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Abstract: Chemotherapy, as the mainstream therapeutic modality in clinical oncology, remains clinically irre-

HEEIEE
HEEWAE : HEKHRBER 4 (22325703;22377071)
s B H#: 2025-06-27; &[5 H #5 : 2025-08-12



240 MR ARER

20254 9 H

placeable in the contemporary multimodal cancer management frameworks. However, current chemotherapeutic
agents have the following critical limitations: Firstly, their physicochemical characteristic includes unfavorable
aqueous solubility and inadequate tumor-specific targeting capabilities; secondly, pharmacokinetic limitations
are revealed in accelerated systemic clearance and diminished bioavailability with marked cytotoxic sequelae.
Notably, long-term chemotherapy triggers the development of multidrug-resistant phenotypes in malignant tumor,
which has become the primary mechanism of the failure of chemotherapy. To overcome the clinical limitations
of chemotherapeutic agents, prodrug delivery systems have emerged as an innovative solution. This delivery
strategy increases aqueous solubility, extends half-life of plasma, realizes tumor-targeted accumulation and en-
ables synergistic treatment by co-delivery of multi-drug. This multidimensional optimization leads to a system~-
atic improvement in chemotherapy efficacy. Although prodrug delivery systems have improved the utilization
rate of traditional drugs, they have some drawbacks such as the difficulty in deeper tumor penetration depth, the
difficulty in cellular uptake, and the incomplete release of drug. Therefore, the current research focuses on the
development of intelligent responsive prodrug delivery systems and the precise drug-delivery through functional
regulation: (1) In the systemic circulation phase, maintaining structural integrity ensures drug encapsulation sta-
bility and prevents premature drug leakage; (2) Drug delivery systems can distinguish tumor tissues from nor-
mal tissues by sensing characteristic parameters of the tumor microenvironment, such as pH, reactive oxygen
species and enzyme expression levels, thereby triggering structural transformations to release drugs and reduce
toxicity toward normal tissues; (3) Dynamic regulation of the physicochemical properties of prodrug delivery
systems (surface charge distribution, particle size, and molecular topology) enables simultaneous optimization
of tumor tissue penetration, cellular uptake efficiency, and controlled-release pharmacokinetics. This intelligent
responsive prodrug delivery systems effectively overcomes the biological barrier limitations of traditional chemo-
therapy drugs. This review systematically summarizes the advancements of intelligent responsive prodrug deliv-
ery systems in the theranostics of tumor and provides insights into the future development trends of this field.

Keywords:prodrug delivery systems; the theranostics of tumor; intelligent responsiveness
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Figure 1 Application of APN responsive prodrug (NBFMel) in the theranostics of tumor*’

(a) The sensing mechanism of prodrug NBFMel and APN; (b) Emission spectra of NBFMel after treatment with APN; (¢) Cell
viability of MDA-MB-231 cells after different treatments; (d) In vivo fluorescence imaging of tumor-bearing mice after different
treatments (NBFMel group: the tumor was pretreated with PBS by intratumoral injection. Then, NBFMel was intravenously ad-
ministered into the mice via the tail vein. NBFMel+ubenimex group: the tumor was pretreated with ubenimex by intratumoral in-
jection. Then, NBFMel was intravenously administered into the mice via the tail vein) ; (e) Changes in tumor volume after intra-

venous injection of the NBFMel group, melphalan group, and PBS group; (f) Survival rate of the mice from different groups
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Figure 2 Application of NTR responsive prodrug (IMC-FDU-TZBC-NO,) in the theranostics of tumor™’

(a) The sensing mechanism of prodrug IMC-FDU-TZBC-NO, and NTR; (b) Time-dependent fluorescence spectra of IMC-
FDU-TZBC-NO, incubation with NTR; (¢) Images of the HepG-2 cells coincubated with IMC-FDU-TZBC-NO, in the absence
and presence of IMC under hypoxic conditions for 12 h; (d) Relative tumor volume changes of each groups in 22 day, Data ex-
pressed as average +SE, *, **_ and *** means P<0.05, <C0.01, or <<0. 001, respectively;(e) Representative histological pho-
tomicrograph of xenograft mice injected with IMC-FDU-TZBC-NO,, FDU-TZBC-NO,, and PBS
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Figure 3 Application of H,0, responsive prodrug 7 in the theranostics of tumor

[52]

(a) The sensing mechanism of prodrug 7 and H,O,; (b) Fluorescence changes of prodrug 7 after treatment with increasing concen-
trations of H,O,; (¢) Antiproliferative activity of SN-38 and prodrug 7 in B16F 10 cell lines; (d) Representative lungs isolated from
normal mice and mice with lung tumors administered saline or prodrug 7 intratracheally and Histological sections of lung tissues

with H&.E staining
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Figure 4 Application of H,0, responsive prodrug (PNPS) in the theranostics of tumor'™’
(a) The sensing mechanism of prodrug PNPS and H,O,; (b) Fluorescence emission spectra of PNPS with different concentrations
of H,0,; (¢) Viability of Hel.a cells upon treatment with different concentrations of NPS-H,O, or PNPS showed under white light
irradiation or in dark; (d) Fluorescence imaging showing the 'O, generation of PNPS in HeL a cells after different treatments using

DCF-DA as indicator. The green channel is from DCF-DA; the red channel is from PNPS
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Figure 5 Application of GSH responsive prodrug 4 in the theranostics of tumor'™'
(a) The sensing mechanism of prodrug 4 and GSH; (b) Fluorescence changes of prodrug 4 after treatment with increasing concen-
trations of GSH; (¢) Cellular fluorescence images and quantitative analysis of fluorescence intensity of prodrug 4-treated HepG2
and HL-7702 cells(HepG2 cells pretreated by NEM, HIL.-7702 cells, HepG2 cells were incubated with prodrug 4, HepG2 cells
were pretreated with GSH followed incubated with prodrug 4) ; (d) Cell viability of HepG2 cells with different concentrations of
prodrug 4 and free CPT; (e) In vivo imaging of tumor-bearing mice at various times after intravenous injection of prodrug 4 (top)

and (bottom)

Liu %8 NA R T — R EL A iy 0 ) AR 420 3E00S 19 PN B AR A 88 10 B80S 67 05 5 (D 3T 20 A 2% % 45 o
H 3 YIF T 25 (DHQ-AZO-BIOY'™ . DHQ-AZO-BIO (DHQ-RA) F F S i W I £k 7 25 W 1) Bl 5 i) A
P DU AN A ] £ 235 A 3 4 1 i« o 1 0 U 1 Sy ek g W) R B ARy — Pk s Pk AR 2%, T 80 1) iR 4



248 MR ARER

20254 9 H

700 750 800
Wavelength/nm

(d) KB cell
120

100

Cell Viability (%)
P [*)) (e
(=) (=) =

N8
(=}

0 0.01 0.1 1 5 10
Concentration (uM)

|
! H,NON_ o
> 14 1
- 45}
! @ N ];J Drug :
| -
| e :
: Tri, _/*()y— 0 ! !
rigger o !
i / (' Aew=735 nm NH
WA em 1
| 0 GSH SN 1
l /\N - SN + | |
i L iNTTO0 )
1 ONF ) 7 NP ,01' \
1 -
] [}
: F /uum/;/mu OHF i
| |
i 1
| |
i [}
| [}
l |

A549 Cells

Gemcitabine

(e) A549 cell
120

100 g

Cell Viability (%)
A o ®
(=) [=] (=)

[\
(=}
T

0 0.01 0.1 1 5 10
Concentration (uM)

B 6 GSH L RTZS (Prodrug 1) 78 P& IS F7 — 4K o i Kz 3 1
(DATZ5 15 GSH & EALH s (b RTZG 15 A 8 3 BE GSH MR A 26 Y606 1% 18] 5 CORT25 15 KB 40 M T A 549 41 i 76 A [8] it )
R S 2 B A WS RE s (D KB 4 A AN CED A459 4 At 5 5 24 1 Fn 2 2L 052 75 J5 0% 40 i 77 0% 2 [/

Figure 6 Application of GSH responsive prodrug 1 in the theranostics of tumor

[59]

(a) The sensing mechanism of prodrug 1 and GSH; (b) Fluorescence spectral changes of prodrug 1 in the presence of different

concentrations of GSH; (¢) Confocal microscopy images of KB and A549 cells treated with prodrug 1 at various times; (d) Cell vi-

ability assay of 1 and 2 in KB cell lines; (e) Cell viability assay of 1 and 2 in A459 cell lines
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Figure 7 Application of hypoxia responsive prodrug (DHQ-AZO-BIO) in the theranostics of tumor!®’
(a) The sensing mechanism of prodrug (DHQ-AZO-BIO) under hypoxia environment; (b) Fluorescence spectra changes of
DHQ-AZO-BIO with time after addition of mouse liver microsomes; (¢) Fluorescence imaging of the DHQ-AZO-BIO-cultured
cancerous cells under normoxia environment and hypoxia environment with light; (d) Time-dependent in vivo fluorescence imag-
ing of DHQ-AZO-BIO in 4T1 tumor-bearing mice; (e¢) Tumor volume changes during 14 days of treatment; (f) Photographs of

tumor morphology under treatments were recorded after a 14-day treatment cycle
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Figure 8 Application of hypoxia responsive prodrug (Probe 1) in the theranostics of tumor!™’
(a) The sensing mechanism of prodrug (Probe 1) under hypoxia environment; (b) Fluorescence spectra changes of prodrug with
time after addition of sodium dithionite; (¢) Fluorescence imaging of different cells treated with probe 1 or probe 6 under hypoxia

conditions or normoxia conditions for 24 h, Scale bar: 10 pm; (d) Dissected solid tumors after termination at week 13; (e) Fluo-

rescent images of cryosectioned tumor tissues dissected from the control group and probe 1 group, Scale bar: 100 pm
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Figure 9 Application of DT-diaphorase responsive prodrug 8 in the theranostics of tumor!™"

(a) The sensing mechanism of prodrug 8 and DT -diaphorase; (b) Fluorescence spectra of the prodrug, CPT and the prodrug with
DT -diaphorase; (¢) Cell viabilities of A549 and 1.929 cell lines upon treatment with the varied concentrations of prodrug after 48 h
incubation; (d) Flow cytometry analysis: representative percent distribution of A549 and 1.929 cells analyzed by using annexin V-
FITC/PI staining. 1.929 cells were treated with the prodrug (A) and CPT (B) for 24 h and A549 cells were treated with the pro-
drug (C) and CPT (D) for 24 h; (e) Representative percentage distribution of A549 cells treated with the varied concentrations of

prodrug for 24 h
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Figure 10 Application of hypoxia responsive prodrug (AzP1) in the theranostics of tumor'’

(a) The sensing mechanism of prodrug (AzP1) under hypoxia environment; (b) Fluorescence emission spectrum of AzP1 in the
presence of varying amount of rat liver microsomes in buffer system; (¢) The image of tumor bearing xenograft mouse which was
treated with PBS (control) , 10 pmol/L (Test 2) or 20 pmol/L (Test 3) of AzP1;(d) Tumor volume change of all three test
groups during the period of treatment; (e) Tumors weight and image of tumors of mice which was treated with PBS (control) ,

10 pmol/L (Test 2) or 20 pmol/L (Test 3) of AzP1
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