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Abstract

Pancreatic cancer remains one of the most lethal malignancies for human health. The anticancer drug
SN38 has been proven effective against pancreatic cancer cells; however, its clinical application is limited
by its poor aqueous solubility and restricted bioavailability in vivo. In this work, we developed a novel
carrier-free single-molecule hypoxia-responsive nanoprodrug of SN38 for the treatment of pancreatic
tumors. The nanoprodrug has an ultrahigh drug-loading content of ~80 wt % and a nanoscale size of ~50
nm. The drug molecules are masked by a hypoxia-sensitive aromatic azo group in the nanoprodrug,
thereby shielding the therapeutic effects and toxicities of SN38 under normoxic conditions. Thus, the
toxicity of the new regimen toward healthy cells and tissues is alleviated. In response to the upregulated
level of azoreductase enzymes in the hypoxic tumor microenvironment, SN38 molecules are released in

situ with their intact structures, exerting a powerful suppressive effect on tumor cells.

Keywords: single-molecule nanoprodrug, carrier-free drug delivery, SN38, hypoxia-responsive, cancer

treatment, pancreatic cancer
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Introduction

To date, continuous efforts have been devoted to seeking more efficient therapeutic strategies to fight
against pancreatic cancer in that the 5-year relative survival rate for patients diagnosed with pancreatic
cancer has remained the lowest among all types of cancers for a long time.!> The bleak prognosis of the
disease necessitates the development of more potent anticancer agents for pancreatic cancer treatment.
Irinotecan, a hydrophilic prodrug of SN38 (7-ethyl-10-hydroxycamptothecin), has been approved by the
US Food and Drug Administration (FDA) for the treatment of pancreatic cancer.? Recent studies revealed
that only a small amount (2-8%) of irinotecan is converted to SN38 in vivo.*> SN38 is a potent
topoisomerase I inhibitor that has demonstrated effective antitumor activity, 100-1000 times more active
than irinotecan.® However, the clinical application of SN38 is severely limited by its poor aqueous
solubility, instability under physiological conditions, and nonselective biodistribution in the body.” These
challenges have spurred interest in prodrug strategies aimed at enhancing the pharmacokinetic profile,
tumor selectivity, and therapeutic efficacy of SN38.8 Hence, therapeutic regimens with higher efficiency

to improve the bioavailability and therapeutic efficacy of SN38 are still in need.

Hypoxia, a condition of insufficient oxygen supply, is a key feature of the tumor microenvironment
involved in the pathogenesis of pancreatic ductal adenocarcinoma (PDAC), which is the most common
type of pancreatic cancer, accounting for more than 90% of pancreatic cancer cases.’ As solid tumors
rapidly proliferate, their oxygen demand often surpasses the capacity of the surrounding abnormal
vasculature, resulting in regions of low oxygen tension.!%!! The hypoxic microenvironment contributes
not only to cancer cell survival and metabolic reprogramming but also to immune evasion and resistance
to radiotherapy and chemotherapy.!?> Hypoxia activates a cascade of molecular pathways, most notably
those mediated by hypoxia-inducible factors (HIFs), which regulate the expression of genes involved in
angiogenesis, glycolysis, and cell survival.!>!* This adaptation supports tumor growth under harsh
conditions and promotes a more aggressive phenotype. Given its multifaceted role, hypoxia presents both
a challenge and an opportunity in cancer therapy. On one hand, it contributes to poor prognosis and limits
the effectiveness of standard treatments. On the other hand, it offers a unique target for therapeutic
intervention. Recent advances in hypoxia-targeted therapies, including hypoxia-activated prodrugs and
hypoxia-responsive nanomedicines,!>!” have opened new avenues for more effective and selective cancer
treatments. Hypoxia-activated therapeutic prodrugs of SN38 have also been designed to improve its
therapeutic efficiency,?*?> among which Kim et al. developed an aromatic azo-based SN38 prodrug for

theranostic tumor imaging and therapy.?3
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Scheme 1. Schematic illustration of the fabrication of SN38-Azol-NPD, tumor accumulation, and hypoxia-
triggered intracellular drug release. The SN38-Azo1 prodrug molecule contains two molecular units of SN38 linked
by a hypoxia-responsive self-immolating azo-containing group (Ph-N=N-Ph, in red). The NPDs are constructed
through a nano-assembling process upon dispersion into aqueous media. When being injected into the body, they
accumulate at tumor sites via the EPR effect. Upon entering cancer cells, the NPDs disassemble into SN38-Azo1
molecules, which are subsequently converted to SN38 molecules through the self-immolation of the azo-containing
drug linker triggered by the hypoxic condition.

Herein, we present a carrier-free single-molecule nanoprodrug (NPD) of SN38, denoted as SN38-Azol-
NPD, with ultrahigh drug loading for the high-efficiency treatment of pancreatic tumors. The NPD is
composed of a new dimeric prodrug (SN38-Azol), which can be activated by the hypoxic tumor
microenvironment to release SN38 drug molecules. As illustrated in Scheme 1, the prodrug molecule
contains two molecular units of SN38 linked by a self-immolating azo-benzene (Ph-N=N-Ph) group. Thus,
the drug molecules are masked by the drug linker, and their biological functions are confined by the NPD
formulation. As known, azoreductase enzymes are upregulated in hypoxic tumor cells.?*2¢ Under deficient
oxygen conditions, they catalyze the reduction and subsequent cleavage of the azo bond, which has been
explored for hypoxia-leveraged tumor diagnosis and therapeutics.?’-?° Thereby, upon self-delivering into
tumor tissues and cancer cells, the NPDs disassemble into hypoxia-responsive SN38-Azol molecules,

which subsequently are converted to SN38 molecules by the azoreductase enzymes in the tumor
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microenvironment. Meanwhile, the accumulation of drug molecules in tumors is elevated by the NPD
formulation due to the enhanced permeability and retention (EPR) effect.3%3! The combination of
enhanced tumor accumulation and tumor microenvironment-activated drug release results in improved

therapeutic efficacy against tumors and reduced toxicity toward normal tissues.

N0z 4 N/©/\OH N/©/\CI

SN38-Azo1

Scheme 2. Synthesis of SN38-Azo1. Reaction conditions: (a) Zn (powder), NaOH (20% in water), 70 °C; (b) SOCl,,
DCM, room temperature; (c) SN38, K,CO;, DMF, 80 °C.

The hypoxia-sensitive drug linker contained in the NPD was synthesized within two steps. As shown in
Scheme 2, a commercial chemical, 4-nitrobenzyl alcohol, was used to synthesize compound 1, 1,2-bis(4-
(hydroxymethyl)phenyl)diazene, with zinc powder as the reducing agent. Upon reacting with thionyl
chloride, the hydroxyl groups of 1 were turned into chlorine atoms, producing compound 2, 1,2-bis(4-
(chloromethyl)phenyl)diazene. The chemical structures of the intermediates were confirmed by NMR
spectroscopy (Figures S1-S4). The prodrug SN38-Azol was obtained through the replacement of chlorine
atoms of compound 2 by SN38 molecules, and its chemical structure was characterized by 'H NMR

(Figure S5), 3*C NMR (Figure S6), and HRMS (Figure S7).


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01434d

Page 5 of 17 Journal of Materials Chemistry B

Open Access Article. Published on 09 October 2025. Downloaded on 10/12/2025 8:22:35 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
DOI: 10.1039/D5TB01434D

—
282G - — Self-assembly E:——‘—‘
®sN3s @—@ SN38-Azod & —
= e — —
NPDs n-7 stacking
154 L.
®
=10+ L)
2
‘®
=
®
100 nm
0 — ' . . S
1 10 100 1000 10000

Size (d.nm)

Figure 1. (A) Schematic illustration of the fabrication of SN38-Azo1-NPD via a nano-assembling procedure. Upon
dispersion into aqueous media, SN38-Azol molecules spontaneously assemble into nanoparticles, driven by n-nt
stacking. (B) Size distribution and (C) TEM image of SN38-Azo1-NPD.

To optimize the accumulation and retention of the drug in tumor tissues and cells, we constructed SN38-
Azol into a nanoprodrug (SN38-Azo1-NPD) to take advantage of the EPR effect of nanoscale particles.
SN38-Azo1-NPD was formulated according to an established nano-assembling protocol.3? As depicted in
Figure 1A, upon being dispersed into an aqueous medium, the dimeric prodrug molecules self-assemble
into nanoparticles due to intermolecular n-n stacking, hydrophobic interaction, and hydrogen bonding.33-
35 The resulting NPDs were characterized by dynamic light scattering (DLS) and transmission electron
microscopy (TEM). DLS analysis revealed that SN38-Azol1-NPD had a diameter of 54.1 nm with a
polydispersity index (PDI) value of 0.17 (Figure 1B). A negative surface charge was also detected (zeta
potential: -13.5 mV). TEM images of the nanostructures displayed a spherical morphology and a dry-state
diameter of ~50 nm (Figure 1C). These data signified the desired dimensions of SN38-Azo1-NPD for in

5


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01434d

Open Access Article. Published on 09 October 2025. Downloaded on 10/12/2025 8:22:35 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B Page 6 of 17

View Article Online
DOI: 10.1039/D5TB01434D

vivo tumor treatment because nanoparticles with a size of 5-50 nm are more efficacious in entering tumor
tissues and cancer cells, while those in the range of 50-200 nm have a tendency to circulate longer in the
bloodstream and retain more in tumor tissues.3*3¥ The drug loading efficiency during the nano-assembling
process was measured to be 87%. Noteworthily, SN38-Azo1-NPD has an exceedingly high drug-loading
content (79.2%) compared to that of reported SN38-delivering systems (generally < 35%).3-44
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Figure 2. (A) Top and side views of SN38-Azol molecules during the molecular stacking process. (B)

The correlation between the potential energy and the distance between two stacking molecules.

In order to elucidate the molecular stacking pattern and driving force for the assembly of the single-
molecule NPD, we conducted theoretical modeling based on density functional theory (DFT) calculations
using the Gaussian 16 software suite. The Becke 3-parameter Lee-Yang-Parr (B3LYP) functional was
employed for the modeling calculations due to its excellence in predicting properties of organic
compounds.*>#¢ Dispersion corrections, specifically D3 dispersion of Grimme’s Dispersion with Beck-
Johnson Damping (GD3BJ), were used alongside the B3LYP functional.*”*® Meanwhile, the calculations
used the Pople Basis, 6-31G(d,p), which is comprised of 6 primitive gaussians for core orbitals, split
valence double zeta basis and polarization functions on heavy (d) and hydrogen (p) atoms.#*° Using the
B3LYP-GD3BJ/6-31G(d,p) method, we studied the relationship between the potential energy and the
distance between two SN38-Azol molecules during the molecular stacking process. The two molecules
are in overlap positions with each other as they stack (Figure 2A). As shown in Figure 2B, the potential

energy decreases gradually as the distance between the molecules becomes shorter, reaching a minimum
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at a distance of 3.4 A. A further shorter distance increases the potential energy. These results demonstrate
that 3.4 A is an optimal distance for the stacking of SN38-Azol molecules, and the minimum potential
energy serves as the driving force for this process. The data also support a n-n stacking pattern for the

assembly of the single-molecule NPD, as the typical distance of n-m stacking is from 3.2-3.7 A.51.52
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Figure 3. (A) Hydrodynamic stability of SN38-Azo1-NPD in PBS (pH 7.4) and PBS + 10% FBS solutions. (B)
Drug release profiles of SN38-Azo1-NPD in PBS (blank) containing FBS (10%), NADPH (1 mM), RLM (100
png/mL), FBS (10%) + NADPH (1 mM), FBS (10%) + RLM (100 pg/mL), NADPH (1 mM) + RLM (100 pg/mL),
and FBS (10%) + NADPH (1 mM) + RLM (100 pg/mL). (C) Stimulus-responsive release profiles of SN38-Azol-
NPD in PBS containing NADPH (1 mM) and varied concentrations of RLM (1, 10, and 100 pg/mL). (D)
Mechanism of the enzyme-activated traceless release of SN38. Data represent the means + SD, n = 3.

The hydrodynamic stability of SN38-Azol-NPD was studied in diverse aqueous media. No significant
change was observed in its hydrodynamic size when dispersed in deionized water over a period of two
months (Figure S8), which indicated the long-term storage stability of the NPDs. To assess the stability
under different biological conditions, the NPDs were dispersed in PBS buffer (pH 7.4) solutions with and
without fetal bovine serum (FBS). As shown in Figure 3A, SN38-Azo1-NPD exhibited high colloidal
stability in PBS buffer, and its stability was unaffected by the presence of FBS, as indicated by the barely
altered hydrodynamic diameter of the NPDs, which suggests its suitability for in vivo applications in

biological environments.
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The stimulus-responsive drug release profiles of SN38-Azol1-NPD were also studied in degassed PBS
buffer solutions. Different biological species were added to serve as possible stimuli for triggering the
release of SN38 molecules. Rat liver microsome (RLM) and reduced nicotinamide adenine dinucleotide
phosphate (NADPH) were used as a source of the azoreductase enzyme and the electron source to reduce
the aromatic azo groups, respectively.’® As shown in Figure 3B, the addition of FBS (10%), NADPH (1
mM), RLM (100 pg/mL), or the combinations FBS+NADPH and FBS+RLM was not able to trigger the
release of SN38. However, in the presence of NADPH-+RLM, the drug release was successfully activated,
leading to approximately 90% of the drug released within 24 h, and furthermore, the coexistence of FBS
induced no considerable impact on the drug release efficiency. In addition, the release rate of SN38 was
dependent on the concentration of the enzyme, as evidenced by the accelerated drug release in the presence
of higher enzyme levels (Figure 3C). These findings inferred that the azo bond of SN38-Azol can be
reduced in the presence of azoreductase enzyme with NADPH as the electron source, resulting in the
release of SN38 molecules. As illustrated in Figure 3D, upon receiving electrons from NADPH, the azo
bond in the prodrug is cleaved by the reduction, being converted into two amino groups. Thereby, the
SN38-Azol molecule is split into two equal halves. The resulting molecular segments contain a 4-
methylene aniline group, which is unstable and immediately self-eliminates to form a stable molecule, 4-
methylenecyclohexa-2,5-dienimine, simultaneously converting the prodrug half into an intact SN38
molecule. The traceless release of SN38 was validated by HRMS analysis of the resultant species in the

final drug-release solutions, which corroborated the plausibility of the mechanism.

In order to assess the suitability of SN38-Azol1-NPD for cellular uptake examination, we measured its
photophysical properties using UV-vis spectroscopy and fluorescence spectroscopy. As shown in Figure
4A, an absorption peak at 370 nm and a fluorescence emission peak at 426 nm were observed. The uptake
of SN38-Azo1-NPD by cancer cells was examined by confocal laser scanning microscopy (CLSM) in
human pancreatic cancer BXPC-3 cells. As shown in Figure 4B, cells emitted striking fluorescence after
incubation with SN38-Azo1-NPD, which confirmed that the NPDs effectively self-delivered into cancer

cells.
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Figure 4. (A) UV-vis absorption and fluorescence emission spectra of SN38-Azol-NPD. (B) CLSM images of
BxPC-3 cells after incubation with Hoechst 33342 (blue) and SN38-Azo1-NPD (green) for 1 h. Cell viability of
BxPC-3 cells treated with varied concentrations of SN38 and SN38-Azol-NPD under (C) normoxic and (D)
hypoxic conditions. (E) Fluorescence images of BxPC-3 cells stained with calcein AM (green) and PI (red) after
treatment with SN38-Azo1-NPD under hypoxic conditions. Cell viability of AsPC-1 (F, G) and PANC-1 (H, I) cells
treated with varied concentrations of SN38 and SN38-Azol-NPD under normoxic (F, H) and hypoxic (G, I)
conditions. Data represent the means = SD, n = 3. *P < (.05; **P < 0.01; and ***P < 0.001.
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Next, the in vitro cytotoxicity of SN38-Azo1-NPD was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. The viability of BxPC-3 cancer cells was measured after they
were incubated with free SN38 drug and SN38-Azo1-NPD at different concentrations (0-20 uM) for 24
h. To reveal the hypoxia activation of the NPD, the MTT assays were carried out under hypoxic conditions
(1% Oy + 94% N, + 5% CQO,). Prior to the treatment period, cells were cultured under a low-oxygen
condition (1% O2) for 6 h to generate a hypoxic intracellular environment with enhanced levels of
azoreductase enzymes, mimicking the hypoxic microenvironment of solid tumors. Meanwhile, MTT
assays under normoxic conditions (20% O, + 75% N, + 5% CO,) were conducted as a control. Under
normoxic conditions, SN38 exerted a dose-dependent inhibitory effect on the proliferation of cells,
indicating the anticancer potency of the drug against cancer cells, whereas SN38-Azo1-NPD induced little
to no cytotoxicity toward cells (Figure 4C). In contrast, in the presence of hypoxia, the NPD imposed an
overwhelming anticancer effect on cell proliferation, which was more potent than that generated by SN38,
while the latter maintained the same level of suppression on cell growth as under normoxic conditions
(Figure 4D). The drastic differences in the cell-killing activities of the two treatments under normoxic and
hypoxic conditions demonstrated that the NPD formulation effectively masked the cytotoxicity of SN38,
resulting in the negligible therapeutic effect of SN38-Azol-NPD under normoxia, and released the
bioactive SN38 drug molecules with high efficiency, triggered by the elevated level of azoreductase
enzymes under hypoxia. Additionally, the cell apoptosis induced by SN38-Azol1-NPD was investigated
using live & dead cell staining, where live and dead cells were stained with Calcein-AM and PI,
respectively. As shown in Figure 4E, a significant number of cells were undergoing apoptosis after
treatment with SN38-Azo1-NPD under hypoxic conditions. To further verify the therapeutic efficiency of
the treatments, we performed the same in vitro cytotoxicity tests in other pancreatic cancer cells. As a
result, similar behaviors of the SN38 drug and SN38-Azo1-NPD also occurred under respective normoxic
and hypoxic conditions in AsPC-1 (Figures 4F,G) and PANC-1 (Figures 4H,I) cells. These findings
suggest that the NPD technique holds great potential for killing tumor cells while causing reduced damage

to normal cells due to the absence of a hypoxic microenvironment.

Encouraged by the promising performances of the NPD in the in vitro experiments, we further studied
SN38-Azo1-NPD in a xenograft BxPC-3 tumor model established in mice. To validate our hypothesis that
the NPD could deliver themselves into tumor tissues due to the EPR effect, we examined the in vivo
biodistribution of SN38-Azo1-NPD in pancreatic tumor-bearing mice by a Lago X animal imaging system.

Mice were intravenously injected with SN38-Azo1-NPD dispersed in sterilized PBS at a dose of 1 mg/kg.

10
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After 6 h post-injection, the mice were euthanized, and their major organs, including the heart, liver, spleen,
lungs, and kidneys, and tumor tissues were excised for ex vivo imaging to assess the biodistribution of the
NPD in various tissues. As shown in Figure 5A, intense fluorescence emission signals were detected in
the tumors of mice. The related quantitative analysis showed that the fluorescence intensity of tumors was
significantly higher than that of other organs (Figure 5B), confirming the enhanced accumulation and

retention of SN38-Azo1-NPD in tumor tissues.
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Figure 5. In vivo biodistribution and therapeutic efficacy of SN38-Azol1-NPD in a xenograft pancreatic tumor
model in mouse. (A) Ex vivo images and (B) the corresponding average fluorescence intensity of organs and tumors
of mice after treatments with SN38-Azo1-NPD. (C) Treatment timeline for the tumor treatment. (D) Relative tumor
volume of mice with varied treatments. (E) The weight of tumors harvested from sacrificed mice in different
treatment groups. (F) Changes in the body weight of mice over time. H&E staining images of (G) tumors and (H)
mice organs after different treatments. Data represent the means = SD, n = 5. *P < 0.05; **P < 0.01; and ***P <
0.001.
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Further, we investigated the in vivo therapeutic efficacy of the NPD in combating pancreatic tumors. As
depicted in Figure 5C, the entire experiment lasted 5 weeks, from tumor inoculation to the administration
of drug/NPD and the termination of the experiment. Mice bearing BxPC-3 tumors were randomly divided
into three groups and intravenously administered with different treatments, including PBS (the control
group), free SN38 drug, and SN38-Azol-NPD. The administrations were repeated twice per week for
three weeks. Figure 5D illustrates the changes in tumor volume of mice following various treatments. In
the control group, tumors grew rapidly in an unrestricted manner, and the relative tumor volume reached
nearly 14-fold after three weeks. Free SN38 moderately impeded tumor growth, and the tumor volume
was approximately 6 times larger by the end of treatment. In stark contrast to those, the SN38-Azo1-NPD
administration imposed a powerful inhibition on the growth of tumors. The tumor burdens in mice
gradually shrank at the beginning of the treatment, and a relative tumor volume of ~2.4-fold was found at
the end of the experiment. These results were further validated by the analytical statistics of tumor solids
collected from sacrificed mice. As shown in Figure 5E, the average tumor weight of mice administrated
with SN38-Azo1-NPD was significantly smaller than that of mice in the other groups, suggesting that the
tumor growth was efficaciously suppressed by the NPD treatment. Additionally, no considerable loss in
body weight was observed in mice after these treatments, indicating that the treatments brought no severe
systemic toxicities to mice (Figure 5F). Histological examination of the dissected tumors collected from
sacrificed mice using hematoxylin and eosin (H&E) staining revealed that in mice treated with SN38-
Azo1-NPD, tumor cells exhibited significant cell death, and cell proliferation was substantially suppressed
in comparison to those in the control group (Figure 5G). These findings further validated the efficacious
hypoxia-responsive drug release of the NPDs in the hypoxic tumor microenvironment. Moreover, no
apparent histological damage was observed in the H&E-stained tissue sections of major organs excised
from euthanized mice at the end of the experiment (Figure SH), which, in combination with the potent
tumor inhibitory effects of SN38-Azo1-NPD, signified the potential of the NPD formulation for treating

pancreatic cancer.

Conclusion

A carrier-free single-molecule hypoxia-activated nanoprodrug, SN38-Azo1-NPD, based on the anticancer

drug SN38, has been developed for high-efficiency treatment of pancreatic cancer in vivo. A new SN38
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prodrug, SN38-Azol, consisting of two molecular units of SN38 and a self-immolating azo-benzene group,
was synthesized via three straightforward reactions. The prodrug was assembled into uniform
nanostructures approximately 50 nm in diameter, exhibiting excellent hydrodynamic stability through a
simple one-step nanoprecipitation protocol. SN38-Azo1-NPD has an ultrahigh drug-loading content due
to the carrier-free single-molecule formulation. It displayed a dose-dependent response to azoreductase
enzymes in the presence of NADPH, leading to the traceless release of SN38 molecules by means of the
self-immolation of the azo-based drug linker. Thanks to the inherent fluorescence emission, in vitro
cellular uptake of SN38-Azol-NPD manifested effective intracellular drug delivery. MTT assays in
pancreatic cancer cells revealed that the nanoformulation technique effectively masked the cytotoxicity of
SN38 under normoxic conditions and generated a desired therapeutic effect against cancer cells under
hypoxic conditions, owing to the hypoxia-activated drug release. The in vivo biodistribution results
confirmed the enhanced accumulation and retention of the NPD in tumor tissues, which benefited from
its optimal nanoscale dimension. Finally, SN38-Azol1-NPD demonstrated potent antitumor efficacy,
significantly more efficient than SN38, in treating pancreatic tumors in mice, devoid of causing additional
systemic toxicities, thus overcoming the drawbacks of the free drug. The research outcomes suggest that

the new regimen of SN38 may have translational value for the clinical treatment of pancreatic cancer.
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