., ACS Omega, 2022, 7(27), 23322—23331

[24] MuX.P., Zhang F. Q., Kong C. F., Zhang H. M., Zhang W. J., Ge R., Liu Y., Jiang J. L., Int. J. Nanomed., 2017, 12, 2899—2911

[25] LiY., Xie Q.Y., HuQ., Li C. P., Huang Z. J., Yang X. J., Guo H., Sci. Rep., 2016, 6, 30651

[26] XuH., GaoJ., Jiang D. L., Nat. Chem., 2015, 7(11), 905—912

[27] Raghuwanshi V. S., Mendoza D. J., Browne C., Ayurini M, . Gervinskas G., Hooper J. F., Mata J., Wu C. M., Simon G. P., Garnier

G., J. Colloid Interface Sci., 2023, 652, 1609—1619

(Ed.: L, V, K, M)

Chem. J. Chinese Universities, 2025, 46(9), 20250068 20250068(61/61)



