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Introduction
Breast cancer is the second most common cancer in the 
world. The most predisposing factors to breast cancer 
are sexual hormones, age, familial history, and long-term 
radiation exposure. Depending on ER, PR and HER2/neu 
receptors, breast cancer is divided into four subgroups 
luminal A, luminal B, triple negative (TNBC) and triple 
positive. Unlike their initial success, available treatment 
methods including surgery, chemotherapy, radiation and 
endocrinal therapy have faced side effects and clinical 
challenges.1,2 So, focuses were placed on molecularly 
targeted therapies using nano drug delivery systems 
(NDDSs) such as liposomes,3 niosomes,4,5 polymeric 
NPs,6-8 hydrogels,9,10 metallic NPs,11,12 exosomes,13,14 and 
biomimetic nanoparticles (NPs),15 among others. Despite 

the diversity in the design of NDDSs, controlling drug 
release is deemed successful. To tackle this, smart and 
multi-sage acting NPs emerged which take advantage 
of specific tumor microenvironment features such as 
temperature, acidity, hypoxia, redox, presence of specific 
enzymes and so on for their self-activation only upon 
localization in the desired site.16-18

Hypoxia as one of the key hallmarks of tumor 
microenvironment is a key barrier for efficient drug 
delivery. Hypoxic cells are deeply embedded within 
tumors in the middle and central layers far from the 
blood vessels and, thus are inaccessible to systematically 
administered therapeutics and NPs.19,20 Plus, hypoxia leads 
to drug resistance and increased proliferation of cancer 
cells via disturbing the key cellular signaling pathways 
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Abstract
Purpose: We report on the design of hypoxia-induced dual-stage acting dendrimeric nanoparticles 
(NPs) for selective delivery of two chemotherapeutic model drugs doxorubicin (DOX) and 
tirapazamin (TPZ) for deepened drug delivery into hypoxic tumors in vitro. 
Methods: PAMAM G5 dendrimers were crosslinked with a hypoxic azo linker, attached to a 
mPEG to form a detachable corona on the dendrimer surface (PAP NPs). NPs were characterized 
by Zeta sizer, transmission electron microscope (TEM), Fourier transforms infrared (FTIR) and 
drug release kinetics. The anti-cancer performance of PAPs was evaluated by numerous tests in 
2D and 3D cultured MDA-MB-231 breast cancer cells. 
Results: MTT assay showed a significant difference between PAP and PAMAMG5 in terms 
of biocompatibility, and the effect of PAP@DOX was significantly greater than free DOX in 
hypoxic conditions. The results of DAPI and Annexin V-FITC/PI cell staining also confirmed 
uniform drug penetration as validated by induction of 90% cell apoptosis in spheroids and a 
high level of PAP@DOX-induced ROS generation under hypoxia conditions. Mechanistically, 
PAP@DOX significantly reduced the expression of mTOR, and Notch1, while the expression 
of Bax and Caspase3 was considerably unregulated, compared to the controls. Importantly, 
hypoxia-responsive disintegration and hypoxia-induced activation of HAP drug were synergized 
to promote deep and homogenous HAP distribution in whole microtumor regions to efficiently 
eliminate residual tumor cells. 
Conclusion: Our results indicate the safety and high therapeutic potential of PAP system for 
targeted drug delivery of chemotherapeutics in particular HAPs which show maximum anti-
cancer activity against hypoxic solid tumors.
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involved in tumor stemness features, dormancy and 
metastatic spread. So, ideal NDDS should be able to drill 
into tumor core, specifically and homogenously deliver 
the drug into the hypoxic core in a controlled manner.3,21-24 
In this regard, one can use a hypoxia-responsive linker 
in the design of NPs or a hypoxia-activating prodrug 
(HAP) such as Tirapazamin (TPZ) which shows optimal 
and enhanced function under hypoxia than normoxia 
condition.25,26 Meanwhile, in the design of hypoxia-
responsive nanocarrier, small polycationic NPs such 
as chitosan, dendrimers and polyethylene imine (PEI) 
are good candidates benefiting from a high penetration 
efficiency into the biological membranes.27 In particular, 
poly(amido)-amine (PAMAM)-dendrimer can also 
perform endosomal escape through the “proton sponge 
effect” and in the same way can act as a multi-drug loading 
carrier. However, toxicity issues and capture by non-target 
cells such as immune cells should yet be avoided.28 To 
resolve this, one study reported iCluster NDDS based 
on dendrimers which are coated onto PCL-CDM, PEG- 
b-PCL, and PCL by  nanoprecipitation method using a 
pH-cleavable amide linker and can shift their size from 
~100 nm to ~5 nm selectively upon localization into 
hypoxic 4T1 breast tumors for cisplatin delivery and pose 
potent anti-metastatic potential with more than 110 days 
tumor-free survival in mice.29 In another formulation, 
a dendrimeric NP with a size of ~200 nm and hypoxia-
responsive size-reducing potential is used for the delivery 
of HIF-1α-siRNA and doxorubicin (DOX) to hypoxic 
breast cancer cells.30 Likewise, self-assembled PEG and 
poly[glutamic acid (3-(2-nitro-imidazolyl)-propyl)] are 
used as a hypoxia-responsive NDDS for selective delivery 
of DOX.31 Other formulations have used hypoxia-
responsive NPs for selective delivery of HAPs.32 Recently, 
our group formulated hypoxia-responsive chitosan 
NPs for fingolimod delivery, which achieved superior 
performance in inhibiting highly-proliferative 4T1 tumors 
in mice.18 

With this in mind, we formulated a hypoxia-responsive 
multi-stage acting dendrimeric system with good stability, 
high safety profile and desirable drug loading content 
for specific and controlled delivery of two model drugs 
DOX and TPZ into hypoxic triple-negative breast cancer 
(TNBC) tumor cells. A single low dose of PAP@TPZ2 
was capable of homogenous distribution and widespread 
induction of apoptosis and destruction of large hypoxic 
MDA-MB-231 spheroids in vitro.

Materials and Methods 
Materials
Bi-functional 4,4-dicarboxylic Azo linker (AZ) 
with 300Da MW was purchased from TCI, USA. 
Methoxy PEG (NHS-PEG-methoxy, MW 3000Da), 
1-Ethyl-3-[3-(dimethylamino) propyl] carbodiimide 
(EDC), N-hydroxysuccinimide (NHS), Generation 
5 polyamidoamine (PAMAM G5) dendrimer (28.8 

kDa), cellulose dialysis bag (cut off 12-14 kDa), 
4,6-diamidino-2-phenylindole dihydrochloride (DAPI), 
2′,7′-Dichlorofluorescin diacetate (H2DCFDA), 
Annexin-V-FITC Pi KIT, phosphate buffered solution 
(PBS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2Htetrazolium bromide (MTT), and Trypsin-EDTA, and 
TPZ were obtained from Sigma-Aldrich St. Louis, MO, 
USA. The source of other used materials was as follows: 
Doxorubicin hydrochloride (Azista Industries Pvd Ltd), 
RPMI1640 and FBS (AnnaCell, ScienCell, USA), Pensterp 
solution (P/S, ScienCell, USA), Rhodamin 123 (Dojindo, 
Japan), Agarose powder, DNA safe stain and RNAX Plus 
solution (Cinnagene Co, Iran), SYBR™ Green real Time 
PCR master mix (RealQ Plus 2x Master Mix Green, 
Ampliqon), First strand cDNA synthesis kit (Thermo 
Fisher, Waltham, Massachusetts, USA). Primers were 
synthesized by CinaClone, Iran. All other reagents and 
solvents used in this work were analytical grade and were 
obtained from Merck. 

Nanoparticle preparation 
Nanoparticle synthesis 
20mg of azo-linker was added to 1 mL pyridine on the 
stirrer. Then, 20 μL of EDC and 12μL of NHS were used 
to activate the carboxyl groups for 2 hours by stirring. 
Thereafter 100 mg of Methoxy polyethylene (mPEG) were 
solved in 5mL water and added to the solution using a 
syringe pump instrument on the stirrer for 24 hours. The 
solution was then introduced to an evaporator (50 °C) 
to remove solvent phases, and then heated for 24 hours 
in the oven (40 °C). After that, 6 mL dichloromethane 
solvent was added and vortexed. Then, 5 mL of diethyl 
ether was added and centrifuged to purify and precipitate 
free Azo. Supernatants were collected into a falcon tube 
under the laminar hood. The reaction between PEG-
AZO-COOH and PAMAM-NH2 in PBS (pH = 7.4) was 
promoted by stirring at room temperature for 24 hours. To 
this, 40 mg of mPEG-azo was suspended in 2 mL of PBS 
(pH = 7.4). Finally, 70 μL of PAMAM G5 dendrimer (5 wt. 
% in methanol) was added to the mPEG-AZO and placed 
on the stirrer overnight. The final product was dialyzed 
against PBS using Amicon Ultra tubes (MWCO 10000) to 
obtain mPEG-AZO-PAMAM.

Drug loading 
Two milligrams of DOX or 1 mg TPZ were dissolved in 
methanol and mixed physically with mPEG-dendrimer 
overnight in the dark. For the removal of unloaded drugs, 
dialysis was performed twice. 

Encapsulation efficiency 
Two milliliters of PAP@DOX or PAP@TPZ was poured 
into 12 kDa dialysis bag and placed into a flask containing 
PBS. After 30 minutes, the absorbance of the drugs was 
read using a spectrophotometer (Cecil BioAquarius CE 
7250, England). Then, the amount of unloaded drug 
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concentration is calculated according to drug standard 
curves. Eventually, encapsulation efficacy and drug 
loading percentage are obtained from the following 
formula:

( ) initial drug concentraion unload drug concentraion  % *100
   

Drug encapsulationefficiency
initial drug concentraion

−
=

Drug release studies
The release profile of drugs from PAP NPs was performed 
by dialysis bag diffusion method. To this, 2 mL of each NP 
was dialyzed in 100mL PBS solution with pH 7.4 and pH 
5.4 on a shaker incubator at 37 °C. Then 2 mL of samples 
were withdrawn at specific intervals and to maintain sink 
condition same amount of PBS was added. The absorbance 
of samples was read separately for DOX (λmax = 485 
nm) and TPZ (λmax = 450 nm). Finally, concentrations 
of released drugs were obtained from standard curves. 
We also studied drug release kinetics of both drugs by 
mathematical models including Zero-Order, First-Order, 
Higuchi, Hixson-Crowell and Peppas Korsmeyer.

Nanoparticle characterization 
Fourier transforms infrared (FTIR) spectroscopy
FTIR analysis was conducted in reference to our previous 
works.33-36 Briefly, to investigate the chemical structure 
of PAP by FTIR, 1 mg of mPEG-Azo, and PAMAM 
G5-mPEG-Azo samples were mixed with potassium 
bromide (KBr), and the mixture was compressed in a 
disk and evaluated in the IR range of 400-4000 cm-1 using 
Fourier transform infrared spectrometer (FTIR 4300, 
Schmatz, Japan).

Particle size distribution and zeta potential
Particle size, poly dispersity index (PDI) and surface 
charge of NPs were measured by dynamic light scattering 
(DLS) and zeta sizer at 25 °C (Zetasizer Nano ZS90, 
Malvern Instruments, Malvern, UK).

Size and morphology of PAMAM- mPEG-Azo
The morphology, topography, size and distribution of 
PAP NPs were further studied using transmission electron 
microscope (TEM).

2D cell culture 
MDA-MB-231 cell line (Pasteur Institute of Iran, Tehran) 
were cultured in RPMI supplemented with 10% FBS, 
streptomycin and penicillin in an incubator at 37 °C with 
90% humidity and 5% CO2. When cells reached 75% 
confluency, cells were trypsinized and counted using 
trypan blue staining for further studies.

MTT assay 
The cytotoxicity and biocompatibility of PAP and PAP@
Dox on MDA-MB-231 cell line were evaluated by MTT 
assay under normoxia and hypoxia conditions. For this 
purpose, firstly, each well of the plate was filled with 200 

µL of the complete culture medium containing 6000 cells. 
After 24 hours incubation, the cells were treated with 0, 
10, 20, 30, 40 concentrations of free DOX, PAMAM@
DOX, PAP@DOX, PAMAM, PAP. Then the treated cells 
were incubated for 24 hours in a 37 °C incubator. Then, 
50 µL of 2 mg/mL MTT solution was added to each well. 
Untreated cells were considered as negative controls. After 
4 hours, the media was carefully removed and 200 μL of 
DMSO was replaced. Then, the plates were incubated 
for 60 minutes at 37 °C and the absorbance of formazan 
was measured at 570 nm using an ELISA reader device 
(Bioteck). The relative toxicity was obtained by comparing 
the percentage of living cells to controls in quadruplets. 

To evaluate the efficiency of PAP@DOX under hypoxic 
conditions, we used a hypoxic incubator with < 1% 
oxygen. After the cells reached 80% confluence, the cells 
were counted by trypan blue staining and 10 000 cells were 
added to each well of the 96-well plate. After 24 hours, the 
cells were incubated for 6 hours in a hypoxia incubator 
and then drug treatment was done for DOX and PAP@
DOX (0, 2.5, 5, 10, 20 μg/mL). 

3D cell culture and tumor spheroid formation
Multicellular tumor spheroid was formed by culture of 
20 000 MDA-MB-231 cells on 1% agarose embedded 
96-well plates for 24 hours. Then, spheroid size and 
morphology are monitored by an optical microscope 
every day. To evaluate PAP@DOX, PAP@TPZ and free 
DOX penetration into hypoxic spheroid core, spheroids 
were treated with PAP@DOX for 24, 48 and 72 hours. 
Eventually, size and morphology changes were assessed by 
an optical microscope (Olympus, Japan).

DAPI staining 
DAPI staining was used to further evaluate apoptotic cell 
changes in MDA-MB-231 spheroids treated with PAP and 
PAP@DOX for 24 hours. Then, cells in 96-well plates were 
washed with PBS and fixed with 4% paraformaldehyde for 
10 minutes and then washed with PBS three times. Next, 
cells were treated with 0.1% Triton X100 for 10 minutes, 
and again washed with PBS three times. Finally, DAPI 
dye was added and plate was incubated in the dark for 3 
minutes. The results were visualized with Citation V cell 
imaging system (Bioteck).

Annexin-FITC/PI staining 
Annexin-FITC staining (green color) and propidine 
iodine (red color) was used to determine the amount of 
live (pre-apoptotic) cells and dead (apoptotic) cells, in 2D 
and 3D cultured tumor cells respectively. For this, cells 
with a density of 2 × 105 cells were cultured in a 24-well 
plate and treated with PAP@DOX and DOX for 24 hours. 
After that, cells were washed twice with PBS and then 
stained with 5 µL of Annexin V-FITC and 2 μL of PI dye 
for 10 minutes. Results were analyzed using Citation V cell 
imaging system with filters of 515-545 nm for FITC and 
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535-617 nm for PI.

DCFH test
ROS generation was measured using H2DCFDA as 
ROS marker. For this purpose, MDA-MB-231 cells were 
cultured in 21% normoxia and 1% hypoxia in 24-well 
plates and after reaching the appropriate density, 5 × 103 
cells/well were seeded and 24 hours later were treated 
with PAP@DOX for 24 hours. Then, treated with 10 µM 
H2DCFDA in RPMI-1640 medium for 24 hours at 37 °C. 
Next, the supernatant was discarded and the cells were 
washed 3 times with PBS. Finally, the reduction of DCF 
substance and the fluorescence intensity were immediately 
read at wavelengths of 475-570 nm by a microplate reader 
(BioTek, Winooski, VT, USA). Data were expressed as 
mean fluorescent intensity (MFI) calculated by ImageJ 
software.

Reverse transcription (RT) real-time PCR 
To this end, total cellular RNA from MDA-MB 231 
spheroids treated with PAP@DOX2 as well as untreated 
cells as controls was isolated using RNAX Plus solution 
(Cinagene, Iran) according to the manufacturer’s 
instructions. The quantity and quality of total RNA was 
evaluated using Nanodrop (Thermo Scientific, USA). 
Reverse transcription of isolated RNAs (1 μg) was 
performed by a cDNA Synthesis Kit. And, finally real-
time PCR reactions were performed using Master SYBR 
Green according to our previous works.37 PCR reaction 
was set on a real-time PCR instrument (96 Light Cycler, 
Roche, Germany) at 95 °C for 3s, followed by 45 cycles 
at 95 °C for 5 seconds and 60 °C for 30s. Specific relative 
mRNA expression levels of genes were normalized to 
the endogenous control gene GAPDH. The sequence of 
primers is shown in Table 1. Finally, the ΔΔCt method was 
used for data analysis using the following formula:
Fold change = 2-ΔΔCT

Statistical analysis 
Data were presented as mean ± standard deviation (SD) 
and were analyzed by GraphPad Prism version 9.0. 
Student’s t-test and two-way analysis of variance (ANOVA) 
followed by post hoc Tukey test was used to analyze the 
difference among experimental groups. All experiments 

were performed at least as duplicates. Values of P < 0.05 
were considered statistically significant.

Results and Discussion
Characterization of hypoxia-sensitive nanoparticles 
PAMAM dendrimer G5 is reported to exhibit a size 
of ~5.4nm and a high positive charge of ~ + 50.03 mV 
among G0-G7 generations.38 DLS results indicated that 
PAP NPs were successfully synthesized with a size of 
68.38 nm and zeta potential was reduced to + 16.7mV 
(Figure 1A). In line with this, TEM images confirmed a 
size of ~50 nm with spherical morphology for PAP NPs 
(Figure 1B). Drug encapsulation efficiency of TPZ and 
DOX was determined 75.4% and 78.6%, respectively. The 
successful functionalization of mPEG with azobenzene-
4,4’-dicarboxilic acid linker as well as grafting of 
mPEG chains onto PAMAM was verified using FTIR 
spectroscopy as shown in Figure 2. The FTIR spectrum of 
the mPEG was characterized by the stretching vibration 
of terminal hydroxyl group at 3450 cm-1, the stretching 
vibrations of aliphatic C—H groups at 2950 to 2800 cm-1, 
the bending vibrations of C—H groups at 1344 and 1467 
cm-1, and the sharp and strong band at 1110 cm-1 related 
to the stretching vibration of C—O group (Figure 2a). The 
appearance of new adsorption bands at 1557 and 1658 
cm-1 related to the stretching vibrations of aromatic C = C 
and carboxyl groups, respectively, that confirmed the 
successful functionalization of mPEG with azobenzene-
4,4’-dicarboxilic acid moiety (Figure 2b).

The FTIR spectrum of the PAMAM exhibited the 
stretching vibrations of various amides (I, II, and III) at 
1317, 1447, and 1575 cm-1, the stretching vibrations of 
aliphatic C—H groups at 2932 and 2868 cm-1, and the 
broad band centered at 3341 cm-1 related to the amine 
terminal groups (Figure 2c). After grafting of mPEG 
onto PAMAM, the FTIR spectrum showed combination 
adsorption bands of PAMAM and mPEG as seen in 
Figure 2d. The most important adsorption bands in 
the FTIR spectrum of the PAMMAM-g-mPEG are 
the stretching vibrations of remained amine terminal 
groups and adsorbed water molecules at 3421 cm-1, the 
stretching vibrations of various aliphatic C—H groups at 
2950 to 2800 cm-1, the conjugated esteric carbonyl group 
at 1623 cm-1, the stretching vibrations of various amides 
at 1468 and 1346 cm-1, and the sharp and strong band 
at 1111 cm-1 corresponded to the stretching vibration of 
C—O groups. 

Considering numerous biological barriers in the way of 
perfect drug delivery to tumor cells,16 hypoxia-responsive 
NPs can be designed with a size of less than 10 nm for 
better permeability, however, the risk of quick elimination 
through renal filtration should also be avoided. In our 
study, we introduce a multi-stage acting NP in which 
the core of NPs is ultrasmall (5 nm) highly-charged 
PAMAM dendrimer which after 1:1 pegylation, its size 
increased to 68 nm meanwhile the zeta potential was 

Table 1. Sequence of primers for RT real-time PCR

Primer Primer sequence (5′-3′) Product size

Notch1
F:ACAAGGTGTCTTCCAGATCCT
R:CTTGCCCAGGTCATCTACGG

169

GAPDH
F:CAAGCTCATTTCCTGGTATGACA
R:GGGAGATTCAGTGTGGTGGG

189

mTOR
F:ACTGGAGGCTGATGGACACAAA

R:CCGTTTTCTTATGGGCTGGC
132

Bax
F:ATCCAGGATCGAGCAGGGCG
R:GGTTCTGATCAGTTCCGGCA

162

Casp3
F:TGCCTGTAACTTGAGAGTAGATGG
R:CTTCACTTTCTTACTTGGCGA TGG

115
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modulated to + 16 mV. These features made PAP stable 
and compatible, however upon localization into the 
hypoxic core of large TNBC microtumors, PEG shell is 
decomposed due to bioreduction of azo linker, producing 
ultrasmall particles which rapidly cross and penetrate the 
cellular membrane, escaping endosome and efficiently 
delivery chemotherapeutic drug DOX and TPZ to the 
nucleus for efficient ROS generation and induction of 
cell apoptosis. In a similar study, Xie et al reported on 
the design of PAP NPs for combined DOX and anti-HIF 
siRNA delivery. Authors find 20% pegylation better than 
10% pegylation in terms of better cell distribution and 
stability. After loading with DOX, the size of the final NPs 
was 254 ± 72 nm, with a surface charge of 35 ± 3mV.30 In 
our study, the size and zeta potential of our NPs was only 
moderately modified due to less ratio of pegylation (1:1), 
yet we obtained improved stability, decreased toxicity of 
PAP upon cancer cells and superior performance of PAP@
DOX by single agent anti-cancer therapy in large TNBC 
spheroids compared to 180μm reported by Xiang et al.30 

Drug release profile
The drug release profile of PAP@DOX and PAP@
TPZ under pH = 7.4 and pH = 5.4 showed a sustained 
drug release behavior for both NPs, where under acidic 
conditions the drug release profile was markedly higher 
compared to the normal condition (physiologic pH) for 
both NPs. Under acidic conditions, a sustained drug 
release of ~79% and ~75% was recorded for PAP@DOX 
and PAP@TPZ, respectively by 72 hours (Figure 3).

For drug release kinetics, the best-fitted model with 
the highest regression coefficient (R2) close to 1 was 

considered. Accordingly, for PAP@TPZ and PAP@
DOX under physiological and acidic pH the best models 
were Higuchi and Korsmeyer-Peppas, while Higuchi 
describes the drug release by diffusion, Korsmeyer–Peppa 
model describes drug release from a polymeric NP.5,39 
The calculated regression coefficient values are shown 
in Table 2. 

Cytotoxicity assay
Breast cancer is one of the most common cancers, and is 
the second primary cause of death in the world. TNBC 
is a type that lacks or has low levels of estrogen receptor 
(ER), progesterone receptor (PR) and human epidermal 
growth factor receptor 2 (HER2). TNBC accounts for 
15-20% and is the most common type of breast cancer to 
be treated.40 Common treatments are surgery, radiation 
therapy, and chemotherapy, but today, more attention is 
paid to targeted treatments that are associated with fewer 
complications. One of these methods is the application of 
smart nanocarriers that can operate in the conditions of 
the tumor microenvironment, and not the other healthy 
organs or normal cells in the body or blood circulation.41,42 
In our study, we employed MDA-MB-231 cancer cells 
cultured as 2D monolayer as well as 3D mammospheres 
to evaluate anti-cancer potential of hypoxia-responsive 
dendrimeric nanosystems. 

MTT assay was performed under normoxia and 
hypoxia 2D cell culture conditions. Under normoxia 
incubator, PAMAM dendrimer showed toxicity at 10-40 
μg/mL doses. The cytotoxicity profile for studied groups 
was in the order of PAMAM@DOX > free DOX > PAP@
DOX > PAMAM > PAP (Figure 4a). The IC50 value was 

Figure 1. Nanoparticle synthesis and characterization. A, Schematics of PAP preparation and working principle. B,a. DLS and b, zeta potential and C, TEM images 
of PAP NPs
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calculated as 128.8μg (PAP), 75.24 μg (PAMAM), 10.79 
μg (PAP@DOX), 12.3 μg (DOX) and 4.6 μg (PAMAM@
DOX) (Figure 4b). Accordingly, for all doses ranging 
from 10-40 μg/mL, more than 80% cell viability was 
achieved for PAP, indicating the good biocompatibility of 
developed PAP NPs compared to PAMAM. PAMAM@
DOX surpassed DOX and PAP@DOX at doses 10, 20, 
30 μg/mL. However, at the highest dose of 40 there was 
no statistically significant difference among PAP@DOX, 
DOX and PAMAM@DOX (P < 0.05) (Figure 4a). 

Under hypoxic environment, lower doses of PAP@
DOX NPs were capable of reducing cell viability down to 
~20% and 10% at all doses. Meanwhile, cell sensitivity to 
DOX was significantly reduced under hypoxia conditions 
compared to normoxia. These results show the hypoxia-
responsive potential of PAP for self-activation under 
hypoxia conditions (Figure 5a). Also, IC50 value was 
archived at lower doses of ~1.8 μg for PAP@DOX, ~6 
times lower than the dose calculated for DOX (Figure 5b). 

When it comes to drug delivery into the dense and 
hypoxic microenvironment of solid tumors, NPs with 
a small size and positive charge are favorable ones.43 
In this line cationic polymers such as chitosan, PEI 
and albeit branched spheric-shaped polymers such as 
dendrimers are top options. In our unpublished study, 
we find that PAMAM has remarkably high penetration 
depth and transfection ability of chemotherapeutics 
than low molecular weight chitosan, however, in terms 
of compatibility, chitosan is a better option. Different 
generations of PAMAM each display different transfection 
abilities. We used the G5 dendrimer with 128 free amine 
groups, and highest positive charge among G0-G7, and thus 
expected to have more toxicity upon cellular membrane 
at higher concentrations.38,44 In our study, we found that 
PAMAM G5 was non-toxic to cells at concentrations of 
10 to 20 μg/mL, but at higher concentrations, toxicity was 
observed due to the strongly positive charge of the amine 
groups. This toxicity was reduced by pegylated dendrimer 
(PAP) which produced ~100% cell viability for doses (10-
30μg) and more than 70% at the highest studied dose 
(40 μg/mL). 

ROS activity
DCFH test was performed to measure ROS generation 
potential of PAP@DOX under hypoxia and normoxia 
conditions. We observed that PAP@DOX was capable of 
more ROS generation, validated by a higher fluorescence 
intensity achieved in hypoxia (6758.435 ± 25) vs. normoxia 
(6230.607 ± 23) conditions (P < 0.05) (Figure 6).

Figure 2. The FTIR spectra of a, mPEG, b, mPEG-Azo, c, PAMAM, and d, 
PAMAM-g-mPEG

Figure 3. Drug release behavior of PAP@DOX and PAP@TPZ NPs

Table 2. Drug release kinetics of PAP@DOX and PAP@TPZ.

Kinetic 
model

Equation
DOX TPZ

pH = 7.4 pH = 5.4 pH = 7.4 pH = 5.4

Zero-order 0F k t= R2 = 0.756 R2 = 0.768 R2 = 0.752 R2 = 0.690

First order ( ) 1 fLn F k t− = − R2 = 0.845 R2 = 0.880 R2 = 0.823 R2 = 0.843

Higuchi
HF k t= R2 = 0.968 R2 = 0.949 R2 = 0.940 R2 = 0.908

Hixson-
Crowell
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Live/dead staining
Annexin FITC/PI staining which reveals proapototic and 
apoptotic cells as live and dead cells, respectively was 
performed on two-dimensional cell culture under hypoxia 
and normoxia conditions as well as tumor spheroids. In 
line with MTT assay results, we found that the anti-cancer 
efficacy of cancer cells treated with PAP@DOX10 NPs 
was significantly enhanced under hypoxic conditions 
than normoxia, reducing the number of live cells to 24.5% 
and 15.57% under hypoxia and normoxia conditions, 
respectively (P < 0.05) (Figure 7). As a better mimetic of 
tumor hypoxia, live/dead staining was also performed on 

MDA-MB-231 tumor spheroids. The results showed that 
after 72 hours the number of live cells in the untreated 
group was more than 86.94%, while PAP@DOX treatment 
decreased cell viability to 7.77% (Figure 8). In contrast to 
2D cell culture, there was a sharp and obvious difference 
between control and PAP@DOX-treated hypoxic tumor 
spheroids, showing their potential as reliable models of 
tumor hypoxia. 

DAPI staining
We further used DAPI staining for better visualization of 
PAP@DOX10 effect on the morphology and size of TNBC 

Figure 4. 2D cell culture under normoxia conditions. A, cell survival and B, IC50 values of PAP NPs

Figure 5. 2D cell culture under hypoxia conditions. A, cell survival and B, IC50 values of PAP NPs

Figure 6. ROS activity of PAP@DOX under normoxia and hypoxia conditions
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tumor spheroids. As shown in Figure 9, a significant 
decrease in the size of tumor spheroids was apparent in 
the group treated with PAP@DOX10 compared to the 
control (PAP). 

The effect of PAP@DOX on TNBC microtumor size 
We studied the anti-cancer potential of PAP@DOX on 
the size and morphology of large tumor spheroids for 

24, 48 and 72 hours. In the control group, the spheroid 
size was increased from 344.78 ± 20.53 μm (24 hours) to 
358.714 ± 13.13μm (48 hours) and reached the maximum 
size of 404.90 ± 14.90 μm within 72h. In the group treated 
with free DOX, the spheroid size was decreased to 
320.3 ± 18.54 μm for 24 hours, and then 230.214 ± 13.06 
μm for 48 hours and 159.64 ± 17.98 μm after 72 hours 
post-treatment. Finally, for the group treated with PAP@

Figure 7. Live/dead staining of PAP@DOX-treated cells in 2D culture under normoxia and hypoxia conditions

Figure 8. Live/dead staining of PAP@DOX-treated cells in 3D tumor spheroids

Figure 9. The anti-cancer effect of PAP@DOX on tumor spheroids
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DOX10 the spheroid size was significantly dropped to 
195.19 ± 12.61μm within 24 h, 111.64 ± 20.19 μm (48 
hours) and 11.62 ± 5.97μm (72 hours) (Figure 10). Thus, 
PAP@DOX was capable of homogenous distribution and 
penetration into the core of hypoxic tumor spheroids.

The effect of PAP@TPZ on residual tumor cells 
Hypoxia created at the tumor site has been investigated 
and developed as a diagnostic and therapeutic target, 
due to the unique feature of solid tumors that is rarely 
observed in healthy tissue.45 Hypoxia-responsive prodrugs 
(HAPs) are now being examined in numerous clinical 
trials (see for review our recent paper21). RSU-1069, TH-
302, TPZ and PR-104 are examples of clinically tested 
HAPs that specifically activate under hypoxic conditions 
and their optimum activity is enhanced by ~1000 times 
under hypoxic conditions. Furthermore, bioreductive 
agents like Nitroimidazoles (NIs) or their derivatives46 
can be used as hypoxia-reducible crosslinkers for design 
of hypoxia-responsive NPs.47 With this in mind, in 
our study, we employed PAP@TPZ, which realized a 

two-step hypoxia-activatable NDDS, wherein the first 
stage, peg detachment occurs to expose highly-charged 
PAMAM NPs which swiftly penetrate the hypoxic tumor 
core. Then in the second phase, TPZ bioreduction into 
the TPZ radical occurs. Also, as treatment with PAP@
DOX resulted in incomplete microtumor destruction, 
leaving a small fraction of viable cells in the tumor core 
(Figure 10), we sought to examine the therapeutic effect 
of a hypoxia-activated prodrug, TPZ. Surprisingly, unlike 
PAP@DOX10, PAP@TPZ2 treatment not only affected 
tumor edges, in line with enhanced activity of TPZ under 
hypoxia, but it also elicited the maximum potential on 
tumor rim cells and resulted in almost complete tumor 
eradication (Figure 11).

Quantitative RT real-time PCR
To gain insight into the molecular mechanism of action 
of PAP@DOX, we analyzed the gene expression level of 
several key genes. We observed that treatment of TNBC 
tumor spheroids with PAP@DOX2 for 24 hours resulted 
in significant upregulation of BAX and Caspase3 by 11.51 

Figure 10. The effect of PAP@DOX on spheroid size and morphology

Figure 11. The effect of PAP@TPZ2 on residual tumor cells. Rim cells are shown with arrow



PAP@TPZ for deepened chemotherapeutic drug delivery

Advanced Pharmaceutical Bulletin, 2024, Volume 14, Issue 3 643

and 1.049 folds compared to the control group. Also, for 
Notch1, and mTOR as key genes involved in the process of 
metastasis and stem cell formation, a significant decrease 
in mRNA levels was obtained at 2.78 and 2.21 folds 
compared to the control group, respectively (Figure 12).

The efficacy of PAP@DOX was examined by 2D 
cell culture under normoxia (21% O2) and hypoxia 
(1% O2 level) conditions as well as 3D breast cancer 
mammospheres. As relevant biomimetics of tumor 
hypoxia,48 we find the superiority of 3D cell culture 
over 2D in terms of better replications of tumor hypoxia 
levels and thus monitoring the actual drug response. 
The enhancement in NP efficacy (cytotoxicity and ROS 
generation potential) in 2D cell culture under hypoxia 
compared to normoxia was barely 15%-20% as reported 
by Jang et al49 which reported only ~20% increment in 
DOX cytotoxicity under hypoxia vs. normoxia achieved by 
hypoxia-responsive folic acid conjugated glycol chitosan 
NPs upon A549 lung cancer cells. However, using large-
size tumor spheroids, we find a sharp difference among 
the control and NP-treated groups regarding anti-cancer 
action. We were even able to monitor NPs distribution 
and its mechanism of action, which were capable of 
widespread and homogenous drilling starting from tumor 
outer layers and reaching tumor core by 72 hours. We also 
observed significant differences in gene expression in the 
level of key apoptotic genes of Bax, and caspase 3 genes 
as well as stemness and metastasis-promoting genes, 
Notch1 and mTOR. Surprisingly, we find interesting 
results using microtumor models’ systems regarding not 
only mechanism of anti-cancer therapeutic potential but 
also NP mode of distribution within hypoxic and well-
perfused tumor regions. Such that irrespective of drug 
type, dendrimeric NP was highly efficient in widespread 
distribution and penetration into large mammospheres, 
however, we found that the effect of PAP@DOX treatment 
was clearly on tumor bulk focused on outer layers, 
meanwhile the hypoxic core was untouched even after 
72 hours. This was surmounted by the use of TPZ which 
is specifically activated under hypoxia conditions and 
produced TPZ radicals. Thus, both vehicle (PAP) and 
drug (HAP) were synergized to achieve a dual-acting 
potential for targeting and eliminating both nearby and 

distant located tumor cells.

Conclusion
Together, herein we report on the design of a simple 
yet efficient nano drug formulation that possesses good 
biocompatibility, safety, and self-activating potential 
to deliver a variety of anti-cancer agents alone or in 
combination to the core of hard-to-reach solid tumors 
such as TNBC microenvironment. 

Acknowledgments
This study is derived from MSc thesis of Mr. Mohammad Shahpouri 
and supported by Tabriz University of Medical Sciences (grant 
number: 65365).

Authors’ Contribution
Conceptualization: Mehdi Jaymand, Rana Jahanban-Esfahlan.
Data curation: Mohammad Shahpouri, Mohammad Amin Adili-
Aghdam.
Formal analysis: Mohammad Amin Adili-Aghdam, Rana Jahanban-
Esfahlan.
Funding acquisition: Rana Jahanban-Esfahlan.
Investigation: Mohammad Shahpouri, Hossein Mahmudi, Saeedeh 
Ghiasvand, Aysan Salemi, Sajjad Alimohammadvand.
Methodology: Mohammad Shahpouri, Mohammad Amin 
Adili-Aghdam, Aysan Salemi, Sajjad Alimohammadvand, Leila 
Roshangar, Abolfazl Barzegari.
Project administration: Rana Jahanban-Esfahlan.
Resources: Mohammad Shahpouri, Hossein Mahmudi.
Software: Mohammad Shahpouri, Mohammad Amin Adili-Aghdam.
Supervision: Rana Jahanban-Esfahlan.
Validation: Mehdi Jaymand, Rana Jahanban-Esfahlan.
Visualization: Mohammad Amin Adili-Aghdam, Hamed Dadashi.
Writing–original draft: Mohammad Shahpouri.
Writing–review & editing: Mehdi Jaymand, Rana Jahanban-
Esfahlan.

Competing Interests
None to declare.

Ethical Approval 
This study was approved by Tabriz University of Medical Sciences 
(ethical code: IR.TBZMED.VCR.REC.1399.456)

Funding
This study was supported by Tabriz University of Medical Sciences 
(grant number: 65365).

Figure 12. Gene expression analysis of key apoptosis and metastasis-related genes in TNBC model treated with PAP@DOX2



Shahpouri et al

Advanced Pharmaceutical Bulletin, 2024, Volume 14, Issue 3644

References 
1. Vikram R, Chou WC, Hung SC, Shen CY. Tumorigenic and 

metastatic role of CD44(-/low)/CD24(-/low) cells in luminal 
breast cancer. Cancers (Basel) 2020;12(5):1239. doi: 10.3390/
cancers12051239

2. Prat A, Parker JS, Karginova O, Fan C, Livasy C, Herschkowitz 
JI, et al. Phenotypic and molecular characterization of the 
claudin-low intrinsic subtype of breast cancer. Breast Cancer 
Res 2010;12(5):R68. doi: 10.1186/bcr2635

3. Dianat-Moghadam H, Heidarifard M, Jahanban-Esfahlan R, 
Panahi Y, Hamishehkar H, Pouremamali F, et al. Cancer stem 
cells-emanated therapy resistance: implications for liposomal 
drug delivery systems. J Control Release 2018;288:62-83. doi: 
10.1016/j.jconrel.2018.08.043

4. Kaveh Zenjanab M, Dalir Abdolahinia E, Alizadeh E, 
Hamishehkar H, Shahbazi R, Ranjbar-Navazi Z, et al. 
Hyaluronic acid-targeted niosomes for effective breast cancer 
chemostarvation therapy. ACS Omega 2024;9(9):10875-85. 
doi: 10.1021/acsomega.3c09782

5. Sharifi-Azad M, Kaveh Zenjanab M, Shahpouri M, Adili-
Aghdam MA, Fathi M, Jahanban Esfahlan R. Codelivery of 
methotrexate and silibinin by niosome nanoparticles for 
enhanced chemotherapy of CT26 colon cancer cells. Biomed 
Mater 2024. doi: 10.1088/1748-605X/ad5d9b

6. Dadashi H, Vandghanooni S, Karamnejad-Faragheh S, 
Karimian-Shaddel A, Eskandani M, Jahanban-Esfahlan R. A 
rapid protocol for synthesis of chitosan nanoparticles with 
ideal physicochemical features. Heliyon 2024;10(11):e32228. 
doi: 10.1016/j.heliyon.2024.e32228

7. Eskandani M, Derakhshankhah H, Zare S, Jahanban-
Esfahlan R, Jaymand M. Enzymatically crosslinked magnetic 
starch-grafted poly(tannic acid) hydrogel for “smart” cancer 
treatment: an in vitro chemo/hyperthermia therapy study. 
Int J Biol Macromol 2023;253(Pt 6):127214. doi: 10.1016/j.
ijbiomac.2023.127214

8. Jahanban-Esfahlan R, Massoumi B, Abbasian M, Farnudiyan‐
Habibi A, Samadian H, Rezaei A, et al. Dual stimuli-responsive 
polymeric hollow nanocapsules as “smart” drug delivery system 
against cancer. Polym Plast Technol Mater 2020;59(13):1492-
504. doi: 10.1080/25740881.2020.1750652

9. Dadashi H, Eskandani M, Roshangar L, Sharifi-Azad M, 
Shahpouri M, Cho WC, et al. Remotely-controlled hydrogel 
platforms for recurrent cancer therapy. J Drug Deliv Sci 
Technol 2023;82:104354. doi: 10.1016/j.jddst.2023.104354

10. Derakhshankhah H, Haghshenas B, Eskandani M, Jahanban-
Esfahlan R, Abbasi-Maleki S, Jaymand M. Folate-conjugated 
thermal- and pH-responsive magnetic hydrogel as a drug 
delivery nano-system for “smart” chemo/hyperthermia therapy 
of solid tumors. Mater Today Commun 2022;30:103148. doi: 
10.1016/j.mtcomm.2022.103148

11. Eskandani M, Jahanban-Esfahlan R, Sadughi MM, Jaymand 
M. Thermal-responsive β-cyclodextrin-based magnetic 
hydrogel as a de novo nanomedicine for chemo/hyperthermia 
treatment of cancerous cells. Heliyon 2024;10(11):e32183. 
doi: 10.1016/j.heliyon.2024.e32183

12. Nayerpour Dizaj T, Jafari-Gharabaghlou D, Farhoudi Sefidan 
Jadid M, Jahanban R, Rahimi M, Farajollahi MM, et al. 
Fabrication of antibody conjugated super magnetic oxide 
nanoparticles for early detection of prostate cancer. Asian 
Pac J Cancer Prev 2023;24(6):2089-97. doi: 10.31557/
apjcp.2023.24.6.2089

13. Moshrefiravasjani R, Kamrani A, Nazari N, Jafari F, Nasiri 
H, Jahanban-Esfahlan R, et al. Exosome-mediated tumor 
metastasis: biology, molecular targets and immuno-therapeutic 
options. Pathol Res Pract 2024;254:155083. doi: 10.1016/j.
prp.2023.155083

14. Omrani M, Beyrampour-Basmenj H, Jahanban-Esfahlan R, 

Talebi M, Raeisi M, Aliyari Serej Z, et al. Global trend in 
exosome isolation and application: an update concept in 
management of diseases. Mol Cell Biochem 2024;479(3):679-
91. doi: 10.1007/s11010-023-04756-6

15. Alimohammadvand S, Kaveh Zenjanab M, Mashinchian 
M, Shayegh J, Jahanban-Esfahlan R. Recent advances in 
biomimetic cell membrane-camouflaged nanoparticles for 
cancer therapy. Biomed Pharmacother 2024;177:116951. doi: 
10.1016/j.biopha.2024.116951

16. Azizi M, Jahanban-Esfahlan R, Samadian H, Hamidi M, Seidi 
K, Dolatshahi-Pirouz A, et al. Multifunctional nanostructures: 
intelligent design to overcome biological barriers. Mater Today 
Bio 2023;20:100672. doi: 10.1016/j.mtbio.2023.100672

17. Niazi M, Alizadeh E, Zarebkohan A, Seidi K, Ayoubi‐Joshaghani 
MH, Azizi M, et al. Advanced bioresponsive multitasking 
hydrogels in the new era of biomedicine. Adv Funct Mater 
2021;31(41):2104123. doi: 10.1002/adfm.202104123

18. Mahmudi H, Shahpouri M, Adili-Aghdam MA, Akbari M, 
Salemi A, Alimohammadvand S, et al. Self-activating chitosan-
based nanoparticles for sphingosin-1 phosphate modulator 
delivery and selective tumor therapy. Int J Biol Macromol 
2024;272(Pt 2):132940. doi: 10.1016/j.ijbiomac.2024.132940

19. Jahanban-Esfahlan R, de la Guardia M, Ahmadi D, Yousefi 
B. Modulating tumor hypoxia by nanomedicine for effective 
cancer therapy. J Cell Physiol 2018;233(3):2019-31. doi: 
10.1002/jcp.25859

20. Mbeunkui F, Johann DJ Jr. Cancer and the tumor 
microenvironment: a review of an essential relationship. 
Cancer Chemother Pharmacol 2009;63(4):571-82. doi: 
10.1007/s00280-008-0881-9

21. Shahpouri M, Adili-Aghdam MA, Mahmudi H, Jaymand M, 
Amoozgar Z, Akbari M, et al. Prospects for hypoxia-based 
drug delivery platforms for the elimination of advanced 
metastatic tumors: from 3D modeling to clinical concepts. 
J Control Release 2023;353:1002-22. doi: 10.1016/j.
jconrel.2022.12.009

22. Jahanban-Esfahlan R, Seidi K, Manjili M, Jahanban-Esfahlan A, 
Javaheri T, Zare P. Tumor cell dormancy: threat or opportunity 
in the fight against cancer. Cancers (Basel) 2019;11(8):1207. 
doi: 10.3390/cancers11081207

23. Alsaab HO, Sau S, Alzhrani RM, Cheriyan VT, Polin LA, 
Vaishampayan U, et al. Tumor hypoxia directed multimodal 
nanotherapy for overcoming drug resistance in renal cell 
carcinoma and reprogramming macrophages. Biomaterials 
2018;183:280-94. doi: 10.1016/j.biomaterials.2018.08.053

24. Doustmihan A, Fathi M, Mazloomi M, Salemi A, Hamblin MR, 
Jahanban-Esfahlan R. Molecular targets, therapeutic agents 
and multitasking nanoparticles to deal with cancer stem cells: 
a narrative review. J Control Release 2023;363:57-83. doi: 
10.1016/j.jconrel.2023.09.029

25. Chen SX, Xue F, Kuang Y, Chen S, Sheng D, Chen H. A self-
activating nanovesicle with oxygen-depleting capability 
for efficient hypoxia-responsive chemo-thermo cancer 
therapy. Biomaterials 2021;269:120533. doi: 10.1016/j.
biomaterials.2020.120533

26. Kumari R, Sunil D, Ningthoujam RS. Hypoxia-responsive 
nanoparticle-based drug delivery systems in cancer therapy: 
an up-to-date review. J Control Release 2020;319:135-56. doi: 
10.1016/j.jconrel.2019.12.041

27. Thambi T, Park JH, Lee DS. Hypoxia-responsive nanocarriers 
for cancer imaging and therapy: recent approaches and future 
perspectives. Chem Commun (Camb) 2016;52(55):8492-500. 
doi: 10.1039/c6cc02972h

28. Bus T, Traeger A, Schubert US. The great escape: how cationic 
polyplexes overcome the endosomal barrier. J Mater Chem B 
2018;6(43):6904-18. doi: 10.1039/c8tb00967h

29. Liu J, Li HJ, Luo YL, Xu CF, Du XJ, Du JZ, et al. Enhanced 

https://doi.org/10.3390/cancers12051239
https://doi.org/10.3390/cancers12051239
https://doi.org/10.1186/bcr2635
https://doi.org/10.1016/j.jconrel.2018.08.043
https://doi.org/10.1021/acsomega.3c09782
https://doi.org/10.1088/1748-605X/ad5d9b
https://doi.org/10.1016/j.heliyon.2024.e32228
https://doi.org/10.1016/j.ijbiomac.2023.127214
https://doi.org/10.1016/j.ijbiomac.2023.127214
https://doi.org/10.1080/25740881.2020.1750652
https://doi.org/10.1016/j.jddst.2023.104354
https://doi.org/10.1016/j.mtcomm.2022.103148
https://doi.org/10.1016/j.heliyon.2024.e32183
https://doi.org/10.31557/apjcp.2023.24.6.2089
https://doi.org/10.31557/apjcp.2023.24.6.2089
https://doi.org/10.1016/j.prp.2023.155083
https://doi.org/10.1016/j.prp.2023.155083
https://doi.org/10.1007/s11010-023-04756-6
https://doi.org/10.1016/j.biopha.2024.116951
https://doi.org/10.1016/j.mtbio.2023.100672
https://doi.org/10.1002/adfm.202104123
https://doi.org/10.1016/j.ijbiomac.2024.132940
https://doi.org/10.1002/jcp.25859
https://doi.org/10.1007/s00280-008-0881-9
https://doi.org/10.1016/j.jconrel.2022.12.009
https://doi.org/10.1016/j.jconrel.2022.12.009
https://doi.org/10.3390/cancers11081207
https://doi.org/10.1016/j.biomaterials.2018.08.053
https://doi.org/10.1016/j.jconrel.2023.09.029
https://doi.org/10.1016/j.biomaterials.2020.120533
https://doi.org/10.1016/j.biomaterials.2020.120533
https://doi.org/10.1016/j.jconrel.2019.12.041
https://doi.org/10.1039/c6cc02972h
https://doi.org/10.1039/c8tb00967h


PAP@TPZ for deepened chemotherapeutic drug delivery

Advanced Pharmaceutical Bulletin, 2024, Volume 14, Issue 3 645

primary tumor penetration facilitates nanoparticle draining 
into lymph nodes after systemic injection for tumor metastasis 
inhibition. ACS Nano 2019;13(8):8648-58. doi: 10.1021/
acsnano.9b03472

30. Xie Z, Guo W, Guo N, Huangfu M, Liu H, Lin M, et al. 
Targeting tumor hypoxia with stimulus-responsive nanocarriers 
in overcoming drug resistance and monitoring anticancer 
efficacy. Acta Biomater 2018;71:351-62. doi: 10.1016/j.
actbio.2018.03.013

31. Feng H, Chu D, Yang F, Li Z, Fan B, Jin L, et al. Hypoxia-
responsive polymeric micelles for enhancing cancer treatment. 
Front Chem 2020;8:742. doi: 10.3389/fchem.2020.00742

32. Evans MA, Shields IV CW, Krishnan V, Wang LL, Zhao Z, Ukidve 
A, et al. Macrophage‐mediated delivery of hypoxia‐activated 
prodrug nanoparticles. Adv Ther 2020;3(2):1900162. doi: 
10.1002/adtp.201900162

33. Massoumi B, Abbasian M, Jahanban‐Esfahlan R, Motamedi S, 
Samadian H, Rezaei A, et al. PEGylated hollow pH‐responsive 
polymeric nanocapsules for controlled drug delivery. Polym 
Int 2020;69(5):519-27. doi: 10.1002/pi.5987

34. Massoumi B, Abbasian M, Khalilzadeh B, Jahanban-Esfahlan R, 
Samadian H, Derakhshankhah H, et al. Electrically conductive 
nanofibers composed of chitosan-grafted polythiophene and 
poly(ε-caprolactone) as tissue engineering scaffold. Fibers 
Polym 2021;22(1):49-58. doi: 10.1007/s12221-021-0178-8

35. Samadian H, Mohammad-Rezaei R, Jahanban-Esfahlan 
R, Massoumi B, Abbasian M, Jafarizad A, et al. A de novo 
theranostic nanomedicine composed of PEGylated graphene 
oxide and gold nanoparticles for cancer therapy. J Mater Res 
2020;35(4):430-41. doi: 10.1557/jmr.2020.3

36. Sayadnia S, Arkan E, Jahanban-Esfahlan R, Sayadnia S, 
Jaymand M. Thermal-responsive magnetic hydrogels based on 
tragacanth gum for delivery of anticancer drugs. J Polym Res 
2021;28(3):90. doi: 10.1007/s10965-020-02355-3

37. Jahanban-Esfahlan R, Seidi K, Monfaredan A, Shafie-Irannejad 
V, Mesgari Abbasi M, Karimian A, et al. The herbal medicine 
Melissa officinalis extract effects on gene expression of p53, 
Bcl-2, Her2, VEGF-A and hTERT in human lung, breast 
and prostate cancer cell lines. Gene 2017;613:14-9. doi: 
10.1016/j.gene.2017.02.034

38. Zeng Y, Kurokawa Y, Win-Shwe TT, Zeng Q, Hirano S, Zhang 
Z, et al. Effects of PAMAM dendrimers with various surface 
functional groups and multiple generations on cytotoxicity 

and neuronal differentiation using human neural progenitor 
cells. J Toxicol Sci 2016;41(3):351-70. doi: 10.2131/jts.41.351

39. Korsmeyer RW, Gurny R, Doelker E, Buri P, Peppas NA. 
Mechanisms of solute release from porous hydrophilic 
polymers. Int J Pharm 1983;15(1):25-35. doi: 10.1016/0378-
5173(83)90064-9

40. Shan NL, Shin Y, Yang G, Furmanski P, Suh N. Breast cancer 
stem cells: a review of their characteristics and the agents that 
affect them. Mol Carcinog 2021;60(2):73-100. doi: 10.1002/
mc.23277

41. Uthaman S, Huh KM, Park IK. Tumor microenvironment-
responsive nanoparticles for cancer theragnostic applications. 
Biomater Res 2018;22:22. doi: 10.1186/s40824-018-0132-z

42. Cheng X, Li H, Ge X, Chen L, Liu Y, Mao W, et al. Tumor-
microenvironment- responsive size-shrinkable drug-delivery 
nanosystems for deepened penetration into tumors. Front Mol 
Biosci 2020;7:576420. doi: 10.3389/fmolb.2020.576420

43. Moghimi SM, Hunter AC, Murray JC. Nanomedicine: current 
status and future prospects. FASEB J 2005;19(3):311-30. doi: 
10.1096/fj.04-2747rev

44. Fox LJ, Richardson RM, Briscoe WH. PAMAM dendrimer - cell 
membrane interactions. Adv Colloid Interface Sci 2018;257:1-
18. doi: 10.1016/j.cis.2018.06.005

45. Li Y, Zhao L, Li XF. Targeting hypoxia: hypoxia-activated 
prodrugs in cancer therapy. Front Oncol 2021;11:700407. 
doi: 10.3389/fonc.2021.700407

46. Rashed FB, Diaz-Dussan D, Mashayekhi F, Macdonald D, 
Nation PN, Yang XH, et al. Cellular mechanism of action 
of 2-nitroimidazoles as hypoxia-selective therapeutic 
agents. Redox Biol 2022;52:102300. doi: 10.1016/j.
redox.2022.102300

47. Denny WA. Nitroaromatic hypoxia-activated prodrugs for 
cancer therapy. Pharmaceuticals (Basel) 2022;15(2):187. doi: 
10.3390/ph15020187

48. Lazzari G, Couvreur P, Mura S. Multicellular tumor spheroids: 
a relevant 3D model for the in vitro preclinical investigation of 
polymer nanomedicines. Polym Chem 2017;8(34):4947-69. 
doi: 10.1039/c7py00559h

49. Jang EH, Shim MK, Kim GL, Kim S, Kang H, Kim JH. Hypoxia-
responsive folic acid conjugated glycol chitosan nanoparticle 
for enhanced tumor targeting treatment. Int J Pharm 
2020;580:119237. doi: 10.1016/j.ijpharm.2020.119237

https://doi.org/10.1021/acsnano.9b03472
https://doi.org/10.1021/acsnano.9b03472
https://doi.org/10.1016/j.actbio.2018.03.013
https://doi.org/10.1016/j.actbio.2018.03.013
https://doi.org/10.3389/fchem.2020.00742
https://doi.org/10.1002/adtp.201900162
https://doi.org/10.1002/pi.5987
https://doi.org/10.1007/s12221-021-0178-8
https://doi.org/10.1557/jmr.2020.3
https://doi.org/10.1007/s10965-020-02355-3
https://doi.org/10.1016/j.gene.2017.02.034
https://doi.org/10.2131/jts.41.351
https://doi.org/10.1016/0378-5173(83)90064-9
https://doi.org/10.1016/0378-5173(83)90064-9
https://doi.org/10.1002/mc.23277
https://doi.org/10.1002/mc.23277
https://doi.org/10.1186/s40824-018-0132-z
https://doi.org/10.3389/fmolb.2020.576420
https://doi.org/10.1096/fj.04-2747rev
https://doi.org/10.1016/j.cis.2018.06.005
https://doi.org/10.3389/fonc.2021.700407
https://doi.org/10.1016/j.redox.2022.102300
https://doi.org/10.1016/j.redox.2022.102300
https://doi.org/10.3390/ph15020187
https://doi.org/10.1039/c7py00559h
https://doi.org/10.1016/j.ijpharm.2020.119237

