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ABSTRACT

Reports on the comprehensive factors for design considerations of hypoxia-activated 

prodrugs (HAPs) are rare. We introduced a new model system composed of a series 

of highly water-soluble HAPs, providing a platform to comprehensively understand 

the interaction between HAPs and hypoxic biosystems. Specifically, four kinds of 

new HAPs were designed and synthesized; containing the same biologically active 

moiety but masked by different bioreductive groups. Our results demonstrated the 

activity of the prodrugs was strongly dependent on not only molecular structure but 

also the hypoxic tumor microenvironment. We found the presence of a direct linear 

relationship between cytotoxicity of the HAPs and the reduction potential of whole 

molecule/oxygen concentration/reductase expression. Moreover, limited blood 

vasculature in hypoxic regions was also a critical barrier for effective activation of the 

HAPs. This study offers a comprehensive insight to understanding the design factors 

required for HAPs.

Keywords: hypoxia; prodrugs; drug delivery; tumor; mechanism
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INTRODUCTION

Hypoxia is a common feature in solid tumors and plays an important role in the 

occurrence and development of tumors, including but not limited to the promotion of 

tumor angiogenesis, modulation of tyrosine kinase signal pathways and increase of 

tumor invasion and metastasis1-5. As such, tumor hypoxia has been considered as an 

extremely valuable target, and there are many reports on detecting tumor hypoxic status 

and optimizing tumor hypoxic therapy strategies6, 7. In particular, taking advantage of 

the tumor hypoxic characteristics to aid the design of hypoxia-activated prodrugs 

(HAPs) can specifically functionalize drug molecules within tumor hypoxic regions, 

while reducing toxicity to normal tissues8-10. The mechanism of HAPs is as follows: the 

prodrug is reduced to form a free radical intermediate in tissues, and can return to the 

parent prodrugs when in normal tissues, under normoxic conditions. Whereas in 

hypoxic cells, the intermediate form is cleaved to release the active drug molecules, and 

this  in turn, selectively acts on hypoxic cancer cells11-13. Until now, commonly used 

HAPs mainly include nitrogen oxides (aliphatic and aromatic), anthraquinones, nitro 

compounds and metal complexes1, 11, 14. Among them, nitro-activated prodrugs present 

good tumor hypoxia specificity, which has greatly promoted the development of the 

HAPs with nitroimidazoles, such as TH-30215, 16. However, TH-302 has failed in clincal 

trials17 since it did not achieve primary overall survival endpoints in combination with 

chemotherapy in two large phase III studies in advanced unresectable or metastatic 

pancreatic adenocarcinoma (NCT01746979) and in soft tissue sarcoma 

(NCT01440088). Therefore, we are required to rethink the factors and design 

considerations of HAPs.

Previous studies have demonstrated that the most important consideration for 

HAPs design, in principle, is choosing the appropriate bioreductive groups18, 19. In other 
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words, the determinant factor is the propensity of a particular group to undergo 

bioreduction and the oxygen concentration at which this process occurs. In addition, 

the factors of biological system also affect the activity of HAPs, such as reductase 

expression and hypoxic tissue barriers. For example, solubility of HAPs greatly affects 

the anti-cancer activity, which in essence is due to improved tissue penetration into 

tumor hypoxic regions that are absent of blood vessel distribution20-23. While these 

factors have been identified individually, it is still necessary to understand which 

factor(s) play determined roles or whether these factors affect each other. Thus, a 

comprehensive understanding of the relationship among various factors in HAPs design 

is necessary, but this has seldomly been reported, owing to the absence of ideal systems.

To address the above requirements, we designed a series of new HAPs that were 

composed of the same biologically active moiety but each was masked by different 

bioreductive groups (red R), including nitrobenzofuran, nitrothiazole, nitrothiophene 

and nitrofuran (Scheme 1). These bioreductive groups were utilized as electron-

attracting initiators for increasing electron affinity of the HAPs24. The reductases in 

cells resulted in the occurrence of electron transfer, which in turn reduced the HAPs to 

form intermediates. The intermediates, in hypoxic tumor tissues, were cleaved to 

release the cytotoxic moiety for tumor growth inhibition, which was similiar to nitrogen 

oxides HAPs activity. We explored the effect of various factors on anti-cancer activity 

of the HAPs, including reduction potential of both whole molecules and bioreductive 

groups, oxygen concentration and reductase expression. In vivo anti-tumor effects and 

the interaction between the HAPs and hypoxic microenvironment were also 

investigated.
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Scheme 1. Schematic illustration of activation of the HAPs in hypoxia. The four kinds of HAPs 
were designed by containing cytotoxic moiety and different bioreductive groups (R). The 
bioreductive groups initiated electron transfer under the action of reducctases, to form 
intermediates. The produced intermediates could return to the parent prodrugs in normoxic cells 
but be cleaved to release the cytotoxic moiety in hypoxic cancer cells, which in turn selectively 
induced their apoptosis. The four bioreductive groups included nitrobenzofuran, nitrothiazole, 
nitrothiophene and nitrofuran (R, from left to right).

EXPERIMENTAL SECTION

General. All solvents were spectroscopic grade and were purified by distillation before 

use. NMR spectra were recorded by Bruker AVANCE III 400 (400 MHz) spectrometer 

with deuterium generation reagent and tetramethylsilane as an internal standard. 

Electrochemical examinations were performed by cyclic voltammetry (CV) in 

acetonitrile at a scanning rate of 50 mv s-1. Platinum-electrodes (diameter 0.5 mm) 

served as working electrode and counter electrode. The electrolyte was acetonitrile (5.0 

mL) containing 0.5 mmol tetrabutylammonium hexafluorophosphate and 0.2 mmol 

HAPs.

Prodrug Synthesis. We synthesized four new hypoxia prodrugs (Chinese application 

patent: 201910650638.2) and the detailed routes were shown in Scheme S1. All 
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compound structures were characterized by NMR and mass spectra. The detailed 

synthetic procedures were as follows.

HAPs precursor 2 [2a-2d]

(5-nitrobenzofuran-2-yl) methanol [2a]

O

O2N OH

2a

Sodium borohydride (1.2 g, 30 mmol) was added to a solution of tetrahydrofuran: 

methanol (10:1) containing 1a (1.41 g, 10 mmol). The mixtures reacted for 1 h at ice-

bath. After that, the solution was stirred for 1 h and then warmed to the room 

temperature for 1 h. The suspension was extracted with dichloromethane for organic 

layer collection, and then washed with NaCl solution and water, respectively. The 

resulting product was dried over MgSO4, filtrated, and evaporated. The crude product 

was purified by column chromatography on silica gel using petroleum ether: ethyl 

acetate (4:1) as eluent to give 2a (1.23 g, 63.5%). 1H NMR (400 MHz, CDCl3) δ (ppm) 

4.85 (d, 2H, J = 8.0 Hz, -CH2), 6.83 (s, 1H, benzofuryl-H), 7.56 (d, 1H, J = 8.0 Hz, 

benzofuryl-H), 8.24 (d, 1H, J = 8.0 Hz, benzofuryl-H), 8.51 (s, 1H, benzofuryl-H).

(5-nitrothiazole-2-yl) methanol [2b]

N

SO2N
OH

2b

2b was prepared by an analogous method to that used for compound 2a, specifically 

using 1b instead of 1a. The crude product was purified by column chromatography on 

silica gel using petroleum ether: ethyl acetate (5:1) as eluent to obtain 2b (1.12 g, 70%). 

1H NMR (400 MHz, CDCl3) δ (ppm) 4.42 (d, 2H, J = 8.0 Hz, -CH2), 8.52 (s, 1H, 

thiazolyl-H).

(5-nitrothiophene -2-yl) methanol [2c]  
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SO2N
OH

2c

Sodium borohydride (0.6 g, 15 mmol) was added to a solution of methanol containing 

5-nitrothiophene-2-carbaldehyde 1c (1.57 g, 10 mmol). The mixtures reacted for 10 

min at ice-bath. After that, the solution was stirred for 20 min and then warmed to the 

room temperature. After 3 h, the suspension was extracted with dichloromethane, and 

then the organic layer was collected for further washing with NaCl solution and water, 

respectively. The organic layer was dried over MgSO4, filtrated, and evaporated. The 

crude product was purified by column chromatography on silica gel using petroleum 

ether: ethyl acetate (5:1) as eluent to obtain 2c (1.39 g, 88.6%). 1H NMR (400 MHz, 

CDCl3) δ (ppm) 4.88 (d, 2H, J = 8.0 Hz, -CH2), 6.94 (d, 1H, J = 8.0 Hz, thienyl-H), 

7.82 (d, 1H, J = 8.0 Hz, thienyl-H).

(5-nitrofuran-2-yl) methanol [2d]

OO2N

2d

OH

2d was prepared by an analogous method to that used for compound 2c, specifically 

using 1d instead of 1c. The crude product was purified by column chromatography on 

silica gel using petroleum ether: ethyl acetate (4:1) as eluent to obtain 2d (0.91 g, 

62.9%). 1H NMR (400 MHz, CDCl3) δ (ppm) 5.01 (d, 2H, J = 8.0 Hz, -CH2), 6.94 (d, 

1H, J = 8.0 Hz, furyl-H), 7.54 (d, 1H, J = 8.0 Hz, furyl-H).

HAPs precursor 3 [3a-3d]. A 1.0 M lithium bis(trimethylsilyl)amide in anhydrous 

THF solution (2.2 mL, 2.2 mmol) was added to raw material 2a-2d (2.0 mmol) in THF 

at 195 K under an argon atmosphere. Stirring was continued for 0.5 h and bis(2-

chloroethyl)phosphoramidic dichloride (0.56 g, 2.2 mmol) was slowly added to the 

reaction mixture at 195 K and stirred for 2 h at this temperature. After that, propane 
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diamine in THF was added to the mixture and continued stirring for 1 h at 195 K. Then 

the reaction was warmed to room temperature and quenched with water. The organic 

layer was dried over MgSO4, filtrated, and evaporated. The crude product was purified 

by column chromatography on silica gel using petroleum ether: ethyl acetate (1:1) as 

eluent to acquire 3a-3d.

HN
PO

N
O

Cl

Cl

O

3a

O2N

(5-nitrobenzofuran-2-yl)methyl-N,N,N-bis(2-chloroethyl)-1-propan-

phosphorodiamidate [3a] (0.39g，44.6%): 1H NMR (400 MHz, CDCl3) δ (ppm) 0.82-

0.86 (m, 3H, -CH3), 1.37-1.43 (m, 2H, -CH2), 2.65-2.71 (m, 2H, -CH2), 3.20-3.33 (m, 

4H, -CH2), 3.62-3.68 (m, 4H, -CH2), 5.07 (d, 2H, J = 8.0 Hz, -CH2), 7.21 (s, 1H, 

benzofuryl-H), 7.84 (d, 1H, J = 8.0 Hz, benzofuryl-H), 8.24 (d, 1H, J = 12.0 Hz, 

benzofuryl-H), 8.66 (s, 1H, benzofuryl-H).

HN
PO

N
O

N

S
O2N Cl

Cl

3b

(5-nitrothiazole-2-yl)methyl-N,N,N-bis(2-chloroethyl)-1-propan-phosphorodiamidate 

[3b] (0.21g，26.1%): 1H NMR (400 MHz, CDCl3) δ (ppm) 0.92-0.95 (m, 3H, -CH3), 

1.38-1.41 (m, 2H, -CH2), 1.56-1.62 (m, 2H, -CH2), 3.51-3.64 (m, 4H, -CH2), 4.37-4.42 

(m, 4H, -CH2), 5.14 (d, 2H, J = 8.0 Hz, -CH2), 8.52 (s, 1H, thiazolyl-H).

HN
PO

N
O

S
O2N Cl

Cl

3c
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(5-nitrothiophene-2-yl)methyl-N,N,N-bis(2-chloroethyl)-1-propan-

phosphorodiamidate [3c] (0.27g，33.5%): 1H NMR (400 MHz, CDCl3) δ (ppm) 0.91-

0.95 (m, 3H, -CH3), 1.51-1.55 (m, 2H, -CH2), 2.87-2.90 (m, 2H, -CH2), 3.42-3.47 (m, 

4H, -CH2), 3.63-3.66 (m, 4H, -CH2), 5.16 (d, 2H, J = 8.0 Hz, -CH2), 7.02 (d, 1H, J = 

4.0 Hz, thienyl-H), 7.82 (d, 1H, J = 4.0 Hz, thienyl-H).

HN
PO

N
O

O
O2N Cl

Cl

3d

(5-nitrofuran-2-yl)methyl-N,N,N-bis(2-chloroethyl)-1-propan-phosphorodiamidate 

[3d] (0.33g，42.1%):  1H NMR (400 MHz, CDCl3) δ (ppm) 0.91-0.94 (m, 3H, -

CH3), 1.50-1.56 (m, 2H, -CH2), 2.86-2.92 (m, 4H, -CH2), 3.39-3.45 (m, 2H, -CH2), 

3.62-3.67 (m, 4H, -CH2), 5.03 (d, 2H, J = 8.0 Hz, -CH2), 6.65 (d, 1H, J = 4.0 Hz, furyl-

H), 7.27 (d, 1H, J = 4.0 Hz, furyl-H).

Hypoxia-activated prodrugs [H1-H4]. 3a-3d (1 mmol) were dissolved in pyridine (10 

ml) under stirring. The reaction mixture was reacted at 100°C for 24 h under nitrogen 

atmosphere. The crude product was purified by oil washed many times through 

dichloromethane and ethyl acetate. The collected precipitation was dissolved in 

ultrapure water for freeze-drying by lyophilizer to obtain H1-H4.

HN
PO

N
O

N

N

O

O2N
Cl

Cl

H1

1,1'-(((((5-nitrobenzofuran-2-yl)methoxy)(propylamino)phosphoryl)azanediyl) 

bis(ethane-2,1-diyl))bis(pyridin-1-ium) chloride [H1] (0.25g，42.1%): 1H NMR (400 
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MHz, D2O) δ (ppm) 1.00-1.06 (m, 3H, -CH3), 1.68-1.73 (m, 2H, -CH2), 2.89-2.93 (m, 

2H, -CH2), 3.21-3.24 (m, 4H, -CH2), 4.69-4.72 (m, 4H, -CH2), 5.04 (d, 2H, J = 8.0 Hz, 

-CH2), 7.47 (s, 1H, benzofuryl-H), 7.72 (d, 1H, J = 8.0 Hz, benzofuryl-H), 8.02 (d, 1H, 

J = 8.0 Hz, benzofuryl-H), 8.08-8.24 (m, 4H, pyridyl-H), 8.59-8.71 (m, 2H, pyridyl-H), 

8.68 (s, 1H, benzofuryl-H), 9.10-9.12 (m, 2H, pyridyl-H), 9.21-9.22 (m, 2H, pyridyl-

H). MS (ESI):m/z-2Cl Calcd for C26H32Cl2N5O5P 595.1518; found 524.2304.

HN
PO

N
O

N

NN

S
O2N

Cl
Cl

H2

1,1'-(((((2-nitrothiazol-5-yl)methoxy)(propylamino)phosphoryl)azanediyl)bis(ethane-

2,1-diyl))bis(pyridin-1-ium) chloride [H2] (0.20g，35.6%): 1H NMR (400 MHz, D2O) 

δ (ppm) 0.88-0.90 (m, 3H, -CH3), 1.24-1.28 (m, 2H, -CH2), 1.38-1.40 (m, 2H, -CH2), 

4.10-4.15 (m, 4H, -CH2), 4.40-4.45 (m, 4H, -CH2), 4.97 (d, 2H, J = 8.0 Hz, -CH2), 8.03-

8.19 (m, 4H, pyridyl-H), 8.51 (s, 1H, thiazolyl-H), 8.55-8.65 (m, 2H, pyridyl-H), 8.85-

8.86 (m, 2H, pyridyl-H), 9.12-9.13 (m, 2H, pyridyl-H). MS (ESI):m/z-2Cl Calcd for 

C21H29Cl2N6O4PS 562.1086; found 491.2032.

HN
PO

N
O

N

N

S
O2N

Cl
Cl

H3

1,1'-(((((5-nitrothiophen-2-

yl)methoxy)(propylamino)phosphoryl)azanediyl)bis(ethane-2,1-diyl))bis(pyridin-1-

ium) chloride [H3] (0.25g，43.8%): 1H NMR (400 MHz, D2O) δ (ppm) 1.02-1.06 (m, 

3H, -CH3), 1.70-1.72 (m, 2H, -CH2), 2.89-2.93 (m, 2H, -CH2), 3.15-3.26 (m, 4H, -CH2), 

4.72-4.75 (m, 4H, -CH2), 5.17 (d, 2H, J = 8.0 Hz, -CH2), 7.91 (d, 1H, J = 8.0 Hz, thienyl-
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H), 8.03-8.10 (m, 4H, pyridyl-H), 8.24 (m, 1H, thienyl-H), 8.56-8.60 (m, 2H, pyridyl-

H), 8.85-8.86 (m, 2H, pyridyl-H), 8.92-8.93 (m, 2H, pyridyl-H). MS (ESI):m/z-2Cl 

Calcd for C22H30Cl2N5O4PS 561.1133; found 490.1246.

HN
PO

N
O

N

N

O
O2N

Cl
Cl

H4

1,1'-(((((5-nitrofuran-2-yl)methoxy)(propylamino)phosphoryl)azanediyl)bis(ethane-

2,1-diyl))bis(pyridin-1-ium) chloride [H4] (0.20g，37.2%): 1H NMR (400 MHz, D2O) 

δ (ppm) 1.02-1.06 (m, 3H, -CH3), 1.68-1.73 (m, 2H, -CH2), 2.89-2.93 (m, 4H, -CH2), 

3.32-3.34 (m, 2H, -CH2), 3.67-3.68 (m, 4H, -CH2), 5.06 (d, 2H, J = 8.0 Hz, -CH2), 6.82 

(d, 1H, J = 4.0 Hz, furyl-H), 7.45 (d, 1H, J = 4.0 Hz, furyl-H), 8.08-8.17 (m, 4H, pyridyl-

H), 8.60-8.66 (m, 2H, pyridyl-H), 8.90-8.92 (m, 2H, pyridyl-H), 9.00-9.03 (m, 2H, 

pyridyl-H). MS (ESI):m/z-2Cl Calcd for C22H30Cl2N5O5P 545.1362; found 474.1878.

Human and Mouse Cell lines. 4T1 mouse breast cancer cells were cultured in RPMI 

1640 supplemented with 10% fetal bovine serum (FBS, BI) and 1% 

penicillin/streptomycin (PS, HyClone). HepG2 human liver carcinoma cell, U87 human 

brain glioblastoma cells, HT1080 human fibrosarcoma cells, PC3 human prostate 

cancer cells, 3LL mouse lung cancer cells and B16 mouse melanoma cells were 

cultured in DMEM high glucose (HyClone) supplemented with 10% FBS and 1% PS. 

For normoxic and hypoxic cell culture, cells were incubated in a humidified incubator 

(37 oC, 5% CO2) with normoxic (21% O2) or hypoxic (10%, 5%, 2% or 0.5% O2) 

conditions, respectively.

Cell colony formation assay. HepG2 and 3LL cells were digested by 0.25% 

trypsin/0.02% EDTA solution to make a single cell suspension. Then, the cells were 

seeded into six-well culture plates at the indicated densities (500, 1000, and 2000 cells 
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per well), treated with H3 or H4 under various oxygen concentrations for 7 days, fixed 

with 4% PFA and stained with 1.25% crystal violet solution for quantification25, 26. 

Cytotoxicity in monolayer cell. Cytotoxicity was measured using standard MTT assay. 

Briefly, 4 × 103 cells were seeded into 96-well plates, and then were treated with the 

prodrugs H1-H4 (0, 20, 50, 100 and 200 μM) at normoxic or hypoxic conditions, 

respectively. After 24 h incubation, 10 μL MTT was added to each well and DMSO 

was added to the media 4 h later. Finally, OD570 was measured by Thermo Scientific 

Microplate Reader. The cell viability was calculated as OD570 mean value in 

experimental group/OD570 mean value in control group × 100%. 

Apoptosis assay. HepG2 cells were treated with 200 μM H1-H4 under hypoxic 

condition (0.5% O2) for 24 h, and then stained with Annexin V-FITC and propidium 

iodide (PI) according to manufacture protocol (Beyotime Biotechnology, China). 

Briefly, 1 × 105 cells were washed with cold PBS and suspended with 100 µl binding 

buffer. 5 µl of Annexin V-FITC was added to the cells for 10 min. After incubation, 5 

µl PI was added for 5 min. Finally, the cells were analyzed by flow cytometry (BD 

FACSCalibur, USA) 27. 

Cell cycle analysis. HepG2 cells were treated with 200 μM H1-H4 under hypoxic 

condition (0.5% O2) for 24 h, respectively and then stained with PI according to 

manufacture protocol (Beyotime Biotechnology, China). Briefly, the cells were 

harvested and washed with cold PBS, fixed in ice-cold 75% ethanol overnight at 4 oC. 

The fixed cells were collected by centrifugation, resuspended in 500 µl stain buffer and 

incubated with 25 µl PI and 10 µl RNase A at 37 oC for 30 min in dark. Finally, the 

cells were analyzed by flow cytometry (BD FACSCalibur, USA).

HAPs reduction assay in vitro. 100 mM HAPs were placed into PB buffer (pH 7.4), 

followed by 100 mM NADPH, and incubated with P450 oxidoreductase (POR) (Life 
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Technologies) in a humidified incubator (37 oC, 5% CO2) with hypoxic (0.5% O2) 

conditions. The FL spectra of HAPs was monitored by Bio-Rad Enzyme Marker. After 

24 h, the crude mixtures were purified by column chromatography on silica gel plate.

Real-Time PCR assays. Total RNA was isolated from cells using TRIzol (Solarbio, 

China) according to the manufacturer protocol. Reverse transcription reaction to 

synthesize complementary DNAs (cDNAs) was performed using 2 μg of total RNA and 

4 μl 5X ALL-In-One RT Master Mix (Abm, China) in an RNase-free environment. 

Real-Time PCR was performed with the QuantStudio™ 3 Real-Time PCR System 

(Appled Biosystems). The results were normalized by measuring average cycle 

threshold (Ct) ratios between POR and the housekeeping gene EIF3F (TIF). PCR 

sequences are provided below.

Human POR

F 5’- TCAATGCCATGGGCAAGTA-3’

R 5’- ATGAAGTCCTCCTCCAAGTTC-3’

Human TIF

F 5’- GACACAAGTCTCCAGAACGGC-3′

R 5’- TGGTCTCAAAGTCATCGGGAA-3′

Mouse POR

F 5’- TCCTGACCTACTGGTTCATCT-3′

R 5’- CACGAAGCTGCTCTCTTTGA-3′

Mouse TIF 

F 5’- CTGAGGATGTGCTGTCTGGGAA-3′

R 5’- CCTTTGCCTCCACTTCGGTC-3′

Xenograft model. Male BALB/c-Nude mice (5–6 weeks old) and female C57 mice (6-

8 weeks old) were purchased from SPF (Beijing) Biotechnology Co. Ltd. All animals 
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and in vivo experiments were in compliance with governmental and international 

animal guidelines. 2 × 106 HepG2, 2 × 106 U87 or 5 × 105 3LL cells were 

subcutaneously injected into right shoulder of the mice, respectively, and then assigned 

randomly to different groups (5-6 mice per group). Treatments with H3 or H4 (40 

mg/kg) were initiated when tumors reached a diameter ~5 to 8 mm. The mice were 

treated intravenously every day (3LL xenografted tumor) or intraperitoneal injection 

every other day (HepG2 and U87 xenografted tumor) for 5 doses total. The tumor 

volume was measured every day, and was calculated by the formula: (width)2 × 

(length)/2. Body weight of the mice was also monitored.

Hypoxia and blood vessel staining. After HAPs treatment, the pimonidazole HCl (60 

mg/kg) was given to mice 1.5 h prior to euthanization. The tumor tissues were 

immunostained with Hypoxyprobe following the manufacturer’s procedures 

(Hypoxyprobe, Inc). Briefly, the hypoxic regions of the tumor were stained using FITC-

conjugated anti-pimonidazole antibody. To co-stain with blood vessels, the tissues were 

simultaneously incubated with PE-conjugated anti-CD31 antibody (Biolegend). The 

images were acquired by confocal laser-scanning microscope (Zeiss LSM 710) and 

analyzed via Image J. 

TUNEL staining. The tumor frozen sections were prepared after HAPs treatment and 

then TUNEL staining was performed according to manufacturer instruction of one-step 

fluorescent TUNEL Apoptosis Assay Kit (Beyotime Biotechnology, China). Briefly, 

the frozen sections were fixed with 4% PFA for 30 min, permeabilized by 0.2% Triton 

X-100, and stained with TUNEL staining solution for 1 h. The images were captured 

using a confocal laser-scanning microscope (Zeiss LSM 710) and quantified by ImageJ. 

The proportion of TUNEL signal in the tumor hypoxic or normoxic tissues was 
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evaluated by following the formula AT/AH (or AN): AT represents the area of TUNEL 

regions; AH is the area of hypoxic tissues; AN is the area of normoxic tissues. 

Statistical analysis. The Student's unpaired t-test was used for statistical analysis 

between two groups of independent data. If multiple comparisons were involved, one-

way or two-way ANOVA was used as needed. Differences were considered statistically 

significant at P < 0.05. Results were shown as the mean ± SEM.

RESULTS AND DISCUSSION

Design and synthesis of prodrugs

The designed prodrugs mainly contained two components, including the biologically 

active moiety and bioreductive groups. As a model effector molecule, phosphoramide 

mustard was chosen based on the below considerations: 1) it is a biologically active 

metabolite of cyclophosphamide, a chemotherapeutic agent commonly used to treat 

lymphomas, breast cancers, certain brain cancers, and autoimmune diseases28-30; 2) it 

easily reacts with the four bioreductive groups. Given its critical role in hypoxic 

tumor penetration, water-solubility of HAPs was further improved by introduction of 

pyridinium. The designed bioreductive groups possessed different reduction potential 

ranking: nitrobenzofuran (2a) < nitrothiazole (2b) < nitrothiophene (2c) < nitrofuran 

(2d) (Fig. 1). Following conjugation with phosphoramide mustard cytotoxic 

components and pyridinium, the reduction potential of the obtained HAPs (H) 

corresponding to the bioreductive groups was -1.45 V (H1), -1.39 V (H2), -1.32 V 

(H3) and -1.56 V (H4) via cyclic voltammetry characterization, respectively. Due to 

the prodrugs embedding an identical cytotoxic component but having varied 

bioreductive groups, this provided a well-designed and new model system, as a 

platform to understand not only the relevance among molecular structures, the 
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reduction potential of whole HAPs molecules and oxygen concentration but also the 

interaction between the HAPs and biological systems.

Four kinds of novel hypoxia-responsive prodrugs were synthesized by multiple 

step reactions of different nitro group-based precursor molecules with phosphoramide 

mustard. In a typical reaction, nitro-based aromatic aldehydes (i.e. nitrobenzofuran, 

nitrothiazole, nitrothiophene and nitrofuran) were reduced by sodium borohydride in 

methanol or tetrahydrofuran31. The resulting molecules were subsequently conjugated 

with phosphoramide mustard to obtain major components of the HAPs. To improve the 

water-solubility of HAPs 32, 33, pyridine cationization reaction was further performed. 

The detailed reaction routes were shown in Scheme S1. The successful synthesis of four 

prodrugs was confirmed by NMR characterization. These HAPs displayed high 

solubility, with >100 mg/ml in water solution.

Figure 1. Molecular structures and reduction potential of different bioreductive groups 
(upper) and the corresponding HAPs (bottom).

Cytotoxicity of different HAPs under various O2 concentrations

We further explored whether the four prodrugs, H1-H4, could be activated under 

hypoxia. As such, different cancer cells such as HepG2 and 3LL cells were cultured at 
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0.5% O2 for evaluation of the activity of the prodrugs, and this was followed by 

assessment by standard cell activity assays. All four of the prodrugs showed a 

concentration-dependent inhibition effect on HepG2 and 3LL cells, especially H4 (Fig. 

2A). The inhibition ability of H4 on HepG2 was 2.1-, 4.4- and 6.9-fold higher at the 

concentration of 200 μM, compared to that of H1, H2 and H3, respectively, which was 

comparable with 3LL cells. Importantly, we found an excellent linear relationship 

between the reduction potential of whole HAPs molecules and cell viability for both 

cancer cells (Fig. 2B), and this was irrelevant to the reduction potential of bioreductive 

groups (Fig. S1). Since the reduction potential of whole prodrug molecules was ranked 

as: H4 < H1 < H2 < H3, the lower reduction potential of whole prodrug molecules 

presented a higher cytotoxicity, which was not cell type dependent. Next, H4 was 

selected to evaluate whether the cytotoxicity of the prodrugs was oxygen-dependent. 

Both HepG2 and 3LL cells were cultured at different O2 concentration (i.e. 21%, 10%, 

5%, 2% and 0.5%), and the results showed that the cytotoxicity of H4 was increased 

along with the reduction of O2 concentration (Fig. 2C). A linear relationship between 

O2 concentration and cell viability was also established, which revealed that the 

activation of the prodrugs was strongly dependent on hypoxic condition (Fig. 2D). The 

results were further confirmed by various other cancer cell types, such as U87, HT1080, 

PC3, 4T1 and B16 (Fig. S2). Based on the above results, the reduction potential of 

whole HAPs molecules and O2 concentration determined the activity of the prodrugs. 

Thus, we further explored the effect of these two aspects on the colony formation 

capacity of HepG2 cells in response to H4 treatment. The colony formation rate after 

H4 treatment was about 2-fold reduction at hypoxic condition (0.5% O2) compared to 

the untreated groups, while no significant changes of colony formation were observed 

for H3 treatment under either hypoxic or normoxic conditions (Fig. 2E and F). More 
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strikingly, the colony formation capacity of H4 treated 3LL cells was decreased by 

approximately 8-fold under hypoxia, compared to untreated 3LL cells (Fig. S3).

Figure 2. Effect of different HAPs on cancer cells under various O2 concentrations. (A) 
Inhibition rate of HepG2 and 3LL cells following treatment with H1-H4 under hypoxia (0.5%) 
for 24 h, respectively. (B) The linear relationship between cell viabiltiy at 200 μM HAPs and 
the reduction potential of whole HAPs molecules. (C) Cytotoxicity of H4 for HepG2 and 3LL 
cells at different O2 concentrations (i.e. 21%, 10%, 5%, 2% and 0.5%) after 24 h treatment. (D) 
The linear relationship between cell viability at 200 μM HAPs and O2 concentration. (E) 
Representative images and (F) quantification analysis of the colony formation capacity of 
HepG2 cells treated with H4 under normoxic (21%) and hypoxic (0.5%) conditions for 7 days. 

HAPs reduction assay in vitro

As shown above in Fig. S2, the cytotoxicity of H4 was obviously varied in different 

cancer cell types, demonstrating that the activation of H4 under hypoxia was cell type-

dependent. It has been identified that the expression level of POR in cancer cells is 

responsible for the activation of hypoxia-activated prodrugs (HAPs) 34, 35. We thus 
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explored whether the cleavage of H4 was POR dependent by incubation H4 with 

purified POR, together with NADPH as co-substrate for 2 h under hypoxia. The 

fluorescent signal of H4 showed a 21.5% reduction by comparison before and after 

POR treatment (Fig. S4). Furthermore, the resulting compound after reaction was 

purified by column chromatography on silica gel and characterized with NMR, showing 

a clear peak of nitrofuran following the cleavage of ester linkage of H4 (Fig. 3A). To 

demonstrate the effect of POR expression on H4 cytotoxicity, we next checked the 

cytotoxicity of H4 as well as POR expression in various human and mouse cancer cells, 

including HepG2, U87, PC3, HT1080, 3LL, 4T1 and B16. We found both cytotoxicity 

(Fig. 3B) and POR expression (Fig. 3C) were cell type-dependent. Interestingly, the 

cytotoxicity of H4 on different cancer cells was association with POR expression, a 

correlation that was statistically significant in a pooled analysis of seven different cell 

lines (P < 0.05) (Fig. 3D).

Anti-cancer mechanism

We next sought to understand the detailed molecular mechanism of the HAPs in 

inhibiting cancer cell growth. HepG2 cells treated with H1-H4 under hypoxia were 

stained with Annexin V and PI for apoptosis analysis, and the results showed a notable 

increase of the percentage of apoptotic cells, with ~2.1-fold elevation after H4 treatment 

compared to untreated cells (Fig. 4A and B). In addition, cell cycle progression of 

HepG2 treated with H1-H4 was further evaluated by flow cytometry analysis. As shown 

in Fig. 4C and D, the changes of cell cycle progression occurred after treatment with 

the prodrugs, especially for H4. After H4 treatment, compared to untreated cells, cells 

of G0/G1 phase increased from 18.6% to 27.4%, whereas cells in G2/M decreased ~2-

fold. Taken together, these data suggest that the prodrug H4 inhibited cancer cell growth 
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Figure 3. Effect of reductase on H4 activation under hypoxic condition. (A) 1H NMR 
characterization of H4 and the released bioreductive groups after treated with POR under 0.5% 
O2. (B) Inhibition effect of H4 on various human (left) and mouse (right) cancer cells under 
0.5% O2. (C) RT-PCR analysis of POR expression level in various human (left) and mouse 
(right) cancer cells under 0.5% O2. (D) The linear relationship between IC70 of H4 and POR 
expression level.
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in hypoxic conditions, and this was mainly due to increased cell apoptosis and cell cycle 

arrest.

Figure 4. Effect of H1-H4 on HepG2 cell apoptosis and cell cycle. HepG2 cells were treated 
with H1-H4 under hypoxic condition for 24 h, respectively. (A, B) FACS analysis of untreated 
control (CTL) and H1-H4 treated cells stained with Annexin V and PI. The relative fraction of 
live and apoptotic cells was quantified. (C, D) FACS analysis of CTL and H1-H4 treated cells 
stained with PI. The relative fraction of cells in the different cell-cycle stages (G0/G1, S, G2/M) 
was quantified.

In vivo anti-cancer effect and activation mechanism of the HAPs

Next, we studied the effect of the prodrugs on in vivo tumor growth in various mice 

models xenografted with HepG2, U87 and 3LL cells. Prior to exploring anti-tumor 

efficacy of the prodrugs, the occurrence of hypoxia was checked in these three tumor 

models. The hypoxic areas, blood vessels and cell nuclei of the tumor tissues were 

stained with anti-pimonidazole antibody (green), anti-CD31 antibody (red) and DAPI 

(blue), respectively. We found abundant hypoxic regions within tumor, but limited 

blood vessel distribution was observed in hypoxic regions. The vessel density in 
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hypoxic area was less than one-third of that in normoxic tumor regions of the same 

tumor among all three tumor models (Fig. 5A-C), which was consistent with previous 

reports1, 36-39. In other words, direct delivery of the prodrugs into hypoxic regions was 

really difficult due to the inaccessibility of hypoxic area by systemic administration of 

therapeutic agents. We then evaluated whether systemically administered prodrugs 

delayed tumor growth. The mice bearing HepG2, U87 or 3LL were randomly divided 

into three groups, respectively, and were injected with PBS, H3 (prodrug control) and 

H4. As shown in Fig. 5D-F, tumor growth was significantly inhibited after H4 treatment 

for all three tumor models. In contrast, the tumor volume showed no statistical changes 

in H3 treated groups. Additionally, in all groups of the three tumor models, no 

significant changes in the body weight of mice were observed, as shown in Fig. S5; 

suggesting that both H3 and H4 had no apparent systemic toxicity.

The potential in vivo anti-cancer mechanism of the prodrugs was further 

explored. The tumors from HepG2 groups were dissociated to single cell suspension by 

trypsinization, and then the cells were stained with Annexin V-FITC and PI. As shown 

in Fig. 6A, a 2.5- and 1.4-fold increase of apoptotic percentage in H4 treated tumor was 

observed by comparing to that of untreated and H3 treated tumors, respectively. 

Subsequently, the distribution of apoptotic cells in tumor tissue was analyzed via 

TUNEL staining for cell apoptosis along with anti-pimonidazole immunostaining for 

hypoxia. The representative images, shown in Fig. 6B, displayed the substantial 

increase of cell apoptosis in H4-treated tumor tissues compared to untreated and H3 

treated tissues. Quantification analysis of the percentage of positive apoptotic cells in 

untreated, H3 and H4 tissues accounted for 18.4±0.8, 19.3±1.4 and 28.4±1.3 of total 

cancer cells, respectively (Fig. 6C). Furthermore, H4-treated tumor tissues presented 

that cell apoptosis in hypoxic areas was ~15.6-fold higher than nomoxic areas (Fig. 6D)
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Figure 5. In vivo anti-cancer effect of H4 treatment. Representative confocal images of 
distribution of hypoxia (green) and blood vessels (red) in various xenograft tumor tissues, 
including (A) HepG2, (B) 3LL and (C) U87. Blue color represents cell nuclei. Scale bar = 100 
μm. Tumor growth curve of (D) HepG2, (E) 3LL and (F) U87 untreated or treated with H3 and 
H4, respectively. n = 6/group. **P<0.01.

and the signal intensity of positive apoptotic cells in tumor tissues was highly 

concomitant with that of hypoxic status (Fig. 6E), revealing that the occurrence of cell 

apoptosis mainly localized in hypoxic areas. As shown in Fig. 6A, hypoxic regions of 

tumors lacked blood vessels and, thus, were not readily accessible by systemically 

administered therapeutic agents. Thus, the results also implied that our designed H4 

prodrugs directly induced cell apoptosis following their penetration into hypoxic tissues, 

most likely due to their high water-solubility20, 22, 40. Given the main action of HAPs on 

hypoxic cancer cells, and thus, developing hypoxic cell-targeting strategy for HAPs 
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accumulation into hypoxic cancer cells should be an unneglectable factor for anti-

cancer HAPs design.

Figure 6. In vivo anti-cancer and activation mechanism of HAPs. (A) Flow cytometry and 
quantification analysis of HepG2 tumor apoptosis by Annexin V and PI staining. (B) 
Representative images of hypoxia (green) and TUNEL (red) staining of HepG2 tumor tissues 
following H3 and H4 treatment, respectively. Scale bar = 200 μm. (C) Quantification analysis 
of apoptosis signal (TUNEL staining) within HepG2 tumor untreated or treated with H3 and 
H4, respectively. (D) Quantification analysis of apoptosis signal intensity in hypoxic and 
normoxic tumor tissues following H4 treatment. (E) A co-localization analysis of the 
distribution of hypoxia and apoptosis in H4 treated tumor tissue based on the plot profile of 
white cross line from (B).

In conclusion, our designed a series of novel HAPs provided a basis for comprehensive 

understanding the interaction between hypoxia-targeted prodrugs and hypoxic tumor 

tissue. By evaluation of the interaction between four HAPs and various cancer 

cells/tissues, we demonstrated that both molecular structure and hypoxic biological 

system play critical role in anti-cancer activity of the prodrugs designed. For HAPs 

molecules design, our results revealed that the larger redox propensity of full HAPs 
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molecules had the higher anti-cancer property via the release of effector molecules 

under hypoxia, while the anti-cancer activity was not dependent on the reduction 

potential of bioreductive activated groups. However, addition of the bioreductive 

moiety as electron-attracting groups was the prerequisite for increasing electron affinity 

of HAPs. Thus, both redox properties of full molecules and activated bioreductive 

groups are necessary design considerations. In biological systems, the linear 

relationship of reductase enzyme expression or oxygen status with cytotoxicity of the 

HAPs revealed that tumor heterogeneity was also essential for anti-cancer efficacy of 

the prodrugs. Remarkably, hypoxic cell-targeting of drug molecules is still a  

challenging factor, due to limited blood vessels in tumor hypoxic regions. Our designed 

prodrugs, with high water solubility, penetrated into hypoxic tumor regions to directly 

induce cell apoptosis. However, physiological solubility merely improves the diffusion 

of drug in tumor tissues, but in essence does not increase hypoxic cell uptake and drug 

retention in cells. Design of hypoxic-targeted prodrugs for tumor hypoxic cell 

accumulation would be promising for effective drug delivery in future. In summary, 

this study provides substantial information for guiding the design of hypoxia-targeting 

compounds and has broad applications for the development of hypoxia-related drug 

delivery strategies.

SUPPORTING INFORMATION

The Supporting Information is available free of charge at https://pubs.acs.org/doi/. 

Figures of the synthetic routes of HAPs, the relationship between cell viability and the 

reduction potential of bioreductive groups, and the effect of H4 on cell proliferation, 

colony formation and body weight of mice xenografted tumor models (PDF). 
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