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Abstract: Triple-negative breast cancer (TNBC) treatment is challenging due to its aggressive nature and heteroge-
neity of this type of cancer, characterized by various subtypes and intratumoral diversity. Doxorubicin (DOX) plays 
a crucial role in TNBC chemotherapy reducing the tumor size and improving patient survival. However, decreased 
drug uptake and increased resistance in specific cell subpopulations reduce the effectiveness of the treatment. This 
study explored the differences in DOX transport in MDA-MB-231 phenotypic sublines in cell monolayer (2D model) 
and cell spheroids (3D cultures). Cell spheroids were formed using magnetic 3D Bioprinting method. DOX transport 
into cells and spheroids was evaluated using fluorescence microscopy after different incubation durations with DOX 
in normoxia and hypoxia. In hypoxia, DOX transport into cells was 2.5 to 5-fold lower than in normoxia. The subline 
F5 monolayer-cultured cells exhibited the highest DOX uptake, while subline H2 cells showed the lowest uptake in 
normoxia and hypoxia. In 3D cultures, DOX transport was up to 2-fold lower in spheroids formed from subline H2 
cells. Spheroids from subline D8 and MDA-MB-231 parent cells had the highest DOX uptake. A correlation was 
observed between the characteristics of the cells and their resistance to anticancer drugs. The results indicate 
that different cancer cell subpopulations in tumours due to differences in drug uptake could significantly impact 
treatment efficacy.
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Introduction

Treatment of triple-negative breast cancer 
(TNBC) is a huge challenge in oncology. This 
cancer type is characterized by the absence of 
estrogen receptors (ER), progesterone recep-
tors (PR) and human epidermal growth factor 
receptors-2 (HER2), which precludes the possi-
bility of using hormone therapies and HER2-
targeted treatments, leaving chemotherapy as 
the primary treatment option. Due to its effec-
tiveness in killing cancer cells, doxorubicin 
(DOX) is frequently employed among chemo-
therapeutic agents. However, the heterogeneity 
inherent in TNBC, both at the intertumoral and 
intratumoral levels, significantly complicates 
the therapeutic strategy, decreasing the effica-
cy of anticancer agents such as DOX [1]. The 
complexity of TNBC is further amplified by  
the tumour microenvironment (TME), a dynam-

ic ecosystem comprising not only the cancer 
cells but also various non-cancerous cell types, 
including fibroblasts, immune cells, and endo-
thelial cells. It is known that interaction be- 
tween cancer cells and TME might affect 
tumour progression. However, little information 
exists about phenotypically different cancer cell 
interactions in tumours. Cell-cell interactions 
are mediated by a complex network of signaling 
pathways and physical contact, making cell 
interaction a critical factor in developing effec-
tive treatment strategies for TNBC [2].

Scientists have extensively studied the trans-
port of DOX in both cell monolayers and spher-
oids (3D cultures). The key factors known to 
impede DOX transport in cancer cells include 
overexpression of efflux pumps [3], intracellular 
sequestration of drugs in subcellular compart-
ments such as lysosomes [4], pH changes with-
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in cancer cells [5], interactions of cancer cells 
with TME [6-8] and, notably, interactions among 
phenotypically distinct cancer cells within the 
tumour [9, 10]. It is recognized that interactions 
between different cancer cell phenotypes can 
contribute to cancer progression and drug 
resistance [11-14]. To our knowledge, no stud-
ies have specifically addressed the interactions 
between phenotypically diverse cancer cells  
in relation to drug resistance. Although many 
publications have reported on the isolation and 
characterization of different sublines, popula-
tions, or clones [15-18], their interactions have 
not been explored regarding DOX transport.

Given the critical role of the cell-cell interaction 
in cancer progression and treatment response, 
this study focuses on the DOX transport into 
the MDA-MB-231 cell line and its phenotypical-
ly diverse sublines (D8, F5, H2). The DOX trans-
port was investigated in cell monolayer (2D 
model) and spheroids (3D cultures). To mimic 
cell interaction in vivo conditions, apart from 
3D cultures, experiments in monolayer-cultured 
cells were done under normoxia and hypoxia. 
Hypoxia, a common feature of the tumour, is 
known to influence the biology of cancerous 
and stromal cells, affecting drug uptake and, 
consequently, treatment efficacy [19, 20].

This research hypothesized that by studying 
DOX transport in conditions that simulate the 
complex environment of tumors in living organ-
isms, we could identify obstacles to effective 
drug delivery and uncover strategies to en- 
hance treatment results for patients with TNBC. 
The significance of this work lies in its potential 
to contribute to the refinement of therapeutic 
regimens for TNBC, a subtype of breast cancer 
known for its poor prognosis and limited treat-
ment options. This could pave the way for devel-
oping more effective, personalized treatment 
strategies considering the complex interplay 
between cancer cells and their microenviron- 
ment.

Materials and methods

Cell culture

The human triple-negative breast cancer cell 
line MDA-MB-231 was acquired from the 
American Type Culture Collection (ATCC) locat-
ed in Manassas, VA, USA. Similarly, human 
foreskin fibroblast cells (HF) CRL-4001, origi-

nally sourced from ATCC, were generously pro-
vided by Prof. Helder Santos from the University 
of Helsinki, Finland. These cell lines were cul-
tured in Dulbecco’s Modified Eagle Medium 
(DMEM) GlutaMAX supplied by Gibco, UK, and 
enriched with 10% fetal bovine serum (FBS), 
heat-inactivated (Gibco). Additionally, the cul-
ture medium was supplemented with 1% of 
penicillin and streptomycin mixture, 1 µg/ml of 
insulin (27 USP units/mg), 1% minimum essen-
tial medium non-essential amino acids (MEM 
NEAA), and 1% sodium pyruvate, all supplied 
from Gibco, UK. Cells were cultured in a humidi-
fied environment with 5% CO2 at a temperature 
of 37°C.

Isolation of cell sublines from commercial 
MDA-MB-231 cell line

Sublines were derived from the MDA-MB-231 
commercial cell line, utilizing a previously de- 
scribed method involving serial dilution in 
96-well plates [21]. Initially, an 8-channel 
micropipette was used to dispense 100 µl of 
the medium into each well of a 96-well plate, 
excluding well A1. Subsequently, 200 µl of a 
cell suspension (containing 2 × 104 cells/ml) 
was introduced into well A1. From there, 100 µl 
of this mixture was transferred from well A1 to 
B1 using a single channel pipettor, a process 
repeated down the column, with the final 100 
µl from well H1 being discarded. Next, each well 
in column 1 received an additional 100 µl of 
medium via the 8-channel micropipette, bring-
ing the total volume to 200 µl per well. This dilu-
tion was then extended horizontally across the 
plate, transferring 100 µl from each well in the 
first column to the corresponding wells in the 
second column using the same micropipette, 
and the process was replicated across the 
plate. Following nine days of incubation, cell 
colonies were observed under a microscope. 
The selection of sublines was based on the 
observed differences in colony formation, 
including shape and cell density. Selected wells 
were then expanded into 25 cm2 cell culture 
flasks (TPP, Switzerland) for further cultivation.

DOX cytotoxicity by MTT

Cell susceptibility to DOX was determined using 
the MTT assay, as described previously [22]. 
Fresh DOX dilutions in the medium were pre-
pared just before use. DOX (> 98%, Abcam, 
Cambridge, UK) was dissolved in dimethyl sulf-
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oxide (DMSO, Sigma-Aldrich Co., St. Louis, MO, 
USA) and then diluted in the medium, ensuring 
the final DMSO concentration did not exceed 
0.5%. Cells (2 × 104 cells/well) were plated  
into 96-well flat-bottomed plates and incubat-
ed for 24 h. Subsequently, DOX dilutions were 
added to each well. The medium without cells 
served as a positive control, and the medium 
with 0.5% DMSO served as a negative control. 
After 4 and 8 hours of incubation, 20 μl of 
3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT, Life technologies, Oregon, 
USA) solution (5 mg/ml in medium) was add- 
ed. Following a 3-hour incubation at 37°C, the  
liquid was removed, and the resulting forma- 
zan crystals were dissolved in 50 μl of DMSO. 
Complete solubilization of formazan crystals 
was achieved by brief shaking. The absorbance 
was measured on a plate reader at 570 and 
630 nm.

DOX transport into monolayer-cultured cells

The cells were seeded in 24-well plates on col-
lagen-coated coverslips at a volume of 500 μL 
(50,000 cells/well) and incubated for 48 h in a 
humidified atmosphere with 5% CO2 at 37°C. 
After 48 h, the medium was replaced by the 
fresh medium that contained 1 or 5 μM DOX.  
In case to simulate hypoxia, the medium con-
taining 200 μM cobalt (II) chloride (anhydrous, 
97%, Carl Roth GmbH, Germany), was used. 
After 0.5, 1, 2 or 4 h of incubation, the medium 
was removed, the cells were washed twice  
with PBS, fixed with 4% paraformaldehyde 
(Thermo Scientific, Waltham, MA, USA) solu- 
tion in PBS and stained with 4’,6-diamidino-
2-phenylindole (DAPI; Thermo Scientific). The 
photos were taken using confocal fluorescence 
microscopy (Olympus IX73, Japan), 600 × mag-
nification, using DAPI and TRITC filters. The 
uptake of DOX into whole cells and their nucle-
us was evaluated using ImageJ software 
(National Institutes of Health, 1.53K version, 
USA). In each group, at least 5 photos were 
taken, and from these photos, 20 randomly 
selected cells were analyzed. The relative fluo-
rescence intensity and background fluores-
cence were measured separately for the cyto-
plasm and nuclei, and the background fluores-
cence was subtracted from the cellular fluores-
cence measurements. The same procedure 
was followed for experiments conducted under 
hypoxic conditions. To induce hypoxia, 200 μM 
cobalt (II) chloride was added to the culture 
medium 24 hours prior to the experiment.

DOX delivery into tumor spheroids

The spheroids were formed using the magnetic 
3D Bioprinting method as previously described 
[21]. Cells were seeded in a 6-well plate, and 
after their attachment, they were incubated 
with NanoShuttle PL (Greiner Bio-One North 
America, Inc., Monroe, NC, USA) for 8-10 h. 
Then, cells were trypsinised, centrifuged, resus-
pended in a fresh medium and seeded into 
96-well ultra-low attachment plates in a vol-
ume of 100 μL (2000 cancer cells (MDA-
MB-231 or sublines D8, F5, H2) and 2000 
human fibroblasts). The plate was placed on a 
magnetic drive and incubated in a humidified 
atmosphere containing 5% CO2 at 37°C for 2 
days. After that, the medium was replaced  
with a fresh medium containing 10 µM of DOX. 
After 1, 2, 4 and 8 h, spheroids were washed 
with PBS and fixed in a 4% paraformaldehyde 
solution in PBS. DOX transport to the spheroi- 
ds was assessed by fluorescence microscopy 
with an Olympus IX73 inverted fluorescent 
microscope (Olympus, Tokyo, Japan). The imag-
es were analyzed using ImageJ software ver-
sion 1.53K to estimate the intensity of DOX  
fluorescence in the whole spheroids area in 
relative units. The DOX fluorescence intensity in 
the spheroids is calculated by subtracting  
the background fluorescence measured at mul-
tiple places near the spheroid. The number of 
spheroids per group ranged from 10 to 14 
spheroids.

Statistical analysis

Each experiment was conducted in triplicate, 
with the results averaged and the standard 
deviation calculated. Data analysis was done 
utilizing Microsoft Office Excel 2021, 2405 ver-
sion (Microsoft Corporation, Redmond, WA, 
USA) and the IBM SPSS Statistics software, 
version 26.0. A value of P < 0.05 was consid-
ered as the level of significance. An analysis of 
variance (ANOVA) was applied to identify signifi-
cant differences among the values, followed by 
a Tukey post-hoc test for detailed comparison.

Results

Selection of sublines isolated from the MDA-
MB-231 cell line for DOX uptake studies

In previous studies focused on the interactions 
of phenotypically different sublines [21], we iso-
lated 24 sublines and selected seven (A9, D8, 
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E7, F5, F7, G5, and H2) for characterization 
based on CD133 receptor expression, migrato-
ry ability, and sensitivity to the anticancer drugs 
doxorubicin (DOX) and paclitaxel (PTX). Among 
these, we identified three sublines - D8, F5,  
and H2 - as the most distinct. The D8 subline 
exhibited a 50% reduction in CD133 expres-
sion, a 20% increase in migratory ability, and a 
10% greater sensitivity to PTX. Morphologically, 
D8 cells were elongated and loosely packed. 
The F5 subline showed a 31% increase in 
CD133 expression, a 5% decrease in migratory 
ability, and a 54% higher sensitivity to DOX. 
These cells were shorter, more oval, and form- 
ed tightly packed colonies. The H2 subline was 
notable for its resistance to anticancer drugs, 
with 39% lower sensitivity to DOX and 32% 
lower sensitivity to PTX. Additionally, H2 cells 
exhibited a 38% increase in migratory ability 
and a 26% reduction in CD133 expression 
compared to the parental MDA-MB-231 cell 
line. The H2 cells were also shorter in shape 
compared to the parental cells.

DOX uptake in phenotypically different breast 
cancer sublines in normoxia

In this research, it was hypothesized that vary-
ing concentrations of DOX (1 µM and 5 µM) will 
elicit different patterns of intracellular uptake 
in cells. Specifically, in this study, it was sup-
posed that at the lower concentration (1 µM), 
DOX uptake would be relatively evenly distrib-
uted between the cytoplasm and nucleus. 
Conversely, at the higher concentration (5 µM), 
it will anticipate increased transport and accu-
mulation of DOX within the nucleus, which is a 
main DOX target in cancerous cells.

Before conducting DOX transport experiments, 
it is important to assess the influence of DOX 
on cell viability to ensure that changes in DOX 
uptake are not solely due to the drug’s cytoto- 
xic effects. In this experiment, a statistically 
significant DOX cytotoxicity effect on cell viabil-
ity was not established up to a concentration of 
10 µM after 8 hours of incubation (Figure 1).

DOX transport in MDA-MB-231 cells and its 
sublines D8, F5, H2 was first explored in nor-
moxia conditions (Figure 2C). At 1 µM concen-
tration, DOX uptake was highest in subline F5 
cells after 240 minutes (Figure 2A). DOX deliv-
ery in F5 cells and nucleus was up to 1.8-fold 
and 1.5-fold greater, respectively, compared to 

other sublines and parent MDA-MB-231 cell 
line (Figure 2B). Contrary, the H2 subline 
showed the least 1.5-fold lower DOX uptake 
among all the cell lines and sublines tested, 
highlighting significant variability in drug uptake 
efficiency among different cellular phenotypes.

The DOX uptake ratio between cells and nucle-
us was the same in MDA-MB-231 and sublines 
(Figure 3C). Cells incubated with 5 µM DOX 
show increased DOX uptake and accumulation 
in the cell nucleus (Figure 3B). The subline F5 
cells continued to exhibit a superior capacity for 
DOX uptake, with uptake levels in both the cells 
and their nuclei about 1.5-fold higher than 
those observed in other cell lines and sublines 
(Figure 3A, 3B). The DOX transport into subline 
H2 cells was about 2-fold lower in both cells 
and nuclei than the subline F5 and about 1.5-
fold lower than the parent cell line MDA-MB- 
231.

In this research, no statistically significant DOX 
uptake was observed in the cells or their nuclei 
after 30, 60, and 120 minutes of incubation 
across all compared cell lines and sublines.

However, differences in DOX distribution within 
the cells were observed when comparing DOX 
uptake in cells using 1 µM or 5 µM concentra-
tions. At 1 µM of DOX, similar drug distribution 
was observed between the cell cytoplasm and 
nucleus, with DOX uptake in the nucleus being 
1.7-fold higher than in the cytoplasm. Con- 
versely, at a concentration of 5 µM, DOX distri-
bution within the cell and nucleus differed sig-
nificantly, with DOX uptake in the cell nucleus 
being 2.6-fold higher than in the cytoplasm. 
The highest difference was observed in the H2 
subline, where DOX uptake in the cell nucleus 
was 3.2-fold higher than in the cytoplasm.

DOX uptake in phenotypically different breast 
cancer sublines in hypoxia

Analyzing DOX transport under hypoxic condi-
tions is crucial for understanding how an oxy-
gen-deprived environment affects DOX uptake 
efficiency. In this study, differences in DOX 
uptake and uptake ratios were observed be- 
tween hypoxic and normoxic conditions. More- 
over, the effects of different DOX concentra-
tions varied between normoxia and hypoxia. 
DOX uptake under hypoxic conditions was 
approximately 5-fold lower at 1 µM and 2-fold 
lower at 5 µM compared to normoxic conditions 
(see Figures 4 and 5).
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Figure 1. DOX effect on cell viability. Viability was evaluated in monolayer-cultured cells of MDA-MB-231 cell line and 
its sublines after incubation with 1, 5 or 10 µM DOX. A. Viability of cells after 4 hours of incubation. B. Viability of 
cells after 8 hours of incubation, n = 3.

Figure 2. DOX uptake into monolayer-cultured cells from MDA-MB-231 cell line and its sublines after incubation 
with 1 µM DOX in normoxic conditions. A. DOX fluorescence intensity in cells. B. DOX fluorescence intensity in cell 
nucleus at different time periods. C. Representative images of cells after 4 h incubation with 1 µM DOX. Scale bar 
= 50 µm. Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same 
category, n = 3.
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Figure 3. DOX uptake into monolayer-cultured cells from MDA-MB-231 cell line and its sublines after incubation 
with 5 µM DOX in normoxic conditions. A. DOX fluorescence intensity in cells. B. DOX fluorescence intensity in cell 
nucleus at different time periods. C. Representative images of cells after 4 h incubation with 5 µM DOX. Scale bar 
= 50 µm. Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same 
category, n = 3.

The F5 subline demonstrated the highest  
DOX fluorescence intensity among the cell  
lines tested after 240 minutes of incubation 
with 1 µM DOX (Figure 4A). This intensity was 
approximately 2.5-fold higher than observed in 
the H2 subline and 2-fold higher than in the 
MDA-MB-231 and D8 sublines, as illustrated in 
Figure 4C. Comparatively, under these oxygen-
deprived conditions, no significant differences 
were noted in the uptake of DOX into the nuclei 
of the cells across the different sublines (Figure 
4B).

When the DOX concentration was increased to 
5 µM, an enhanced DOX uptake into cells and 
nuclei was observed, as represented in Figure 
5C. After 240 minutes of incubation, the DOX 
fluorescence intensity in cells of the MDA-
MB-231, F5, and D8 sublines showed no sta- 
tistically significant differences at this higher 
concentration. However, the DOX fluorescence 
intensity in H2 subline cells remained approxi-
mately 1.7-fold lower than in the other exam-
ined subline cells (Figure 5A). Furthermore, the 
overall DOX fluorescence intensity under hypox-
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Figure 4. DOX uptake into monolayer-cultured cells from MDA-MB-231 cell line and its sublines after incubation with 
1 µM DOX in hypoxic conditions. A. DOX fluorescence intensity in cells. B. DOX fluorescence intensity in cell nucleus 
at different time periods. C. Representative images of cells after 4 h incubation with 1 µM DOX. Scale bar = 50 µm. 
Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same category, 
n = 3.

ic conditions was 2.5-fold lower than that  
under normoxic conditions for the same DOX 
concentration. The study also highlighted a 
more pronounced DOX transport into the nu- 
clei, approximately 2-fold higher than in the 
cytoplasm of the cells (Figure 5B), with the 
highest DOX transport observed in the nuclei of 
F5 subline cells. Notably, DOX transport into 
cell nuclei was 3-fold lower under hypoxic com-
pared to normoxic conditions.

However, when comparing DOX uptake in cells 
at 1 µM or 5 µM concentrations in hypoxic envi-

ronment, differences in DOX distribution within 
the cells were observed. At 1 µM of DOX, a dif-
ferent drug distribution between the cell cyto-
plasm and nucleus was observed, with DOX 
uptake in the nucleus being from 1.4 to 2.2-fold 
higher than in the cytoplasm. The same tenden-
cy was observed at a concentration of 5 µM. 
The DOX distribution within the cell and nucle-
us, with DOX uptake in the cell nucleus being 
from 2 to 3.9-fold higher than in the cytoplasm. 
The highest difference was observed in the H2 
subline, where DOX uptake in the cell nucleus 
was 3.8-fold higher than in the cell cytoplasm.
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Figure 5. DOX uptake into monolayer-cultured cells from MDA-MB-231 cell line and its sublines after incubation with 
5 µM DOX in hypoxic conditions. A. DOX fluorescence intensity in cells. B. DOX fluorescence intensity in cell nucleus 
at different time periods. C. Representative images of cells after 4 h incubation with 5 µM DOX. Scale bar = 50 µm. 
Bars marked with different letters indicate statistically significant differences (P < 0.05) within the same category, 
n = 3.

DOX transport into spheroids

MDA-MB-231 cells alone did not form spher-
oids, so HF (fibroblast) cells were used. Com- 
bining breast cancer cells with fibroblasts when 
forming spheroids allowed us to better mimic 
the TME.

The spheroids formed at the experiment’s 
onset had an average diameter of approximate-
ly 390 µm. Across the groups, spheroid sizes 
varied between 360 and 420 µm. The largest 
spheroids, lacking a clear round shape, were 
formed by D8 subline cells, while the smallest 

were observed in the H2 subline cells. Spheroid 
sizes remained consistent within each group 
under control and DOX incubation conditions.

Fluorescence intensity demonstrated that  
the penetration of DOX into the cell spheroids 
was directly proportional to the duration of 
incubation, highlighting a time-dependent pen-
etration mechanism (Figure 6B). After 1 hour of 
incubation, DOX transport into MDA-MB-231 
spheroids was up to 1.5-fold higher than in 
other groups, though not statistically significant 
(Figure 6A). After 8 hours of incubation, the 
penetration of DOX was higher in spheroids 
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formed from subline D8, F5, and MDA-MB-231 
cells than from subline H2 cells. DOX fluores-
cence intensity in spheroids from subline H2 
cells was about 2-fold lower than in the other 
spheroids (Figure 6A). These findings are con-
sistent with the results from studies in 2D 
cultures.

Discussion

Triple-negative breast cancer is recognized for 
its inherent heterogeneity, a characteristic that 
complicates treatment strategies. This diversi-
ty within TNBC tumours contributes to the 
emergence of drug resistance, driven by the 
phenotypic variations among subpopulations. 
Current scientific research delves deeply into 
understanding these differences among sub-
lines and their interactions to decipher their 

search by Khan et al. [24] indicated that single 
cell-derived clones from four different breast 
cancer cell lines exhibited varied sensitivities 
to DOX. These findings highlight the necessity 
of assessing DOX uptake in phenotypically dif-
ferent sublines, as this can provide pivotal 
insights into overcoming DOX resistance in can-
cer treatment.

During the investigation of DOX penetration 
into cells cultured in monolayers, significant 
variations in DOX penetration were evident. 
Primarily, distinct differences in DOX penetra-
tion were noted among MDA-MB-231 sublines. 
Additionally, the variations of DOX distribution 
in the cell cytoplasm and nucleus were de- 
termined. Subsequently, environmental condi-
tions, such as normoxia and hypoxia, were 
observed to impact the intracellular entry of 

Figure 6. The different DOX penetration into spheroids at DOX 10 µM con-
centration. DOX fluorescence intensity in spheroids at different time periods 
(A), images of cells after 8 h incubation with DOX (B). Magnification 100 ×. 
Scale bar = 100 µm. The different letters indicate P < 0.05 compared the 
DOX penetration at the same time in different cell sublines, n = 3. Abbrevia-
tion: MDA, MDA-MB-231 cell line.

influence on treatment out-
comes [1].

This study investigates the 
heterogeneous nature of TN- 
BC, focusing on the variations 
in DOX uptake among differ-
ent sublines, which are asso-
ciated with distinct traits such 
as drug resistance (H2 sub-
line), CD133 receptor expres-
sion (F5 subline), and migra-
tion rates (D8 subline), consis-
tent with previous findings 
[21]. Furthermore, we exam-
ine the influence of culture 
conditions, particularly the 
contrast between normoxic 
and hypoxic environments, on 
DOX uptake, aiming to eluci-
date the underlying mecha-
nisms contributing to DOX 
resistance in TNBC. Studies 
have demonstrated significant 
differences in DOX uptake 
among these sublines. For 
example, Bao et al. [23] dem-
onstrated substantial differ-
ences in DOX, with DOX pri-
marily accumulating in the 
nucleus of the DOX-sensitive 
MDA-MB-231 subline, while in 
the resistant subline, it pre-
dominantly resided in the cy- 
toplasm. Further, recent re- 
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DOX, which was an expected result. The ob- 
served decrease in DOX uptake under hypoxic 
conditions significantly impacts chemothera-
py’s effectiveness, particularly in the microenvi-
ronments of rapidly growing tumours with low 
oxygen supply. Hypoxia-inducible factors (HIFs), 
especially HIF-1, play a crucial role in this pro-
cess, activating drug resistance mechanisms 
like P-glycoprotein and altering gene transcrip-
tion to promote tumour survival and growth, 
thereby reducing the intracellular concentra-
tion of anticancer drugs such as DOX [20, 25]. 
Our findings reveal that in hypoxic conditions, 
DOX uptake in both cells and their nuclei sub-
stantially decreases up to five times with a 
lower concentration and almost three times 
with a higher concentration, compared to nor-
moxic conditions. This reduction in DOX uptake 
underlines the adaptability of breast cancer 
cells, such as the MDA-MB-231 line, to hypoxic 
conditions by modifying their metabolism to not 
only survive but also expel chemotherapeutic 
drugs.

In the present study, subline F5 cells demon-
strated the most pronounced uptake of DOX 
under normoxic conditions (Figure 7A), with an 
increased uptake observed under hypoxic con-
ditions with elevated DOX concentrations. 
Previously recognized as notably responsive to 
DOX [21], the F5 subline exhibited a higher 
accumulation of DOX within both cytoplasmic 
and nuclear compartments, correlating with 
increased cellular sensitivity to the drug. Addi- 
tionally, scientists noted divergent resistance 

patterns to DOX across various sublines of the 
MDA-MB-231 cell line [24]. At the DOX uptake 
experiments, an increased fluorescence inten-
sity was observed in the F5 subline nucleus. 
This observation indicates that in DOX-sensitive 
cells, DOX efficiently localizes in higher concen-
trations in the cell nucleus and less in the cyto-
plasm [23]. The increased accumulation of DOX 
in the cell nucleus is primarily due to its ability 
to intercalate into DNA, aided by its hydrophilic 
nature and possibly active transport mecha-
nisms that facilitate its entry and retention in 
the nucleus [26-28]. Typically, there is low 
expression of nuclear and cytoplasmic P-gp  
in DOX-sensitive cells, which results in an 
increased intracellular concentration of DOX 
[29, 30]. Comparing the DOX uptake results  
in F5 subline cells under hypoxia and normoxia, 
a threefold decrease in nuclear DOX uptake  
at a higher DOX concentration under hypoxia 
compared to normoxia suggests that tumours 
with cell phenotypes like the F5 subline may 
display increased resistance to chemotherapy 
in hypoxic conditions. This resistance poses a 
significant challenge, especially in tumours 
larger than 100 µm from the nearest blood ves-
sel, as they are difficult to detect early due to 
their small size [25].

The H2 subline cells displayed the lowest DOX 
uptake between all tested lines (Figure 7A) 
under normoxia and hypoxia in the cells and 
their nuclei across both concentrations. This 
reduced uptake is consistent with the H2 sub-
line’s previously observed resistance to DOX 

Figure 7. Comparing DOX uptake in 2D and 3D cell cultures. A. DOX uptake in monolayer cultured cells after 8 hours 
of incubation. B. DOX transport into spheroids at incubation periods from 1 to 8 hours. The scale bar represents 
normalized DOX fluorescence intensity (FI). The highest amount of FI equal to 1.
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[21]. In DOX-resistant cells, DOX is typically 
unable to reach the nucleus and remains  
exclusively in the components of cytoplasm 
(mitochondria [31], endoplasmic reticulum [32] 
and lysosomal accumulation [33]), especially at 
lower concentrations [23]. However, at higher 
concentrations, DOX can cross the nuclear 
membrane pores in cells (passive diffusion 
[34] or active transport [35]) and exhibit 
increased fluorescence intensity in the nucleus 
compared to the cytoplasm. Additionally, the 
H2 subline showed a marked decrease in  
DOX uptake under hypoxia, 7-fold less in cells 
and 5-fold less in the nucleus than under nor-
moxic conditions, highlighting the significant 
challenge hypoxia poses to effective cancer 
treatment.

The MDA-MB-231 and D8 subline cells dis-
played intermediate levels of DOX uptake under 
various growth conditions and DOX concentra-
tions, ranking between the F5 and H2 sublines 
regarding uptake intensity into cells and nuclei 
under normoxic conditions. This observation 
underscores the similarity of the D8 subline to 
the MDA-MB-231 parent cell line. Our previous 
research has shown that D8 subline cells are 
more sensitive to anticancer drugs than the 
MDA-MB-231 cells, but in DOX uptake, signifi-
cant differences were not determined.

Furthermore, our investigation of DOX trans-
port in 3D cell cultures provides deeper insights 
into the complexities of drug delivery within the 
TME. 3D tumour spheroids can replicate the in 
vivo resistance patterns seen in solid tumours, 
attributed to factors such as hypoxia, cellular 
heterogeneity, and the physical barriers to drug 
diffusion [36]. Employing fibroblasts allowed us 
to model the TME more accurately and assess 
DOX transport in spheroids [37]. The observed 
time-dependent DOX transport in 3D cultures 
varied among MDA-MB-231, F5, D8, and H2 
sublines, with H2 spheroids exhibiting the low-
est DOX uptake compared to MDA-MB-231, F5, 
and D8 spheroids (Figure 7B). This underscores 
the critical role of different subline phenotypes 
in drug transport and resistance mechanisms. 
The spheroids from subline F5 cells exhibited a 
sensitivity to DOX, challenging the conventional 
understanding that cancer stem cell-like phe-
notypes (as indicated by high CD133 expres-
sion) are inherently resistant to chemotherapy. 
This F5 cell sensitivity in 3D cultures may point 

to the heterogeneity within the MDA-MB-231 
cell line itself and suggests that not all cells 
with stem-like features exhibit the same drug 
resistance profiles [38-40]. The lower DOX 
uptake in H2 spheroids highlights the challenge 
of overcoming drug resistance in tumour sub-
populations that exhibit reduced drug accumu-
lation, potentially due to enhanced efflux mech-
anisms or alterations in drug metabolism path-
ways [41]. Our findings align with recent studies 
indicating that the microenvironment of solid 
tumours plays a significant role in modulating 
drug uptake and efficacy [42]. The reduced 
uptake of DOX in hypoxia observed in our study 
corroborates the notion that hypoxia-induced 
factors contribute to cancer drug resistance 
[25].

The variation in DOX uptake under normoxic 
versus hypoxic conditions highlights the signifi-
cant influence of the TME on chemotherapy 
efficacy. This finding is consistent with the 
research by Gilkes et al. [43], which showed 
how hypoxia-inducible factors (HIFs) modulate 
gene expression to enhance survival and resis-
tance in low-oxygen environments. Our study 
builds on this by demonstrating how these  
specific microenvironmental conditions directly 
affect drug uptake in TNBC cells. Additionally, 
using 3D spheroid models has revealed the 
challenges posed by complex tumour struc-
tures in drug delivery. Notably, the differential 
DOX uptake observed in 3D spheroids, particu-
larly the reduced uptake in H2 subline spher-
oids, underscores the significant physical  
and biological barriers that complicate effec-
tive treatment. These observations are sup-
ported by findings from Weigelt et al. [44], who 
discussed the advantages of 3D models in  
replicating tumours’ spatial and architectural 
heterogeneity, greatly affecting treatment out- 
comes.

Our study demonstrates a correlation between 
our results on DOX transport in 2D and 3D cul-
tures and our previous research on DOX activity 
for cell viability and spheroid size reduction 
(Figure 8) [21].

Previously, we revealed that H2 subline cells 
were resistant to DOX. In this study, H2 cells 
showed the lowest DOX uptake compared to all 
other tested cells in both 2D and 3D cultures. 
Additionally, the viability of H2 subline cells was 
the highest compared to all tested sublines, 
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Figure 8. Comparison of DOX activity and transport in 2D and 3D cell cultures. In 2D cell cultures, the effect of 
DOX on cell viability was determined using the MTT-colorimetric method, while DOX uptake in cell monolayers was 
assessed through fluorescence intensity measurements. In 3D cell cultures, the reduction in spheroid size was 
measured (µm), and DOX uptake in spheroids was evaluated using fluorescence intensity. The scale bar represents 
relative units of the DOX effect in cells, ranging from low (light red) to high (intense red).

indicating the low effect of DOX (Figure 8, left). 
However, H2 subline spheroids showed the low-
est DOX uptake, a finding that correlates with 
the results from 2D cell cultures. This may be 
attributed to insufficient drug accumulation in 
H2 cells, compromising its cytotoxic effects. 
Such a scenario could arise from several resis-
tance mechanisms, including increased drug 
efflux, which actively removes the drug from the 
cell [23, 45, 46], and reduced drug influx. The 
resistance observed in the H2 subline could be 
associated with the TNBC mesenchymal sub-
type, known for its increased expression of mul-
tidrug resistance (MDR) pumps [47, 48]. This 
hypothesis is supported by the low DOX trans-
port observed, suggesting that the H2 subline 
may have elevated MDR pump expression, a 
characteristic feature of the TNBC mesenchy-
mal subtype.

The sensitivity of the F5 subline to DOX is due 
to high DOX accumulation in the nucleus of  
F5 cells (Figure 7, intense red colour). Further- 
more, DOX statistically significantly reduced the 
size of the spheroids, and DOX entry into the 
spheroids of the F5 subline was the highest 
among all lines (Figure 8, right). Similar TNBC 
subtypes to the F5 subline may increase DOX 

transport in cells due to genetic or epigenetic 
modifications impairing efflux pumps’ effective-
ness, allowing DOX to remain within the cells 
longer [49, 50]. Additionally, this could lead to 
changes in lipid metabolism or membrane fluid-
ity, affecting drug permeability. Finally, these 
cells might exhibit susceptibility to DOX’s  
mechanism of action, such as intercalation into 
DNA and disruption of topoisomerase II, lead-
ing to effective cytotoxicity despite a stem-like 
phenotype [40]. These insights into the drug 
dynamics within the F5 subline could inform 
targeted strategies to overcome drug resis-
tance in other TNBC subtypes exhibiting similar 
characteristics.

Many scientists are looking for effective inhibi-
tors to reduce drug resistance in cancer cells 
[51-54] and evaluating different resistance 
mechanisms to DOX [55]. This research con-
tributes to these findings and provides several 
insights that could significantly influence fu- 
ture treatment strategies. Identifying sublines 
with varying DOX uptake enables the develop-
ment of targeted treatments, as sublines like 
F5, which uptake more DOX, respond better to 
DOX-based therapies, while resistant sublines, 
like H2, may require alternative or combination 
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treatments. Understanding the mechanism 
behind reduced DOX uptake in resistant sub-
lines is essential for overcoming drug resis-
tance therapies for specific tumor subpopula-
tions and can enhance chemotherapy effec-
tiveness. Understanding the mechanisms be- 
hind reduced DOX uptake (overcoming drug 
resistance) in resistant sublines is crucial. 
Factors like hypoxia reduce DOX uptake, impli-
cating HIFs and efflux pumps like P-gp. Com- 
bining DOX with HIF inhibitors or P-glycoprotein 
blockers may enhance drug sensitivity in resis-
tant sublines. The tumor microenvironment 
influence, such as normoxia and hypoxia, sig-
nificantly affects DOX uptake. Hypoxic condi-
tions notably reduce DOX penetration. Desig- 
ning treatments that consider microenviron-
mental factors or target hypoxic tumor regions 
could enhance treatment efficacy. Also, pheno-
typic markers correlating with DOX uptake can 
serve as predictive biomarkers, helping stratify 
patients based on their likely response to DOX-
based therapies. For instance, high CD133 
expression in F5 subline cells correlates with 
higher DOX uptake, suggesting its potential as 
a predictive marker. In addition, variability in 
DOX uptake among TNBC sublines supports 
personalized medicine approaches. By evaluat-
ing a patient’s tumor phenotypes, clinicians 
can design personalized treatment plans, opti-
mizing drug selection and dosing to improve 
outcomes and reduce adverse effects. Overall, 
this study on DOX uptake in TNBC sublines 
offers critical insights for improving cancer 
treatment strategies. By targeting specific 
tumor subpopulations, addressing microenvi-
ronmental influences, and utilizing predictive 
biomarkers, we can advance towards more 
effective and personalized cancer therapies, 
overcoming drug resistance and enhancing 
chemotherapy success.

Conclusions

The intratumor diversity and microenvironmen-
tal factors explored in our study underline the 
complexity of treatment resistance in TNBC. By 
understanding how specific phenotypic proper-
ties contribute to drug uptake and resistance, 
we can tailor the development of targeted  
therapies and combination treatments. In this 
study, we revealed that phenotypically different 
cells exhibit varying DOX accumulation, with 
sensitive sublines showing higher nuclear accu-
mulation and resistant sublines showing lower 

levels. Both 2D and 3D models confirmed that 
hypoxia reduces DOX accumulation. Modulating 
the TME, for instance, improving oxygenation or 
targeting hypoxic cells, could enhance the effi-
cacy of conventional chemotherapies such as 
DOX. Our findings advocate for a personalized 
approach in TNBC treatment, where therapies 
are adapted based on the detailed characteris-
tics of each tumour’s subpopulation and its 
microenvironment. Ultimately, this study enrich-
es our understanding of TNBC heterogeneity 
and emphasizes the importance of considering 
intratumor diversity and the TME in searching 
for more effective treatment strategies.
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