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Abstract
The advent of microfluidic technologies has enabled a better recapitulation of in vitro tumor model with higher biological
relevance over conventional monolayer assays. This work built upon a microfluidic system that supported the spontaneous
aggregate formation of tumoral cells under flow-induced dynamic physical forces in a confinedmicrochamber without additional
matrix materials. Our findings indicated that fluidic streams significantly modulated the biological and architectural features of
human breast adenocarcinoma cell (MCF-7), human hepatocarcinoma cell (HepG2), and human cervix adenocarcinoma cell
(HeLa) with cell-type-dependent variation. The microfluidic platform was further integrated with a fluorescence detection and
imaging system, allowing for non-invasive monitoring of cellular accumulation and spatial distribution of a chemotherapeutic
agent, doxorubicin (DOX). The cytotoxic effects of DOX of various concentrations were determined and compared in MCF-7
cells in conventional two-dimensional (2D) static and microfluidic culture conditions. Dose-dependent response to DOX was
noticed in both cultures, whereas tumor micronodules grown in microfluidic devices demonstrated significantly lower sensitivity
to DOX at increased concentration. Our platform owns promising potentials as a universal modality for bridging traditional 2D
cell cultures and in vivo experimentation for preclinical anticancer drug screening.
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1 Introduction

In recognition of the limitations of conventional two-
dimensional (2D) static cell culture platform for recapitulating
native tumor biology, innovative three-dimensional (3D) cell
culture systems have been developed for better mimicking the
physiological complexity of in vivo tumor phenotype and mi-
croenvironment (Edmondson et al. 2014; Li and Kumacheva
2018; Monteiro et al. 2020). Recent advances in ex vivo assem-
bly of biomimetic 3D tumor models for anticancer drug screen-
ing have been focused on multicellular tumor spheroid

formation with the assistance of biologically-derived matrix
components (e.g. hydrogel, Matrigel) or scaffold (Li and
Kumacheva 2018; Monteiro et al. 2020). However, limited
throughput, low reproducibility, non-uniform spheroid size,
and unmet long-term viability remained the major challenges
for the use of these tumor models to test drug efficacy
(Chaicharoenaudomrung et al. 2019; Verjans et al. 2018). In
addition, aside from providing structural support and regulating
cellular behavior, the absorptive nature of the 3D matrix mate-
rials may affect cell viability as a result of medium depletion.
The interaction between the matrix composition and the che-
motherapeutic agents will also possibly influence the effective
concentration of drugs delivered to cells and lead to inaccurate
assessment of the therapeutic efficacy (Casey et al. 2016).

Tumor cells experienced a range of dynamic mechanical
forces associated with the host environment, including shear
stress, compressive forces, tensile stress, and matrix stiffness
(Santoro et al. 2015). These biomechanical stimulations not
only modulate tumor cell behavior via cellular signaling
changes known as mechanotransduction but also facilitate tu-
mor cell clustering and aggregate formation by overcoming
mass transfer limitations (Novak et al. 2018). Moreover, a
number of mechanical factors also affect drug penetration
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and enhance the tumor’s chemoresistance to anticancer drugs
(Santoro et al. 2015; Senthebane et al. 2017). Therefore, phys-
iologically relevant biomechanical stimuli must be involved in
tumor model recapitulation toward more accurate preclinical
screening of antineoplastic activity of therapeutic agents.

Microfluidic techniques have gained wide applicability for
in vitro 3D cancer cell studies and drug evaluation (Han et al.
2016; Shang et al. 2019; Trujillo-de Santiago et al. 2019;
Valente et al. 2017; Zhang et al. 2018). One of the advantages
of the microfluidic system over conventional static spheroid-
based tumor models is the ability to reflect the spatial and
hydrodynamic complexities by tailoring microchannel design
and experimentally regulating flow rate (Ip et al. 2016; Rizvi
et al. 2013; Wu et al. 2008). The dynamic fluidic microenvi-
ronment and physical forces can be reproduced in the
microfluidic systemwithin a physiological range. In our initial
attempt, we have reconstructed an in vitro 3D breast tumor
tissue model based on a microfluidic system, which then suc-
cessfully demonstrated its utilization in evaluating the thera-
peutic efficacy of photodynamic therapy (Yang et al. 2015). In
this research, we aimed to further explore the potentials of the
microfluidic device in supporting long-term growth and fos-
tering self-organized tumor micronodule formation across a
variety of tumor cell types. The microfluidic platform was
further integrated with an on-line fluorescence detection and
imaging system that allowed in situ monitoring of the tumor
cell-drug interaction in a non-invasive way. We investigated
how flow-induced mechanical stress influenced tumor cell
morphology, proliferation, and drug sensitivity. The commer-
cially available reagent doxorubicin (DOX) was chosen as a
model chemotherapeutic compound, of which diffusion, lo-
calization, and dose-dependent cytotoxicity were analyzed in
the microfluidic-based tumor model and compared with
monolayer cells cultured in static conditions. Our integrated
microfluidic platform is not only useful for the mass produc-
tion of tumor micronodules but also efficient for analyzing the
therapeutic effects of anticancer drugs with real-time fluores-
cence intensity detection and quantitative cytotoxicity output.

2 Materials and methods

2.1 Microfluidic device design and fabrication

The design of microfluidic device was followed by our previ-
ous study (Yang et al. 2015, 2019), where successful estab-
lishment of an in vitro breast tumor tissue model was
achieved. The elongated hexagonal prism shape (12 mm long,
6 mm wide, and 200 μm deep) allows the stabilization and
uniform distribution of medium flow over the majority of
cells. The microfluidic device was fabricated using polydi-
methylsiloxane (PDMS) based on soft lithography technique

and bonded with a glass slide. The detailed process was de-
scribed elsewhere previously (Yang et al. 2015, 2019).

2.2 Numerical simulation

The flow velocity and associated shear stress value in
microchambers were estimated using numerical simulation
software to ensure their physiological relevance. The simula-
tions were performed using numerical grids composed of tet-
rahedron elements generated by ANSYS package ICEM
Computational Fluid Dynamics (CFD) 18.0. Following the
Navier-Stokes equation, the velocity of the fluid was calculat-
ed by Fluent 18.0. Incompressible, single-phase flow under
laminar conditions was used. Four flow rates, 0.8, 5, 50, and
500 μL/min, were specified at the inlet of the channel, respec-
tively. Zero-gauge pressure was applied at the outlet of the
channel.

2.3 Cell culture

The human breast adenocarcinoma cell line (MCF-7), human
hepatocarcinoma cell line (HepG2), and human cervix adeno-
carcinoma cell line (HeLa) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 units/ml penicillin, 100 mg/ml
streptomycin, 1% L-glutamine, 0.14% sodium bicarbonate,
and 0.1 mM sodium pyruvate. The cell lines were maintained
in a humidified atmosphere containing 5%CO2 at 37 °C. Cells
were cultured until they reached approximately 75%
confluency before preparing the plates for the cytotoxicity
assay or microfluidic culture.

2.4 Setup of the microfluidic system

Prior to cell culture, the chambers of the microfluidic device
were exposed to UV irradiation for 30 min and sequentially
washed with 70% (v/v) ethyl alcohol, rinsed with phosphate-
buffered saline (PBS, pH 7.4), and complete cell culture me-
dium for three times. For cell seeding in the microfluidic
chamber, the cell-loaded syringes fitted with 18-G blunt
needles were attached to the inlet tubing and were pumped
into each chamber. The microfluidic device was then kept at
37 °C and 5% CO2 incubator for 30 min, allowing for the
attachment of cells to the substrate. Afterward, a fresh culture
medium was continuously introduced into the chambers at a
flow rate of 0.8 μL/min controlled by a syringe pump (NE
1000 New Era Pump Systems Inc., Farmingdale, NY).

2.5 Integration of the fluorescence detection system
and the microfluidic platform

In order to continuously detect the emission intensity of dif-
ferent fluorescent drug substances and quantify their
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accumulation in cells, a real-time fluorescence detection sys-
tem was designed based on LabWindows programming and
integrated with the microfluidic system. Figure 1 illustrates
the systematic setup of the integrated microfluidic-
fluorescence intensity detection system, which is consisted
of two laser sources (488 nm and 650 nm, 15 mW,
Thorlabs), one portable QE Pro Fiber Optic Spectrometer,
and a detection probe. The probe has a single 400 μm excita-
tion fiber at its center and is surrounded by nine 200 μm
collection fibers, which enables efficient excitation from the
laser sources and collection of fluorescent signals from the
samples in the microfluidic device. SMA 905 connectors were
used for the probe connection between the spectrometer and
laser sources. LabWindows-based software was designed for
laser source control, spectrometer control, fluorescence acqui-
sition, signal noise reduction, data storage, result analysis, and
display. Noted here that two laser sources and corresponding
control unit were involved in our system design towards future
applications by providing multiple excitation wavelength.
System performance and accuracy were firstly tested by mea-
suring the fluorescence intensity of fluorescein isothiocyanate
(FITC) with known concentration (Figure S1).

2.6 DOX exposure

DOX hydrochloride was purchased from Aladdin Reagent
Co. (Shanghai, China). All DOX solutions were prepared
fresh immediately prior to cellular exposure. A stock solution
of 1 mM DOX was prepared in dimethyl sulfoxide (DMSO)
then serially diluted with complete DMEMmedia to reach the
final concentration of 1, 5, 10, 50, and 100 μM. The calibra-
tion experiment was performed using above known concen-
trations of DOX, and the derived standard curve was obtained
by measuring the absorbance at 485 nm using a UV-vis spec-
trophotometer (Molecular Devices) (Figure S2). After a pre-
liminary test of cell response to DOX of various concentra-
tions (data not shown), we then chose DOX concentrations of
1 and 10 μM for the following experiments to cover a range
from no significant cytotoxicity to acute cytotoxicity and to
fall within the range of previous toxicological and clinical
studies on DOX (Ravizza et al. 2004; Yokochi and
Robertson 2004). For 2D conditions, the cell culture medium
was removed, and cells were exposed to DOX containing
medium of various DOX concentrations. For microfluidic
conditions, after confirming 3D tumor construct formation in

Fig. 1 Schematic diagram of the microfluidic platform integrated with in
situ fluorescence detection and imaging system. Each chamber of the
microfluidic device is connected with a syringe pump for continuous
medium supply and a waste container for waste collection. A
stereomicroscope equipped with a CCD camera was mounted at the top
of the microfluidic chamber which allows real-time observation.
Excitation light at the wavelength of 488 nm and 650 nm controlled by

the laser shutter (SH) is brought to the platform via a multimode optical
fiber. The mirror (M) placed at 45° to the beam bends the excitation light
through 90°. The dichroic mirror (DM) and lens (L) are used to couple
light into a fiber bundle. The emission light is collected using the same
probe connectedwith the multimode optical fiber with standard SMA905
connector. This fiber then transmits the light to a QF Pro spectrometer
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each chamber following 10 days of cell culture, DOX at the
concentrations of 1 and 10 μM in cell culture medium were
loaded in 1 mL syringes and continuously introduced into
microfluidic chambers through the inlets at the flow rate of
0.8 μL/min by a digital pump.

2.7 Morphological assessment of cells

For morphological comparison between cells grown in differ-
ent conditions, MCF-7, Hela, and HepG2 cells in monolayer
culture were seeded respectively in 6-well cell culture plates
and microfluidic culture chambers at the same cell density of
3 × 105/mL and kept in culture at 37 °C in CO2 incubator.
Time-resolved images of morphological changes in cells at
different culture conditions were continuously recorded under
bright-field microscopy for up to 10 days. To monitor the
morphological changes of cells in response to DOX expo-
sures, monolayer and microfluidic cultures of MCF-7 cells
were treated with DOX at the concentrations of 1 and
10 μM, respectively. After 24 h incubation, bright-field im-
ages were taken using an inverted phase-contrast microscope
(Leica). Cells without any treatment were used as controls.
Cell area and integral density was calculated using the cellular
analysis feature of the software Image J after automated rec-
ognition and manual segmentation.

2.8 DOX uptake and distribution

To observe the cellular uptake and distribution of DOX in
monolayer cells and microfluidic cultures, after incubating
with DOX for 24 h, fluorescent images were respectively ob-
tained in situ at monolayer cells seeded in 6 well-plate and
cultured in microfluidic chambers under the same exposure
settings. The absorbance of DOX at 485 nm was measured by
a UV-vis spectrophotometer (Molecular Devices) to deter-
mine the DOX amount using a previously established calibra-
tion curve (Figure S2). For 2D conditions in 96 well-plates,
the DOX accumulated in cells was calculated by subtracting
the free DOX in the supernatant from the total DOX amount in
the initial loading medium. To compare the DOX accumula-
tion in 2D and microfluidic conditions, the relative change of
DOX concentration as compared to original DOX concentra-
tion was calculated as: (DOXbefore- DOXafter)/DOXbefore ×
100%, where DOXbefore refers to the initial DOX concentra-
tion before cell incubation and DOXafter means the DOX con-
centration in the collected solution from supernatant or from
the microchamber outlet after treatment. Fluorescence inten-
sity in the microfluidic cultures after DOX perfusion was also
detected with the integrated fluorescence detection system.
Before the measurement, extra DOX remaining in the culture
chamber was washed away by rinsing with PBS solution for
three times. Fluorescence intensity was measured at five dif-
ferent locations in the DOX-treated tissues after 4 h and 24 h

perfusion, respectively. DOX was excited by 488 nm, and its
emission at 590 nm was recorded and analyzed.

2.9 In vitro cytotoxicity test

Cell viability in 2D static culture after 24 h treatment with
DOX at different concentrations was determined by MTT as-
say. Briefly, MCF-7, HepG2, and HeLa cells were seeded in
96-well plates at a density of 5 × 103 cells/well in 200 μL
culture medium. Following 24 h incubation and attachment,
the cells were treated with different concentrations of DOX for
further 24 h. After treatment, the cell culture medium was
removed, and 0.5 mg/mL MTT solution diluted in fresh cell
culture medium was added to each well and incubated for 2 h.
The MTT dye was reduced by succinate dehydrogenase in the
mitochondria of viable cells to purple formazan crystals. After
that, the medium was removed, and DMSO was added, and
the absorbance of dissolved formazan crystals was determined
by a microplate reader (Molecular Devices). The plates were
gently shaken for 1 min, and absorbance was measured at
492 nm. The percentage of cell viability was calculated as:
(mean optical density of treated cells-background)/(mean op-
tical density of control cells-background) × 100%, where un-
treated cells regarded as 100%. The data were obtained from
three independent assays.

2.10 Live/dead assay

Cell viability was measured using a Live/Dead Viability/
Cytotoxicity Kit (calcein acetoxymethyl ester, calcein-AM,
and propidium iodide, PI, Aladdin Reagent Co. Shanghai,
China) following vendor’s protocols. Briefly, 5 μL of
calcein-AM and 15 μL of PI were mixed well in 5 mL of
1 × Assay Buffer. For 2D culture, cells cultured in 6 well-
plate after various DOX treatments were incubated in
500 μL of working Live/Dead stains. For microfluidic cul-
tures, Live/Dead staining solution was loaded into the treated
tumor tissues from the inlet. After 15 min incubation, cells
were washed twice with PBS and immediately imaged with
the inverted fluorescence microscope (Nanjing Jiangnan
Novel Optics Co., Ltd.). Samples were excited at 488 nm,
and green fluorescence emission for calcein-AM and red fluo-
rescence emission for PI were recorded. Cultures without any
treatment were stained as controls.

2.11 CellTiter-Blue assay

Cell viability was analyzed using the CellTiter-Blue assay kit
(Promega Corporation, Madison, WI) following the manufac-
turer’s protocol. Briefly, the CellTiter-Blue reagent was mixed
with cell culture medium at a volume ratio of 1:5 to obtain the
working solution. For 2D culture, cells cultured in 96-well
plates after various treatments were treated with 100 μL of
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the working solution per well and incubated for 2 h at 37 °C.
For microfluidic cultures, chamber tissues after various DOX
treatments continuously flowed with the CellTiter-Blue work-
ing solution for 24 h. The supernatant solution in 2D well-
plate and metabolic waste from each outlet of the microfluidic
chambers were collected and then measured for their fluores-
cence intensity at 560 nm (Ex)/590 nm (Em). Cultures without
any treatment were used as controls.

2.12 Statistical analysis

At least three independent experiments were conducted for all
experiments. Data were expressed as themean ± SD. For com-
parisons, the student t-test was performed between two
groups, while the one-way ANOVA was used for compari-
sons of more than two groups. A value of p < 0.05 was con-
sidered statistically significant.

3 Results

3.1 Growth of tumor cells in monolayer and in the
microfluidic device

Prior to applying dynamic perfusion in the microfluidic de-
vice, numerical simulation was firstly performed to confirm
that the flow velocity, shear stress, and pressure are biologi-
cally relevant in the microchamber. As shown in Fig. 2, at
the inlet flow rates of 0.8, 5, 50, and 500 μL/min, the averaged
shear stresses at the center area of the microfluidic chamber

were 0.000192, 0.0012, 0.012, and 0.12 dyne/cm2, respective-
ly, which were within the range of reported fluid shear stress
generated by the interstitial flows in the tumor microenviron-
ment (approximately 10−6 to 0.1 dyne/cm2) (Mitchell and
King 2013a, b). To assure this biological relevance and allow
the uniform flow distribution over the microchamber area
where most cells were grown and morphological characteri-
zation was performed, the flow rate of 0.8 μL/min was used
for the following experiments.

As shown in Fig. 3, after initial cell seeding and attachment
following the first 24 h, no apparent morphological difference
was found between cells grown in 2D well-plate compared to
those in the microfluidic device, indicating that cellular
growth characteristics did not significantly alter. When initial-
ly grown with an identical seeding density, cells cultured in
microfluidic chambers were at lower confluency as compared
to static well plate, which could be attributed to the weaker
cell adhesion onto glass substrate. However, after 5 days of
growth, in 2D culture conditions, although the culture medium
was changed every day manually, the majority of cells were
detached from the substrate and easily removed during medi-
um change. Conversely, under continuous flow, all three types
of cells proliferated at a certain growth rate with high viability,
merged as a confluent flat layer, which fully spread across the
area of the substrate in the microchamber (Fig. 3a). In contrast
to the monolayer cultures where cells were flat and stretched,
in the microfluidic culture, cells tended to form cell-cell inter-
action and appeared spherical morphology, leading to dimin-
ished individual cell size. After reaching the confluence on the
substrate, proliferating cells tended to grow in the vertical
direction and fuse together by forming aggregates.

Fig. 2 CFD simulation of flow
velocity field, shear stress, and
pressure distribution (from left to
right) in the microfluidic chamber
fitting at inlet fluid flow rates of
0.8, 5, 50, and 500 μL/min (from
top to bottom). The simulation
was performed by FLUENT 18.0
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Based on automated area recognition and manually seg-
mentation, we further analyzed the changes of individual cell
size and the contrast of brightfield images in corresponding
areas of cell images. We randomly selected five regions of
interest in five replicate images, then calculated the cell areas
and the integral density. As shown in Fig. 3b–d, decreased
average size for individual cell was observed for each cell type
as compared to 2D cultures over the entire cultivation period.
As the intensity of the contrast measured by the microscope is
approximately proportional to the sum of the overlapping cell
contributions, the significant enhanced contrast found in
microchamber cultures suggested higher cell density for the
overlapping regions. The detailed image analysis revealed dif-
ferent cell behavior across cell types in long-term cultivation.
As shown in Fig. 3b–d, among the three types of cells, the
most dramatic intensity variation of contrast was found in
MCF-7 cells, where firm and stable micronodules were gen-
erated. Therefore, for the following drug evaluation, we main-
ly focused on MCF-7-derived tumor tissue model for better

comparison. The overall growth of MCF-7 cells in one
microchamber was recorded under the phase-contrast micros-
copy and the stereo microscopy, and the cell viability was
verified using a Live/Dead assay (Fig. S3). To determine the
integrity of the formed tumor tissue, tissue samples from the
microchamber were collected, fixed, and sectioned into thin
slices for Hematoxylin & Eosin (H&E) staining. A compact
structure composed of ~10 layers of stacked cells was ob-
served (Fig. S3), which sharedmorphological similarities with
in vivo tumor (Li et al. 2017).

3.2 Cellular uptake of DOX and its distribution in 2D
and microfluidic cultures

DOX is one of the most commonly used chemotherapeutics
commercially available to treat a wide range of cancers.
Owning to its intrinsic fluorescence (Farhane et al. 2015;
Ozcelikkale et al. 2017), we firstly investigated the cellular
uptake behavior in different tumor cell lines and compared

Fig. 3 Morphological changes in MCF-7, Hela, and HepG2 cells grown
in monolayer culture after attachment for 24 h and in microfluidic culture
for up to 10 days. a Representative images were captured in 2D
conditions and in microchambers after 24 h, 5 days, and 10 days.
Images were taken using an inverted phase-contrast microscope. Scale
bar: 100 μm. The changes of individual cell size and integral contrast

intensity were calculated in b MCF-7, c Hela, and d HepG2 grown in
different conditions over the cultivation period. The average cell areas
and contrast intensity were normalized by comparing with the cells cul-
tured in 2D conditions. Five regions of interest were selected based on
automated area recognition and manually segmentation, and the analysis
was performed in five replicate images in each group using Image J
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its distribution pattern in monolayer cells and microfluidic
tumor micronodules. Figure 4a shows the representative fluo-
rescence microscopy images of Hela and HepG2 cells grown
on 2D conditions exposed to DOX for 24 h (MCF-7 results
were presented later with the comparison with microfluidic
results). In 2D static culture, monolayer cells were exposed
to a homogenous amount of DOX from the medium and
absorbed DOXwas clearly traceable in the cytoplasm in every
cell with a localization in the nuclei. For quantitative compar-
ison of DOX consumption in different conditions, free DOX
remaining in the supernatant solution of monolayer culture
and in the waste collected from the microchamber outlet were
determined by measuring DOX absorbance and assigning to
the DOX standard curve. As shown in Fig. 4b, the cellular
uptake of DOX was comparable between different tumor cell
lines, where no significant difference was found. As the over-
all cell number in monolayer and microfluidic culture is diffi-
cult to quantify, we compared the relative change of DOX
concentration before and after treatment to estimate the
amount of DOX consumed by cells. As shown in Fig. 5a,
althoughDOXwas delivered to cells at the same dosage, more
noticeable relative change of DOX concentration was found in
monolayer culture than that in 3D tumor micronodules after
24 h incubation. Specifically, at lower DOX loading dosage,
~40% of DOX was uptaken by monolayer cells, while merely
10% of DOX was accumulated in cells in microfluidic culture
via dynamic perfusion. With the increase of DOX loading
concentration to 10 μM, the relative change of DOX concen-
tration in monolayer culture (~76%) was still significantly
higher than that in 3D microfluidic culture (28%), suggesting

that dynamic perfusion was less effective in delivering DOX
to cells than homogenous exposure.

Our integrated fluorescence detection system (Fig. 1) en-
abled real-time quantification of DOX concentration by mea-
suring the emission of DOX under laser excitation at a given
time. As indicated in Fig. 5b and c, we compared the penetra-
tion of DOX in microfluidic micronodules through dynamic
perfusion versus static interaction with monolayer cells. We
found that the increase of dosage significantly affected the
DOX accumulation in both the monolayer condition and tu-
mor micronodules. To our interest, in microfluidic cultures, at
the same incubation time (4 h and 24 h), increased loading
concentration of DOX from 1 to 10 μM resulted in an approx-
imately two-fold increase of DOX uptaken by MCF-7 cells.
With the same loading concentration of DOX, prolonged in-
cubation time from 4 h to 24 h significantly enhanced the
intracellular accumulation of DOX with an approximately
three-fold increase.

3.3 Cytotoxicity of DOX in monolayer and microfluidic
culture

Dose-dependent cytotoxicity assay of DOX was firstly carried
out in 2D cell culture systems in multiple tumor cell lines.
Figure 4c shows the cellular viability of MCF-7, HeLa, and
HepG2 cells to DOX exposure at concentrations of 1 and
10 μM at time points of 24 h, as measured using MTT assay.
After treating the monolayer cells with DOX at lower concen-
tration (1 μM), MCF-7 and HepG2 cells showed similar be-
havior with cell viabilities diminished to 67% and 79%,

Fig. 4 a Representative
fluorescence microscopy images
showing intracellular
fluorescence of DOX in Hela and
HepG2 cells. Scale bar: 100 μm.
b Calculated cellular
accumulation of DOX at initial
loading concentrations of 1 and
10 μM after incubation with
various tumor cell lines for 24 h. c
Cell viability of MCF-7, Hela,
and HepG2 cells after exposure to
DOX at different concentrations
for 24 h as determined by MTT
assay. All the measurements were
done in at least three replicates
and the results are expressed as
standard error on the mean
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respectively. Likewise, after DOX treatment at higher concen-
tration (10 μM), similar trends were observed in these two cell
lines with cell viabilities of 38% and 26%, respectively.
Intriguingly, although the difference of cellular uptake of
DOX at both concentrations is not in evidence for the three cell
lines (Fig. 4b), DOX is less toxic to the HeLa cells at the lower
dosage. However, when increasing the DOX concentration to
10 μM, a significant decrease in cell viability was noticed,
leading to 90% cell destruction in Hela cells after treatment.

As the non-invasive MCF-7 cells demonstrated the maxi-
mum effectiveness in forming 3D-nodule-like tumor tissue
structure among the tested three types of cells, we mainly
investigated their response to DOX treatment for better com-
parison with monolayer cultures. As shown in Fig. 6, after
treatment with DOX, morphological changes in MCF-7 cells
cultured in different conditions were observed and demon-
strated a concentration-dependence. In 2D cultures, cells ex-
posed to the higher concentration of DOX at 10 μM lost their
normal morphology and shape, became more rounded and
less adherent than the control. Similarly, in the microfluidic
culture perfused with DOX continuously, a loosening of tu-
mor mass and interconnections with many disseminating or
dissociated cells was noticed, which was associated with the
increased DOX concentration. We further calculated the inte-
gral density in five randomly chosen areas to semi-
quantitatively identify the morphological changes by combin-
ing the changes of cell size and contrast intensity in image
analysis. From Fig. 6c, a significant difference was noticed
in the monolayer and microfluidic cultures after 10 μM
DOX treatment. Clearly, under the same exposure conditions,

more distinguishable morphological changes were found in
2D cultures, suggesting that static exposure to the therapeutic
reagents could lead to more obvious cell destruction than dy-
namic perfusion.

We then performed the cytotoxicity test in the microfluidic
culture and compared that with 2D monolayer results under
the same DOX dosage. The changes of cell viability induced
by DOX was firstly confirmed using the Live/Dead apoptotic
staining. As shown in Fig. 7a, the majority of cells exhibited
green fluorescence and remained alive after exposure to 1 μM
DOX, whereas a significant number of dead cells was ob-
served after 10 μM DOX treatment. As the intracellular
DOX might still emit red fluorescence, it was difficult to dis-
tinguish them from dead cells in microfluidic cultures.
Therefore, the quantitative comparison of cell viability was
further determined by the CellTiter-Blue assay. As shown in
Fig. 7b, when treating with a lower concentration of DOX at
1 μM, MCF-7 cell viability was comparable in micronodules
(74%) and in the monolayer (84%). However, for the higher
concentration of DOX at 10 μM, the results were significantly
distinct, where 84% of the cells were alive in the microfluidic
culture, and only approximately 46% of the cells had survived
in the monolayer after treatment. These findings were also
well correlated with above morphological analysis results.

4 Discussion

Consistent with previous studies (Rizvi et al. 2013), our
findings indicated that biologically relevant fluidic flow

Fig. 5 a Relative change of DOX concentration after 24 h treatments in
2D static and microfluidic systems as compared to initial loading
concentration. b Fluorescence intensity of DOX at different
concentration in microfluidic cultures after perfusion for 4 h and 24 h.
DOX was excited by 488 nm and its emission was recorded at 590 nm.

Data are mean ± standard deviation. c Representative fluorescence
microscopy images showing intracellular fluorescence of DOX in
MCF-7 cells cultured in monolayer and microfluidic conditions. The cells
were exposed to DOX of 1 and 10 μM for 24 h. Scale bar: 200 μm
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significantly promoted the long-term growth of tumor cells
while maintained cell viability across a variety of tumor
cell types, including human breast adenocarcinoma,
hepatocarcinoma, and cervix adenocarcinoma cells.
Dynamic flow perfusion promoted nutrient delivery within
the construct and consequently improved cell survival,
growth, and proliferation, which cannot be achieved under
conventional 2D static culture conditions (Santoro et al.
2015). The biophysical forces played an important role in
fostering the spontaneous aggregation of tumor cells to-
wards the format ion of 3D mul t ice l lu lar tumor
micronodules through resembling clustered buds (Agosti
et al. 2019). The confined culture conditions and fluid
shear stress experienced by the micronodules maintained
their size consistency and viability versus conventional 2D
static methods and previous matrix-dependent 3D tumor
spheroids.

Moreover, we have also noticed that the capacity for the
tumor cells to develop into a 3D in vivo-like cytoarchitecture
via self-organization could be highly relying on the specific cell
type. Albeit the same initial seeding density and identical cul-
ture conditions, among the three types of cell lines tested in our
study, in comparison to MCF-7 cells, Hela and HepG2 cells
revealed less significant changes of morphological features and
growth behavior with respect to culture conditions. Rather than
the non-invasive MCF-7 cells, Hela and HepG2 cells were
reported with higher metastatic potentials and invasive abilities,
which were closely associated with lower interconnection force
and weak attachment properties (Nath et al. 2018; Senthebane
et al. 2017). Therefore, a loosely bound organization was no-
ticed in Hela and HepG2 cells cultured in microchamber,
whereas MCF-7 cells demonstrated a more compact formation
of tumor tissue with higher in vivo similarity.

Fig. 7 Representative Live/Dead fluorescence staining images of a 2D
monolayer and b microfluidic cell culture after various DOX treatments.
Live cells were stained fluorescence green with calcein-AM and dead
cells were stained fluorescence red with PI. Scale bar: 200 μm. c Cell

viability was measured on 2D static and 3D microfluidic tissue culture
after 24 h treatment with DOX at the concentration of 1 and 10 μM as
compared to control group without any treatment, determined by the
CellTiter-Blue assay. *p < 0.01

Fig. 6 Representative bright-field images of morphological changes in
MCF-7 cells in amonolayer culture and bmicrofluidic culture. The cells
were exposed to different concentrations of DOX at 1 and 10 μM for
24 h, respectively. Cells without any treatment were used as controls. c
Morphological changes were further analyzed by calculating the average

cell size and integral contrast intensity in selected areas of interests. The
data were normalized by comparing with the controls. Images were taken
using an inverted phase-contrast microscope and were analyzed using
Image J. Scale bar: 100 μm
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As one of the most celebrated anti-cancer therapeutics in
clinical applications, dosage-dependence of DOX cytotoxicity
is well recognized in literatures (Lüpertz et al. 2010; Ravizza
et al. 2004; Yokochi and Robertson 2004) and was consistent-
ly found in monolayer cultures across different cell lines in our
study. Our microfluidic-based in vitro tumor models are read-
ily available for DOX evaluation while providing with non-
destructive monitoring of the drug consumption with the inte-
gration of on-line detection function.

Our findings suggested significant variations of cellular
behaviors in response to DOX in 2D and microfluidic con-
ditions, which were in good agreement with previous stud-
ies using 3D tumor spheroids (Casey et al. 2016; Lovitt
et al. 2018). The less sensitivity to DOX found in
microfluidic culture as compared to 2D conditions could
be mainly attributed to 1) less efficient drug delivery into
tumor tissues via dynamic perfusion; and 2) drug resis-
tance developed in the tumor microenvironment in the
microfluidic culture. From both on-line detection of DOX
accumulation and off-line quantitative measurement of
consumed DOX, our results suggested that dynamic perfu-
sion was less effective in delivering DOX against tumor
micronodules than static interaction. Unlike traditional
monolayer conditions that allow a more uniform drug ac-
cumulation upon homogenous exposure, uneven DOX dis-
tribution in the microfluidic culture would occur during
dynamic perfusion when DOX was penetrating the 3D ar-
chitecture of tumor construct. Reduced DOX transport into
the inner part of the micronodules could thus be associated
with less cell destruction observed in the microfluidic
culture.

Although increased DOX injection concentration from 1 to
10 μM indeed resulted in higher overall drug accumulation in
tumor nodules, as reflective of fluorescence imaging and in-
tensity measurement, the elevated cellular DOX level still did
not lead to significant enhanced cell killing as expected. Aside
from inefficient drug delivery into the center of tumor cells
through diffusion, the changes of tumor microenvironment
factors may also influence the efficacy of anticancer drugs
(Jo et al. 2018). Noticed that monolayer cells grown in static
conditions were lacking of essential biomechanical stimuli as
occurred in vivo, the cells may thus bypass the hyper-activated
signaling pathways associated with drug resistance activation
(e.g. extracellular signal-regulated kinase pathway) and pres-
ent higher sensitivity to therapeutics (Nwosu et al. 2020). On
the other hand, tumor cells exposed to a range of dynamic
mechanical forces could evoke key proteins, such as
Caveolin-1/caveolae, involved in transmembrane signaling
systems and further mediate the chemoresistance (Hehlgans
and Cordes 2011; Qian et al. 2019). The chronic exposure to
acidic microenvironment would also possibly increase the ex-
pression level of other proteins relevant to chemoresistance
such as heat shock protein HSP27 (Wachsberger et al.

1997). In addition, DOX is prone to protonation in the acidic
extracellular pH and suffers from lower cellular uptake due to
‘ion trapping’ (Jo et al. 2018; Raghunand and Gillies 2000).
As we did observe the development of a progressive acidic
environment in the microfluidic culture with continuously de-
creasing pH value found in the collected metabolic waste (data
not shown), the microfluidic conditions could support the cru-
cial role of tumor microenvironment in modulating cellular
resistance to chemotherapeutics.

Previous works have verified the predictive value of vari-
ous 3D in vitro tumor models for drug efficacy analysis, from
which a close resemblance to the in vivo organotypic tumors
and similar responses to therapeutics were found as those ob-
tained in vivo (Gunness et al. 2013; Nunes et al. 2019).
Previous cytotoxicity studies also reported similar degree of
sensitivity to DOX treatment and DOX toxicity mechanism
between the in vitro tumor spheroid models and the in vivo
animal tests (Baek et al. 2016; Verheijen et al. 2018).
Therefore, we envision that similar DOX efficacy and the
cellular response observed in our study is likely to occur in
solid tumors in vivo, where chemotherapeutic effects not only
depend on drug dosage but also the extent of mass transport,
local biomechanical forces, distribution patterns, and bio-
chemical cues in the tumor microenvironment. Furthermore,
although prospective clinical validations have confirmed the
ex vivo patient-derived 3D tumor model as a powerful tool for
personalized response predictions in cancer care (Shuford
et al. 2019), keeping in mind the much higher complexity
in vivo, substantial works are still needed to unravel the cor-
relation between therapeutics efficacy in in vitro 3D tumor
models and the results obtained during clinical trials.

5 Conclusion

The present study developed a microfluidic platform that
highlighted the value of biomechanical stimuli and
sustained medium flow perfusion on tumor cell viability,
proliferation, and micronodule formation. The microfluidic
device was not only capable of long-term cultivation
across a variety of tumor types, but also had the ability to
perform cytotoxicity tests with non-invasive monitoring of
cell-drug interaction. The results demonstrated the cell-
type dependent capacity for tumor micronodule formation
via self-organization and the dose-dependent drug resis-
tance in tumor tissues, indicating the importance of mim-
icking physiologically relevant biochemical and biome-
chanical conditions during in vitro cytotoxicity study.
The use of microfluidic-based experimental system is ex-
pected to greatly improve our understanding of the inter-
play between tumor microenvironment, tumor progression,
and chemoresistance to anticancer drugs.
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