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In the process of tumor treatment, chemotherapy drugs have been widely used in clinical practice due
to their broad-spectrum and significant therapeutic effects. However, the serious side effects caused by
off-target effects also limit the actual efficacy of such drugs in clinical. Here, we developed a series of
small molecule-drug conjugates (SMDCs) with carbonic anhydrase IX (CAIX)-targeted unit, which can de-
liver chemotherapy drugs to CAIX-positive cancer cells and release them in the tumor microenvironment.
These SMDCs can quickly captured by the highly expressed CAIX on the tumor membrane, forming a high
local concentration difference that allows SMDCs to enter the tumor cells faster. The optimized SMDC
(CAIXi-R-HCPT) with ROS-sensitive linker showed higher cytotoxicity than Irinotecan. In MDA-MB-231
solid tumor-bearing mice, CAIXi-R-HCPT showed higher tumor/normal tissue (T/N) ratio than the corre-
sponding SMDC and Irinotecan control and it also exhibited in vivo anti-tumor activity comparable to
HCPT at the same dosage, and there was no significant weight loss. These findings emphasize the po-
tential of CAIXi-R-HCPT as a promising anti-cancer SMDC that exhibits targeted delivery, tumor-specific

release, and strong anti-tumor effects.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Although chemotherapy drugs are still widely used in the clin-
ical treatment of various cancers, lack of specificity causes restric-
tions on the use of many chemotherapy drugs in the treatment
of solid tumors [1-3]. The unordered amplification of solid tumors
often leads to immaturity and deformity of its internal blood ves-
sels, which can limit nutrient delivery and gas exchange for tu-
mor cells to inhibit tumor cell amplification, on the other hand,
it also results in tumor cells producing resistance to various tu-
mor therapies (chemotherapy, radiotherapy targeted therapy, etc.)
in many aspects: (1) Immaturity and deformity vessels signifi-
cantly minimized the delivery of antitumor drugs; (2) low levels
of metabolism to resistance dual pressures of nutrient deficiency
and hypoxia; (3) gene mutations lead to high levels expression of
drug-resistant genes [4]. In addition, the hypoxia environment of
solid tumors also leads to the overexpression of hypoxia-inducible
factor-1ac (HIF-1) and further activates downstream target genes
to promote tumor growth and increase drug resistance [5].

As we all know, tumor microenvironment protects tumors and
greatly promotes tumor growth, which seriously threatens human
health, but fortunately, it also provides some excellent targets for
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the development of anti-tumor drugs [6,7]. Carbonic anhydrase IX
(CAIX) is a downstream transmembrane protein of HIF-1w, over-
expressed in triple-negative breast cancer, colorectal cancer, renal
cell carcinoma and various cancer stem cells, especially under hy-
poxia conditions, to maintain extracellular pH homeostasis by hy-
dration of CO, to H* and anion [8-10]. Besides, CAIX was also up-
regulated to promote tumor growth, migration, invasion and tol-
erance to various tumor therapies [11]. Some inhibitors of CAIX
(CAIXi), such as acetazolamide (Ace) and arylsulfonamide deriva-
tives, have been found to reduce extracellular acidification, which
was beneficial for tumor treatment. Based above, some drug ther-
apy strategies that are combined with CAIXi are already in clinical
research [12-15]. Hence, the development of CAIXi targeting small
molecule-drug conjugates (SMDCs) to improve tumor delivery and
therapeutic effect has great prospects.

Tumor cells are remarkably heterogeneous, such as excessive re-
active oxygen species (ROS) [16], reduced glutathione (GSH) [17],
nitroreductase (NTR) [18], cathepsin B (CTSB) [19], azo reductase
(AZOR) [20] and beyond [21,22]. Based on the abnormal expres-
sion of these metabolites and proteins, various types of prodrugs
including SMDCs [23-26], antibody-drug conjugates (ADC) [27,28]
and nanoconjugates [29-31], have been developed to improve the
capability of tumor delivery and anti-tumor effective. Recently, Kim
et al. have reported a series of CAIX-targeted SMDCs that couples
cytotoxic molecules and CAIX-targeted warhead by NTR or GSH
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sensitive linkers, respectively, which exhibited more efficiency in
tumor delivery and anti-tumor compared with unmodified drugs
[32-34]. In addition, to improve traditional chemotherapy drugs,
such as platinum and rhenium drugs, scientists are using CAIX in-
hibitors as axial ligands to target cancers, this strategy not only
achieves effective and selective killing of solid tumors, it also has
an regulatory effect on tumor microenvironment and metabolism
[35-37]. However, these efforts were still insufficient to reply to
the highly aggressive and rapidly developing tumors, more studies
were urgently needed to explore the development direction of the
CAIX-target strategy [38].

Herein, we developed a series of CAIXi-HCPT SMDCs in-
cluding CAIXi-R-HCPT, CAIXi-N-HCPT, CAIXi-S-HCPT and CAIXi-B-
HCPT to explore the delivery and anti-tumor efficiency of dif-
ferent SMDCs. As shown in Fig. 1, these molecules consist of
a CAIX-targeting unit, cleavable linker and chemotherapeutics
10-hydroxycamptothecin (HCPT, a commonly used chemotherapy
drug). The long-term exposure of tumor cells to a hypoxic mi-
croenvironment results in overexpression of CAIX on tumor cell
membranes, while except for certain structures in the gastroin-
testinal (GI) tract and brain, normal cells are almost unexpressed
[10]. Therefore, multifunctional molecules with CAIX warhead in
the blood circulation system can be more captured and uptaken
by tumor cells compared to normal cells [39-41]. Subsequently,
these response factors, such as ROS, GSH, NTR, or CTSB activating
corresponding cleavable linkers lead to the degradation of CAIXi-
HCPT SMDCs and release HCPT, causing DNA damage in tumor cells
[42]. In our work, all four SMDCs exhibited considerable stability in
phosphate buffer solution (PBS) and fresh plasm, while rapidly de-
grading and releasing HCPT under the stimulation of corresponding
response factors. In addition, the introduction of a CAIXi-targeting
unit led to more CAIXi-HCPT SMDCs enriched on the tumor cell
membranes and exhibiting considerable cytotoxicity to tumor cells.
In subsequent in vivo evaluation, CAIXi-R-HCPT had a higher dis-
tribution ratio of tumor/normal tissues (T/N) and tumor inhibition
rate relative to other SMDCs and irinotecan, a CAIX nontargeted
molecule [43]. This indicates that CAIXi-targeting SMDCs are more
suitable in combination with ROS-sensitive linkers. Overall, we in-
vestigated the tumor delivery and anti-tumor effects of the CAIXi-
targeting strategy in combination with different response models
and provided a suitable direction for the development of CAIX-
targeting SMDCs.

Fig. 1. Schematic illustration of the molecular design of the CAIXi-HCPT SMDCs, the
specific degradation mechanisms in tumor hypoxia microenvironment and specific
structures of four HCPT SDMCs.
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SMDCs require appropriate stability and specificity to release
cytotoxic compounds in the corresponding environments to kill tu-
mors, while not influencing normal cells. Firstly, we evaluated the
solubility of these SMDCs and HCPT, compared with HCPT, the sol-
ubility of CAIXi-R-HCPT, CAIXi-N-HCPT, and CAIXi-S-HCPT has been
increased to a certain extent, while the structure of CAIXi-B-HCPT
has a lower solubility due to the presence of more lipophilic amino
acids (Fig. S1 in Supporting information). Subsequently, we also
tested the stability of these SMDCs, which were dissolved in PBS
(pH 7.4) at 37°C and then tested by high performance liquid chro-
matography (HPLC). As shown in Figs. S2A-D (Supporting informa-
tion), all four SMDCs exhibited considerable stability in PBS. After
12 h, all SMDCs showed no obvious degradation. Subsequently, we
tested the releasing performance of all SMDCs in suitable condi-
tions. It is expected that all SMDCs were degraded quickly under
corresponding conditions and releasing HCPT. In the presence of
0.25 mmol/L H,0,, CAIXi-R-HCPT was completely degraded in PBS
and released free HCPT within 2 h. It was seen in Fig. S3 (Support-
ing information) that the corresponding peak at 9.6 min for CAIXi-
R-HCPT decreased and the new peak was formed at 9.2 min, con-
sisting of the free HCPT (Fig. S3A). Subsequently, we tested the
releasing efficiency of CAIXi-S-HCPT in PBS containing 1 mmol/L
GSH, which was the same content of GSH in tumor cells according
to previous literature [44]. The GSH could activate CAIXi-S-HCPT
through a time-dependent form and release completely the free
HCPT after 3h (Fig. S3D). In addition, CAIXi-N-HCPT and CAIXi-B-
HCPT also exhibited high release efficiency under 30 pg/mL NTR
and 10 pg/mL CTSB, respectively (Figs. S3B and C). Degradation of
SMDCs and release of free HCPT were also shown by fluorescence
spectra (Figs. S3E-L). The fluorescence intensity of HCPT was re-
duced through the covalent conjugation, while restored upon the
cleavage of the covalent bond. As shown in Figs. S3E-H, the flu-
orescence emission bands of all the HCPT SMDCs were around
450 nm. After 12 h, the fluorescence intensity showed no significant
decrease in PBS (pH 7.4) at 37 °C. After H,0,, NTR, CTSB and GSH
were added to the above solutions, respectively (Figs. S3I-L), the
fluorescence emission band around 450 nm of all the HCPT SMDCs
were reduced with time-dependent, while an obvious appearance
fluorescence emission band at 560 nm indicating the release of free
HCPT.

As a hypoxia-induced transmembrane protein, CAIX overex-
pressed on the surface of tumor cell membranes. We observed
that CAIX was highly expressed in many malignant tumors such
as breast cancer (Fig. 2A) and colorectal cancer (Fig. 2B) compared
to normal tissues by analyzing the cancer genome atlas (TCGA)
and Genotype-Tissue Expression (GTEX) databases, which was con-
sistent with previous reports [45]. Subsequently, the protein-
expressing level of CAIX in breast cancer and colon cancer cells
was analyzed by Western blot. CAIX protein was upregulated sig-
nificantly after hypoxia treatment for 24h in MDA-MB-231 and
HT29 cells, while not in MCF-7 and HCT116 cells (Fig. 2C and Fig.
S4 in Supporting information). Based on these results, the cellu-
lar capture of CAIXi-HCPT SMDCs and Irinotecan (untargeted HCPT
prodrug) was evaluated on MDA-MB-231 and MCF-7 breast cancer
cells, respectively. As shown in Fig. 2D and Fig. S5 (Supporting in-
formation), the cellular capture of all four CAIXi-HCPT SMDCs was
hypoxia- and CAIX-dependent in MDA-MB-231, while the uptaken
of Irinotecan is not related to CAIX. After CAIXi-HCPT SMDCs treat-
ment 2h, strong fluorescence could be observed under hypoxia
conditions (2%) O,), the Irinotecan treatment group had almost no
fluorescence. When 50 pmol/L of Ace (an accepted CAIX inhibitor)
was added, even under hypoxic conditions, the capture ability of
MDA-MB-231 cells for CAIXi-HCPT SMDCs was lower, which indi-
cated that Ace competitively inhibited the binding of SMDCs to
CAIX. Similarly, low expression of CAIX in MCF-7 cells under hy-
poxia conditions also resulted in lower cellular capture. This result
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Fig. 2. In vitro cellular capture effects of CAIXi-HCPT SMDCs. (A) Comparison of
CAIX expression between breast cancer susceptibility gene (BRCA) tumor samples
(data are presented as 1.67 +2.03. n= 1113, from TCGA) and normal samples (data
are presented as 0.57+0.39, n=113, from TCGA and GTEx). (B) Comparison of
CAIX expression between colon adenocarcinoma (COAD) and rectal adenocarcinoma
(READ) tumor samples (data are presented as 4.90 +2.30, n=647, from TCGA) and
normal samples (data are presented as 1.42+0.58, n=>51, from TCGA and GTEx).
Statistical analysis was performed using Wilcoxon rank sum test. (C) CAIX expres-
sion in MCF-7, MDA-MB-231, HT29 and HCT116 before or after 24 h hypoxia treat-
ment (2%) O,). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (D) In vitro flu-
orescence of difference cells incubated with CAIXi-HCPT SMDCs under normoxia
(21%) 0,) and hypoxia (2%) O3). Scale bar: 20 pm.

is similar to previous CAIX-targeted SMDCs [38]. Although there
is no direct evidence to prove how compounds enter cells, CAIX
can certainly increase the relative concentration of CAIX-targeted
SMDCs on the cell membrane surface. Due to its low molecular
weight, compounds can directly penetrate the phospholipid bilayer
and enter the cell through locally high concentration gradients.
Above all, these results suggested that CAIXi-HCPT SMDCs were
more enriched and captured by MDA-MB-231 cells due to their
binding to CAIX.

The cell cytotoxicity studies were performed in both CAIX low-
expressing (MCF-7, HCT116) and high-expressing (MDA-MB-231,
HT29) cells. As shown in Figs. S6A and B and Table S1 (Supporting
information), CAIXi-N-HCPT, CAIXi-R-HCPT and CAIXi-S-HCPT had
comparable cytotoxicity to HCPT in four types of cancer cells un-
der normoxia and hypoxia condition, which suggested that these
SMDCs can release sufficient amounts of HCPT in tumor cells. Al-
though the expression of CAIX was lower under nonmovie condi-
tions, long-term co-incubation of drugs and cells can also lead to
enough uptake of SMDCs by cells. The CAIXi-B-HCPT has almost
no cytotoxicity in vitro, this may attribute to the alkaline of the in
vitro cell culture condition (pH 7.4), while the activation of CTSB
usually requires acidic conditions (pH 5) [46]. In addition, four in-
termediates that did not couple with HCPT exhibited no cytotox-
icity to all cell lines (Fig. S7 in Supporting information). Subse-
quently, we further investigated the cytotoxicity of all CAIXi-HCPT
SMDCs for MCF-7, MDA-MB-231, HT29 and HCT116 in the condi-
tion of pretreated with 50 pmol/L of Ace under hypoxia (50 pmol/L
of Ace in hypoxia condition exhibited negligible cytotoxicity (Fig.
S8 in Supporting information)). Notably, the toxicity of all SMDCs
was significantly decreased in MDA-MB-231 and HT29 cell com-
pared with Ace negative group after treatment 24 h (Figs. S6C and
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S9 in Supporting information), the half maximal inhibitory con-
centration (ICsg) values of Ace pretreated CAIXi-N-HCPT, CAIXi-R-
HCPT, CAIXi-B-HCPT and CAIXi-S-HCPT decreased from 0.05, 0.07,
3.47 and 0.07 pumol/L against MDA-MB-231, respectively, to 0.13,
0.18, >20 and 0.31 pmol/L. This trend is also similar with HT29,
while not with MCF-7 and HCT116 (Table S2 in Supporting infor-
mation). Overall, these cytotoxicity results suggested that the func-
tion of CAIXi-HCPT SMDCs was positively correlation with the level
of CAIX expression.

Although we have demonstrated that these CAIXi target SMDCs
were enough stable in PBS (Figs. S3E-H in Supporting information),
the components of plasma were much more complicated than in
PBS. Therefore, we further performed in vitro and in vivo plasma
stability experiments. The experimental process and animal use in
this study were approved by the IACUC of China Pharmaceutical
University. As shown in Fig. 3A, all compounds exhibited high-
plasm stability and no significant degradation in vitro after being
exposed to fresh plasma for 12 h. Subsequently, the blood clear-
ances of CAIXi-HCPT SMDCs were investigated on Sprague-Dawley
rats. Compared with Irinotecan, all the CAIXi-HCPT SMDCs exhib-
ited extended blood circulation (Fig. 3B). In addition, we estab-
lished an MDA-MB-231 tumor mice model to explore the biodis-
tribution of the CAIXi-HCPT SMDCs after post-injection for 24h.
Among all of the SMDCs, CAIXi-R-HCPT exhibited higher selectiv-
ity to tumor tissues (Figs. 3C and D). CAIXi-B-HCPT was mainly
enriched in liver and lung tissues, which attributed to the liver
containing a large number of proteases, for example, CTSB, to
cleave various peptide chains [47]. Although the Irinotecan treat-
ment group also showed a high fluorescence signal in the tumor,
there was also a strong fluorescence in the liver as it must be ac-
tivated by carboxylesterase 2 (CES2) in the liver to release HCPT.
The free HCPT enriched in the liver can be converted to inactive
HCPT-glucuronide by glucuronosyltransferase 1A1 (UGT1A1) to re-
duce its toxic side effects. The UGT1A1 gene polymorphism (such
as UGT1A1 * 28) can affect the glucuronidation of SN-38, leading to
an increase in plasma concentration of SN-38 and an increased risk

Fig. 3. Tumor targeting properties of CAIXi-HCPT SMDCs. (A) The fluorescence in-
tensity changes of CAIXi-HCPT SMDCs and irinotecan in fresh plasma for 12h. (B)
The blood clearance profiles of CAIXi-HCPT SMDCs and irinotecan after intraperi-
toneal injection (HCPT-equivalent (eq), doses = 10 mg/kg, n=3). The ex vivo fluores-
cence photographs (C) and semiquantitative analysis (D) of major organs after ad-
ministration for 24h (HCPT-eq, doses =5 mg/kg, n=3). Western blot assay (E) and
semiquantitative analysis of CAIX (F) in normal and tumor tissues. Data represents
mean =+ SD. Statistical significance was calculated via one-way ANOVA. ns, no sta-
tistical significance. **P < 0.01.
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of toxic side effects. Therefore, the clinical application of Irinote-
can has significant limitations. Compared with Irinotecan, CAIXi-
R-HCPT can be directly activated by high concentrations of ROS in
tumor tissue to exert its effects. These results indicated that CAIXi-
HCPT SMDCs with ROS-sensitive linkers were more effective in tar-
geting tumors. To further confirm the mechanism of the target, we
analyzed the content of CAIX protein in major organs and tumor
tissues. As shown in Figs. 3E and F, the CAIX protein in tumor tis-
sues was 3-12 times more than in other tissues.

To further investigate the in vivo efficacy of CAIXi-HCPT
SDMCs, we established a mouse model bearing MDA-MB-231 cell
xenografts when tumor volume reached 80 mm?3, mice were ran-
domly assigned to five groups and injected with PBS, CAIXi-B-
HCPT, CAIXi-N-HCPT, CAIXi-S-HCPT, CAIXi-R-HCPT, Irinotecan and
HCPT every second day for five times (equivalent with HCPT
5mg/kg) (Fig. 4A). The tumor volume and weight of mice treated
with CAIXi-R-HCPT were significantly inhibited with a tumor inhi-
bition rate of 63.8%) and equivalent to HCPT (62.3%)), which was
much higher than CAIXi-N-HCPT (51.4%)), CAIXi-S-HCPT (47.6%)),
CAIXi-B-HCPT (58.2%)) and Irinotecan (56.8%)) (Figs. 4B and C).
We also monitored the body weight during treatment, except
for CAIXi-B-HCPT and HCPT, the body weight of other treatment
groups showed no noticeable weight loss, demonstrating the negli-
gible systemic toxicity of SMDCs (Fig. 4D and Fig. S10 in Supporting
information). These results suggested that CAIX targeted SMDCs
not only can improve the efficacy of chemotherapy drugs but can
also reduce toxic side effects. Subsequently, we performed histo-
chemical analysis on the major organs (heart, liver, spleen, lung,
kidney and tumors) of mice. The hematoxylin and eosin (H&E)
staining showed that tumor cells were almost killed by CAIXi-HCPT
SDMCs (Fig. 4E). Meanwhile, no apoptosis was found in normal tis-
sue, indicating low systemic toxicity of CAIXi-HCPT SMDCs (Fig. S11
in Supporting information). These results prove that CAIXi-R-HCPT
can effectively Safe and effective killing of tumors.

In conclusion, we have developed a series of CAIXi-HCPT SMDCs
to explore which tumor microenvironment-triggered linker in
combination with the CAIXi targeting strategy is more efficient for
drug delivery. We demonstrated that our CAIXi-HCPT SMDCs could
enriched in hypoxic cancer cells and fast-release HCPT triggered

Fig. 4. In vivo antitumor effect of CAIXi-HCPT SMDCs. (A) Schematics of the estab-
lishment of the MDA-MB-231 xenograft nude mouse model and drug therapy. (B)
Tumor growth curves of different groups (PBS, CAIXi-R-HCPT, CAIXi-N-HCPT, CAIXi-
S-HCPT, CAIXi-B-HCPT, irinotecan and HCPT (5 mg HCPT-eq dose per kg)) (n=>5).
(C) Tumor weight of each group on day 19 (n=5). (D) Bodyweight curves of each
group during treatment (n=>5). (E) Histological analysis of tumor sections with H&E
staining (n=3). Scale bar: 100um. Data represents mean =+ SD. Statistical signifi-
cance was calculated via one-way ANOVA in (C). ****P < 0.0001.
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by high levels of corresponding enzymes and metabolites of can-
cer cells to generate CAIX-dependent cell cytotoxicity. Among all
the SMDCs we designed, CAIXi-R-HCPT exhibited a higher level of
T/N ratio and more efficient anti-cancer ability in the MDA-MB-
231 bearing mice model to significantly inhibit tumor proliferation
and promote apoptosis. In addition, no tissue damage or weight
loss was observed in this group of mice, indicating that CAIXi-R-
HCPT was safe and had no obvious side effects. Overall, our work
provides direction for the development of CAIXi targeting tumor-
specific delivery systems and we will further optimize this work in
the future.
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