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Abstract

Purpose Many anti-cancer drugs are used in chemotherapy; however, little is known about their efficacy against circulating
tumor cells (CTCs). In this study, we investigated whether the pulsatile fluidic shear stress (SS) in human arteries can affect
the efficacy of anti-cancer drugs.

Methods Cancer cells were circulated in our microfluidic circulatory system, and their responses to drug and SS treatments
were determined using various assays. Breast and cervical cancer cells that stably expressed apoptotic sensor proteins were
used to determine apoptosis in real-time by fluorescence resonance energy transfer (FRET)-based imaging microscopy. The
occurrence of cell death in non-sensor cells were revealed by annexin V and propidium iodide staining. Cell viability was
determined by MTT assay. Intracellular reactive oxygen species (ROS) levels were determined by staining cells with two
ROS-detecting dyes: 2',7'-dichlorofluorescin diacetate and dihydroethidium.

Results Fluidic SS significantly increased the potency of the ROS-generating drugs doxorubicin (DOX) and cisplatin but
had little effect on the non-ROS-generating drugs Taxol and etoposide. Co-treatment with SS and ROS-generating drugs
dramatically elevated ROS levels in CTCs, while the addition of antioxidants abolished the pro-apoptotic effects of DOX
and cisplatin. More importantly, the synergistic killing effects of SS and DOX or cisplatin were confirmed in circulated lung,
breast, and cervical cancer cells, some of which have a strong metastatic ability.

Conclusions These findings suggest that ROS-generating drugs are more potent than non-ROS-generating drugs for destroy-
ing CTCs under pulsatile fluidic conditions present in the bloodstream. This new information is highly valuable for developing
novel therapies to eradicate CTCs in the circulation and prevent metastasis.
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Introduction

Despite advancements in anti-cancer drug development in
recent decades, metastatic cancer remains an incurable dis-
ease that takes the lives of more than 90% of cancer patients
[1, 2]. Resistance to chemotherapy is believed to be a sig-
nificant problem that causes treatment failure in most meta-
static cancer patients [3]. Metastasis is a multistep process
in which cancer cells travel through the circulatory system
to form metastatic tumors at distant sites. Thus, circulating

P4 Kathy Qian Luo
kluo@umac.mo

School of Chemical and Biomedical Engineering, Nanyang
Technological University, Singapore, Singapore

Faculty of Health Sciences, University of Macau, Taipa,
Macau, China

Published online: 16 August 2018

tumor cells (CTCs) are considered to be the origin of metas-
tasis [4]. Previously, CTCs were identified in the blood of
cancer patients with solid tumors, which demonstrated the
presence of CTCs in the vascular system [5, 6]. Current
research on CTCs mainly focuses on detecting and diagnos-
ing CTCs [7]. For example, several studies have shown that
the number of CTCs present in the blood determines the
severity of the disease [8—11]. Many oncologists consider
CTCs isolated from the blood to be a “fluid biopsy” [12].
As CTCs are the cause of metastasis, more efforts should
be made to develop new strategies to destroy these cells in
the circulation, which will be an effective way to prevent
metastasis.

To study CTCs, we have developed a microfluidic circula-
tory system that can generate physiological levels of fluidic
shear stress (SS) similar to those present in human arteries
and veins [13]. More importantly, this SS can be applied to
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CTCs in a pulsatile manner, mimicking the periodic move-
ment of the blood flow in human arteries. With this system,
we found that high levels of SS, such as the levels present in
arteries (15-30 dyne/cmz), could elevate the levels of reac-
tive oxygen species (ROS) in CTCs, which damaged their
mitochondria and induced them to undergo apoptosis. In
contrast, low levels of SS, such as the levels present in veins
5 dyne/cmz), devoid of such an effect [13]. These findings
raised a question of whether the ROS generated in CTCs in
the circulation affect their sensitivity to anti-cancer drugs.

To address this question, we chose four anti-cancer drugs:
doxorubicin (DOX), cisplatin, Taxol, and etoposide. These
drugs were applied to cancer cells either under static con-
ditions or in a circulatory environment. Their efficacy in
inducing apoptosis and reducing cell viability was deter-
mined in three types of cancer cells, including breast, lung,
and cervical cancer. The results show that the ROS-generat-
ing drugs DOX and cisplatin produced significantly stronger
anti-cancer effects in CTCs from all three types of cancer,
while the non-ROS-generating drugs, Taxol and etoposide,
did not have such an effect. These findings suggest that ROS-
generating drugs may be more effective in destroying CTCs
in the vascular system. Upon validation in clinical studies,
the results of this study may cause a paradigm shift in the
use and dosing of these anti-cancer drugs to destroy CTCs
during cancer therapy.

Materials and methods
Cell lines and cell culture

The MDA-MB-231 breast cancer cell line was provided by
Professor Xiaofeng Le while he was working in the Depart-
ment of Experimental Therapeutics at the M.D. Anderson
Cancer Center of the University of Texas, USA. MCF7
breast cancer cells, A549 lung cancer cells and HeLa cervi-
cal cancer cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Three
cell lines expressing caspase sensors (MCF7-C3, 231-
C3, and HeLa-C3 cells) were generated by transfecting a
recombinant DNA that encodes the fusion protein CFP-
DEVD-YFP [14] into MCF7 [15], MDA-MB-231 [15] and
HeLa cells [14], respectively. As these sensor cells can emit
more green light due to the effect of fluorescence resonance
energy transfer (FRET) in live sensor cells and produce
more blue light upon caspase-3 activation in apoptotic sen-
sor cells, they can be used to reveal apoptosis in real time
and in individual cells by changing their color from green
to blue [13-15]. MDA-MB-231, A549, 231-C3, HeLa-C3,
and MCF7-C3 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Thermo Fisher Scientific,
Waltham, MA, USA). The culture media were supplemented
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with 10% fetal bovine serum (FBS, HyClone, Buckingham-
shire, UK) and 1% penicillin/streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA). All cells were cultured with
5% CO, in a 37 °C incubator.

Microfluidic circulatory system

The design and construction of the microfluidic circula-
tory system have been described in our previous publica-
tions [13, 16, 17]. The core component of this system is
the peristaltic pump (Ismatec, Wertheim, Germany), which
can generate physiologically relevant pulsatile SS in micro
tubing with a radius of 0.25 mm and a length of 1.5 m [13,
16, 17]. When CTCs are circulated in this system, they will
encounter SS, which can be calculated using Poiseuille’s
equation:z = 4—%37, where Q is the flow rate in mL/sec, 1 is
the dynamic vigcosity of the culture medium, which equals
0.012 dynes sec/cm?, and R is the inner radius of the tube
(0.25 mm). An SS level of 15 dyne/cm2 was used in this
study, and that value is abbreviated as SS15.

Anti-cancer drugs

The anti-cancer drugs DOX, cisplatin, etoposide, and Taxol
were purchased from Selleck Chemicals (Houston, TX,
USA). The working concentrations of all four drugs were
freshly prepared from their own stock solutions. The drugs
were uniformly mixed with the cells in DMEM containing
10% FBS and 1% penicillin and streptomycin, pH 7.4 (PS,
Gibco, USA), before being applied to the microfluidic cir-
culatory system or added to each well of a 96-well culture
plate. The cells that were treated with drugs were maintained
at 37 °C in a 5% CO, incubator and were then collected at
the designated time points for various analyses. All drug
testing experiments were conducted in triplicate.

Antioxidants

The antioxidants N-acetylcysteine (NAC) and propyl gallate
(PG) were purchased from Sigma, USA. The working con-
centrations of both antioxidants were freshly prepared from
their stock solutions. The antioxidants NAC or PG and the
ROS-generating anti-cancer drugs DOX or cisplatin were
uniformly mixed with cells in DMEM containing 10% FBS
and 1% penicillin and streptomycin, pH 7.4 (PS, Gibco,
USA), before being applied to the microfluidic circulatory
system. The cells that were treated with drugs and antioxi-
dants were maintained at 37 °C in a 5% CO, incubator and
were then collected at the designated time points for various
analyses. All experiments testing the combined effects of
antioxidants and drugs were conducted in triplicate.
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Using FRET microscopy to detect apoptosis
in a microfluidic circulatory system

The rate of apoptosis was determined using fluorescence
resonance energy transfer (FRET) microscopy. An inverted
Zeiss Axiovert S100 fluorescence microscope (Carl Zeiss,
Germany) and a computer-controlled charge-coupled device
(CCD) camera (AxioCam MRm, Carl Zeiss, Germany) were
used to capture the FRET images [13, 14, 16]. The cells were
excited with a wavelength of 436 + 10 nm, and two emis-
sion wavelengths, one from cyan fluorescent protein (CFP)
(480 +20 nm) and another from yellow fluorescent protein
(YFP) (535 + 15 nm), were individually captured. The Image-
Pro Plus software (Media Cybernetics, Inc., USA) was used
to merge the digital fluorescence images of CFP and YFP.

In the merged FRET images, live cells appeared in green
color while apoptotic cells appeared in blue color. This dif-
ference occurs because in the live cells, the fusion protein
CFP-DEVD-YFP is intact and emits more green fluores-
cence. In sensor cells undergoing apoptosis, caspase-3 is
activated, resulting in the cleavage of the peptide linker at
the DEVD sequence between CFP and YFP. As a result
of the separation of CFP from YFP, the energy cannot be
transferred from the CFP donor to the YFP acceptor. Conse-
quently, the color of the merged FRET image changes from
green to blue, indicating apoptosis [13, 14, 16]. The merged
FRET images were analyzed to calculate the percentage of
apoptotic cells using the following formula:

Total number of blue cells

% of totic cells =
o otapoptoticcells Total number of green and blue cells

Measurement of cell death by annexinV
and propidium iodide (PI) staining

To detect apoptotic cell death in A549 lung cancer cells that
do not express our caspase sensor C3, annexin V and PI
staining were used. Phosphatidylserine (PS) is located in
the inner layer of a cell membrane in normal cells. However,
in apoptotic cells, PS translocates from the inner to outer
layer of the cell membrane, and this change can be used
to indicate apoptosis. Annexin V is a 35-36 kDa calcium-
dependent phospholipid-binding protein that can bind PS
exposed to the outer layer of the cell membrane. After vari-
ous circulatory and drug treatments, the cells were collected
by centrifugation at 1500 rpm for 3 min, washed twice with
cold PBS and resuspended in 1X annexin-binding buffer. For
every 100 pL of cell suspension, 10 puL of annexin V solution
(Thermo Fisher Scientific, Waltham, MA, USA) and 2 pL of
PI at 100 pg/mL (Sigma, USA) were added and incubated
for 30 min at room temperature in the dark. The cells were
washed with 1X annexin-binding buffer. Annexin V and PI
fluorescence was immediately observed under an inverted

fluorescence microscope (Axio Observer Z1, Carl Zeiss,
Germany). The cells that had an annexin V+/PI— staining
pattern were considered to be in early apoptosis, while cells
with an annexin V+/PI+ pattern were considered to be in
late apoptosis or necrosis.

Calculation of cell viability using the MTT assay

After treatment with circulation under SS15 and drugs,
the cells were collected from the circulatory system at the
designated time points. Then, 100 uL of suspended cells
was added to each well of a 96-well culture plate, fol-
lowed by the addition of a sterilized MTT solution (5 mg/
mL) [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] (Sigma-Aldrich, USA). After 3 h of incubation,
100 pL of a solubilization solution containing 10% sodium
dodecyl sulphate (SDS) and 0.01 M HCI was added to each
well to solubilize the formed formazan. After an overnight
incubation, the optical density at 595 nm was measured
using a plate reader (Perkin-Elmer Victor’, USA).

Detection of intracellular ROS levels using
2',7'-dichlorofluorescin diacetate (DCFDA)

MDA-MB-231 cells were treated with or without differ-
ent drugs and circulated or left under static conditions in
Fluoro-brite medium (Thermo Fisher Scientific, Waltham,
MA, USA) containing 10% FBS (HyClone, Buckingham-
shire, UK) for 3 h. Then, the cells were collected and centri-
fuged to remove various drugs. The cells were immediately
stained with 10 uM CM-H2DCFDA (DCFDA) (Thermo
Fisher Scientific, Waltham, MA, USA) prepared in Fluoro-
brite medium. After incubation for 30 min, the medium with
DCFDA was removed, and the cells were resuspended in
fresh Fluoro-brite medium. Then, 100 pL of Fluoro-brite
medium containing cells was added to 96-well plates. Green
fluorescence images of DCFDA were immediately captured
using an inverted fluorescence microscope (Axio Observer
Z1, Carl Zeiss, Germany) at an excitation wavelength of
495 nm and an emission wavelength of 529 nm. Five images
were collected for each condition, and the average value of
fluorescence intensity was calculated from these images
using ZEN software.

Analysis of the superoxide formation
by dihydroethidium (DHE) staining

MDA-MB-231 cells were treated with or without different
drugs, circulated or left under a static condition in Fluoro-
brite medium (Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% FBS (Hyclone, Buckinghamshire,
UK) for 3 h; after which the cells were collected and centri-
fuged to remove various drugs. The cells were immediately
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stained with 10 uM dihydroethidium (DHE) (Thermo Fisher
Scientific, Waltham, MA, USA) prepared in Fluoro-brite
medium. After incubation for 30 min, the medium with
DHE was removed and cells were re-suspended in fresh
Fluoro-brite medium. Then, 100 pL of Fluoro-brite medium
containing cells were added in 96-well plates. The red flu-
orescent images of DHE were captured using an inverted
fluorescence microscope (Axio Observer Z1, Carl Zeiss,
Germany) at an excitation wavelength of 535 nm and an
emission wavelength of 610 nm. Five images were taken for
each condition and the average value of fluorescence inten-
sity was calculated from these images using ZEN software.

Statistical analysis

All sets of data are presented as the means + standard devia-
tions from at least three independent sets of experiments.
We analyzed statistical significance using Student’s ¢ test for
two-tailed distributions with two-sample unequal variance to
calculate the p values between two groups. We considered p
values of *p <0.05, **p <0.01, and ***p <0.001 to be sta-
tistically significant. To determine the rate of apoptosis, we
calculated the rate using FRET images of at least 300 cells
obtained from three independent experiments.

Results

Physiological fluidic SS significantly enhanced
the anti-cancer efficacy of DOX in estrogen receptor
(ER)+ breast cancer cells

DOX is widely used as the first-line chemotherapeutic agent
to treat numerous types of cancers, including breast, ovarian,
bladder, lung, thyroid, and stomach cancers, neuroblastoma,
Wilms’ tumor, lymphoma, some acute leukaemia, and Kapo-
si’s sarcoma [18-21]. It is well documented that DOX uses
two mechanisms to achieve its anti-cancer effect. The first
mechanism is to damage DNA by inhibiting topoisomerase,
which arrests the cells in S phase and further induces apop-
tosis [22, 23]. The second mechanism is to produce superox-
ide, which can damage mitochondria and induce apoptosis
[13, 24]. In our previous study, we showed that pulsatile SS
elevated the levels of ROS, including superoxide and hydro-
gen peroxide, in circulated breast cancer cells [13, 17]. We
thus hypothesized that these SS-elevated ROS can further
increase the apoptotic effect of DOX.

To test this hypothesis, we compared the cytotoxic effects
of DOX on ER+ MCF?7 breast cancer cells under static or
circulatory conditions. To detect apoptotic cell death imme-
diately after the circulatory process, we used engineered
MCF7-C3 sensor cells that can detect apoptosis in real time
[13, 15]. The sensor cells were circulated in our microfluidic
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circulatory system under a pulsatile SS of 15 dyne/cm? for
12 h. We used SS15, as this value represents the average
level of SS in a human artery in the resting state [25, 26].
Four experimental conditions were designed for this study:
(1) circulation under SS15 for 12 h; (2) No SS, but treat-
ment with 2.5 uM DOX for 12 h on an adhesive surface;
(3) No SS, but treatment with 2.5 uM DOX for 12 h on a
non-adhesive surface, which was generated by pre-coating
a 96-well plate with 1% Pluronic F-127 for 30 min, to reveal
the potential damaging effects of detachment that can occur
during circulation; and (4) Circulating cells under SS15 with
2.5 uM DOX for 12 h.

After various treatments, the MCF7-C3 cells were col-
lected and subjected to phase microscopy and FRET imaging
analysis. The fluorescence micrographs in Fig. 1a show that
DOX significantly reduced the number of green live cells
and increased the number of blue apoptotic cells when it
was applied to MCF7-C3 cells under circulatory conditions
at SS15 for 12 h. The quantified FRET images revealed that
co-treatment with SS15+2.5 uM DOX for 12 h resulted in
78.2% apoptotic cell death, while single treatment produced
much lower apoptotic rates ranging from 14.2% for SS15-
12 h and 16.2% for 2.5 uM DOX on an adhesive surface to
20.3% for 2.5 uM DOX on a non-adhesive surface (Fig. 1b).

To confirm the above results, we used an MTT assay to
measure the viability of MCF7-C3 cells under the same
conditions. The graph in Fig. 1c shows that single treat-
ment resulted in high cell viabilities under all three condi-
tions: 64.0% for SS15-12 h; 73.6% for 2.5 uM DOX-12 h
on an adhesive surface; and 60.0% for 2.5 uM DOX-12 h
on a non-adhesive surface. However, co-treatment with
SS15+2.5 uM DOX for 12 h reduced the cell viability to
17.3%. These results confirm that fluidic SS can significantly
improve the cytotoxic effect of DOX on ER+ breast cancer
cells during circulation.

Fluidic SS increased the anti-cancer efficacy of DOX
against metastatic triple-negative breast cancer
cells

To determine whether fluidic SS can also enhance the anti-
cancer effect of DOX in metastatic breast cancer cells, we
used engineered MDA-MB-231-C3 (231-C3) sensor cells
[15]. MDA-MB-231 is a commonly used metastatic breast
cancer cell line that does not express therapeutic receptors,
including ER, progesterone receptor (PR), and human epi-
dermal growth factor receptor 2 (HER2). As such, triple-
negative breast cancer is not sensitive to hormone or HER2
therapy and is routinely treated with traditional chemothera-
peutic agents, such as DOX and Taxol. More importantly,
triple-negative breast cancer has the highest rate of metas-
tasis and the lowest rate of survival compared to ER+ and
HER2+ breast cancer. Furthermore, we confirmed that these
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Fig. 1 Shear force improved the anti-cancer efficacy of DOX in ER+
MCF7-C3 breast cancer cells. a Optical micrographs of phase and
FRET images showing the effects of single or co-treatment with SS15
and 2.5 uM DOX on MCF7-C3 cells for 12 h. Scale bar: 100 pm. b

231-C3 sensor cells retained their metastatic ability, as they
could form metastatic tumors in the lungs of nude mice after
being administered via intravenous injection [13].

In this experiment, 231-C3 cells were treated with the
same four experimental conditions used for MCF7-C3 cells
and subjected to phase microscopy and FRET imaging anal-
ysis. The FRET images in Fig. 2a show that for the cells
treated with SS15 or 2.5 uM DOX alone, most cells appeared
in green color; while for the cells treated with 2.5 pM DOX
for 12 h under circulatory conditions, many cells appeared
in blue color. The quantified FRET images revealed a low
apoptosis rate of 4.8% for the SS15-12 h group; rates of 10.0
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The apoptotic rate was quantified based on FRET imaging analysis.
N>300 cells for each group. ¢ Cell viability was determined by an
MTT assay. The results were normalized to the condition before cir-
culation. **¥p <0.001 by Student’s ¢ test

and 8.3% were obtained for the 2.5 uM DOX-12 h groups
under adhesive and non-adhesive conditions, respectively
(Fig. 2b). In contrast, the apoptotic rate of the co-treatment
group (SS15+2.5 uM DOX-12 h) was 66.7%, which was
eightfold higher than the apoptotic rate of cells treated with
2.5 uM DOX alone (Fig. 2b).

We further validated these findings by measuring the
viability of 231-C3 cells using an MTT assay. The quanti-
fied results showed that single treatment with 2.5 uM DOX
for 12 h generated high viabilities of 73.3% under adhesive
conditions and 70.3% under non-adhesive conditions. In
contrast, co-treatment with SS15+2.5 uM DOX for 12 h
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2.5 uM DOX
Adhesive 5515

2.5 uM DOX
Non-adhesive

SS15 + 2.5 uM DOX

Fig.2 Shear stress significantly enhanced the anti-cancer efficacy
of DOX in metastatic 231-C3 cells. a Optical micrographs of phase
and FRET images showing the effects of single or co-treatment with
SS15 and 2.5 uM DOX on 231-C3 cells for 12 h. Scale bar: 100 pum.

produced a much lower cell viability of 23.0% (Fig. 2c¢).
Taken together, these results indicate that physiological flu-
idic SS can increase the efficacy of DOX in metastatic breast
cancer cells.

SS elevated the levels of ROS in DOX-
and cisplatin-treated breast cancer cells

The observation that DOX exhibited a much stronger
cytotoxic effect under circulatory conditions led us to
hypothesize that co-treatment with DOX and circulation
may produce more ROS in circulated cells. To test this
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b The apoptotic rate was quantified based on FRET imaging analysis.
N>300 cells for each group. ¢ Cell viability was determined by an
MTT assay. The results were normalized to the condition before cir-
culation. **p <0.01, ***p <0.001 by Student’s # test

hypothesis, we measured the level of hydrogen peroxide
using the ROS indicator DCFDA. DCFDA is a fluorescent
dye that emits a very low level of fluorescence inside cells;
the presence of hydrogen peroxide can convert DCFDA
into DCF, which emits much stronger green fluorescence.
Thus, the intensity of green fluorescence can indicate the
level of ROS [27]. Using this dye, we previously showed
that circulating MDA-MB-231 cells under SS15 for 1-6 h
significantly elevated the intracellular level of ROS [13,
17].

In this study, MDA-MB-231 cells were treated with or
without 2.5 uM DOX under static or circulatory conditions
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at SS15 for 3 h. The cells were collected after various treat-
ments and immediately stained with 10 uyM CM-H2DCFDA
(DCFDA) prepared in Fluoro-brite medium for 30 min. The
green fluorescence of DCF was captured using an inverted
fluorescence microscope at an excitation wavelength of
495 nm and an emission wavelength of 529 nm. The fluo-
rescence micrographs showed that more cells emitted green
fluorescence after they were treated with either 2.5 pM DOX
or circulated under SS15 for 3 h than after they were left
untreated, demonstrating that both conditions increased ROS
(Fig. 3a). Significantly, many more cells emitted green fluo-
rescence when they were treated with 2.5 uM DOX under
circulatory conditions (Fig. 3a). The fluorescence intensi-
ties were measured using the ZEN software. The quantified
results showed that single treatment with SS15 or 2.5 uyM
DOX increased the level of ROS by 5.27- or 4.55-fold,
respectively, while co-treatment with SS15+DOX produced
a much higher level of ROS elevation (15.16-fold increase)
(Fig. 3b, d). These data may explain why DOX exhibited
much stronger anti-cancer potency when it was applied to
cancer cells under circulatory conditions.

To validate the synergistic effect of SS and ROS-gener-
ating drugs on ROS production, we compared the levels of
ROS in MDA-MB-231 cells treated with three additional
anti-cancer drugs (cisplatin, Taxol and etoposide) under
static or circulatory conditions at SS15 for 3 h. The fluo-
rescence images show that under static conditions, cisplatin
increased the number of green fluorescent cells, while Taxol
and etoposide did not; this finding indicates that cisplatin is a
ROS-generating agent, while the other two anti-cancer drugs
are non-ROS-generating agents (Fig. 3a). More importantly,
among the three anti-cancer drugs tested, only co-treatment
with cisplatin and SS15 for 3 h resulted in more cells that
emitted green fluorescence corresponding to 13.56-fold
increase in ROS level (Fig. 3a). In contrast, cells treated with
Taxol or etoposide under circulatory conditions compared to
the single treatment of SS15 for 3 h showed no increase in
ROS level (Fig. 3c). These results suggest that fluidic SS and
ROS-generating drugs, such as DOX and cisplatin, can syn-
ergistically increase the intracellular level of ROS in CTCs.

We also applied another commonly used ROS detecting
dye, dihydroethidium (DHE) to measure ROS levels in cir-
culated cancer cells. DHE can be oxidized by superoxide
to produce 2-hydroxyethidium or ethidium. This oxidation
process generates a bright red fluorescence. We treated the
MDA-MB-231 cells with no drugs as a control and DOX,
cisplatin, Taxol, and etoposide for 3 h. After which, the
cells were stained with 10 uM DHE prepared in Fluoro-
brite medium for 30 min and images were captured using
an inverted fluorescence microscope at an excitation wave-
length of 535 nm and an emission wavelength of 610 nm.
The fluorescence micrographs indicate that DOX and
cisplatin-treated cells produced more superoxide radicals

indicating DOX and cisplatin are ROS generating agents,
whereas etoposide and Taxol are not.

In order to validate the results based on DCFDA, we per-
formed another experiment where cells were circulated under
SS15 treated with 2.5 uM DOX, 100 uM cisplatin, 100 nM
Taxol, and 100 uM etoposide for 3 h. After which, the cells
were stained with 10 uM DHE for 30 min. The fluorescence
micrographs showed that more cells emitted red fluorescence
after they were treated with SS15 and 2.5 uM DOX for 3 h
(Fig. 4a) than the individual treatment. The results were fur-
ther quantified to determine the fold change in DHE. The
single treatment with SS15 or 2.5 uM DOX increased the
level of ROS by 3.85- or 4.56-fold, respectively, while co-
treatment with SS15+DOX produced a much higher level of
ROS elevation (13.50-fold increase) (Fig. 4b, d). These data
are consistent with the DCFDA results (Fig. 3b, d).

Then again, we compared the superoxide generation in
MDA-MB-231 cells treated with SS15 together with three
additional anti-cancer drugs (cisplatin, Taxol, and etoposide)
for 3 h. Consistence with the DCFDA data above, co-treat-
ment of cisplatin and SS15 for 3 h resulted in more cells that
emitted red fluorescence corresponding to 9.50-fold increase
in ROS level (Fig. 4a). In contrast, cells treated with Taxol or
etoposide under circulatory conditions showed no increase
in ROS level, compared to the single treatment of SS15 for
3 h (Fig. 4c, d). These results further confirm that SS treat-
ment elevated the ROS levels in DOX- and cisplatin-treated
breast cancer cells.

Cisplatin displayed stronger destructive effect
against cancer cells in circulation

We then compared the killing effect of cisplatin in 231-
C3 cells under static and circulatory conditions. For the
static condition, 100 pM cisplatin was added to 231-C3
cells grown in either an adhesive or a non-adhesive 96-well
plate and incubated for 12 h. For the circulatory condition,
100 puM cisplatin was added to 231-C3 cells, and the drug-
cell suspension was circulated in our microfluidic system
under SS15 for 12 h. The treated cells were then collected
and processed for phase and FRET imaging analyses. The
FRET images indicated that many cells were alive after
being treated with 100 uM cisplatin for 12 h under static con-
ditions. However, many blue apoptotic cells were observed
after treatment with 100 uM cisplatin for 12 h under circu-
latory conditions with SS15 (Fig. 5a). We calculated the
rate of apoptotic cells from the FRET images and found
that treating cells with 100 uM cisplatin for 12 h resulted
in 6.4 and 6.2% apoptosis for cells grown on adhesive or
non-adhesive surfaces, respectively (Fig. 5b). However, the
combined 12 h treatment with 100 uM cisplatin and SS15
enhanced the apoptotic rate by sevenfold to 44.6% in 231-C3
cells (Fig. 5b).
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Fig.3 Shear stress only elevated the ROS levels in DOX- and cispl-
atin-treated cells. a Fluorescent images of MDA-MB-231 cells treated
with various anti-cancer drugs under static or circulatory conditions
at SS15 for 3 h. Scale bar: 100 um. b and ¢ Quantified fluorescence

To validate the findings obtained from FRET-imag-
ing-based apoptotic analysis, MTT assay was performed.
The graph in Fig. 5S¢ shows that 231-C3 cells treated with

@ Springer

intensity of DCF from the cells in each group. N>300 cells for each
group. d The results were normalized to no drug treatment before cir-
culation, and the fold changes in fluorescence intensity are presented
in this panel. *¥p <0.01, ***¥p <0.001 by Student’s ¢ test

100 uM cisplatin for 12 h under static conditions retained
high cell viability values of 86.5 and 94.0% on adhe-
sive and non-adhesive surfaces, respectively (Fig. 5c).
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Fig.4 Shear stress increases the production of ROS in DOX- and
cisplatin-treated cells. a Fluorescent images of MDA-MB-231 cells
treated with various anti-cancer drugs under static or circulatory con-
ditions at SS15 for 3 h stained with DHE. Scale bar: 100 um. b and ¢

In contrast, co-treatment of 231-C3 cells with 100 uM
cisplatin for 12 h under circulation at SS15 significantly
reduced the cell viability to 45.8% (Fig. 5c). These results

Quantified fluorescence intensity of DHE from the cells in each group.
N>300 cells for each group. d The fold changes in fluorescence inten-
sity are presented in this panel and the results were normalized to no
drug treatment and before circulation, ***p <0.001 by Student’s ¢ test

demonstrate that SS can also effectively increase the anti-
cancer effect of another ROS-generating drug, cisplatin,
in circulation.
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Fluidic SS did not enhance the anti-cancer effect
of Taxol and etoposide in circulation

In Figs. 3 and 4, we showed that neither Taxol nor etopo-
side increased ROS in MDA-MB-231 cells under circula-
tory conditions. We thus predicted that the efficacy of these
two anti-cancer drugs against CTCs might not be affected
by SS treatment. To test this prediction, we treated 231-C3
cells with either 100 nM Taxol or 100 uM etoposide for
12 h under static or circulatory conditions. We then used
FRET-based imaging analysis to determine their apop-
totic rates and MTT assay to measure their viabilities. The

FRET

>

Phase

100 uM cisplatin . .
Non-adhesive Adhesive Eisiogs ciroulation

100 uM cisplatin

SS15 + 100 uM cisplatin

Fig.5 Cisplatin displayed a much stronger killing effect against circu-
lated 231-C3 cells. a Optical micrographs of phase and FRET images
from 231-C3 cells treated with 100 uM cisplatin for 12 h under static
conditions on an adhesive or non-adhesive surface or in circulation at
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Fig.6 Comparison of the anti-cancer effects of Taxol and etoposide p
under static and circulatory conditions. a Phase and merged FRET
images of 231-C3 cells before circulation and after 12 h of treatment
with 100 nM Taxol or 100 puM etoposide on a non-adhesive surface
or in circulation under SS15. Scale bar: 100 um. b The percentage of
apoptotic cells was quantified from at least 300 cells for each condi-
tion. ¢ The cell viability was measured using an MTT assay for the
same conditions. The results were normalized to the condition before
circulation

results presented in Fig. 6 demonstrate that neither Taxol
nor etoposide caused significant cell damage either alone
or when applied in circulation for 12 h. In particular, the
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SS15. Scale bar: 100 um. b The apoptotic rate was quantified based on
FRET imaging analysis. N>300 cells for each group. ¢ Cell viability
was determined by an MTT assay. The results were normalized to the
condition before circulation. **p <0.01, ***p <0.001 by Student’s # test
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apoptotic rate obtained after 100 nM Taxol treatment under
static conditions on a non-adhesive surface was 6.6%, and
the apoptotic rate obtained with 100 nM Taxol in circulation
at SS15 was 6.7% (Fig. 6a, c). Similarly, low apoptotic rates
were obtained after single treatment with 100 pM etoposide
for 12 h (4.1%) and after co-treatment with etoposide and
SS15 (5.5%) (Fig. 6a, c).

We further validated the results of the apoptotic anal-
ysis with those obtained in a cell viability assay. High
viabilities were detected in 231-C3 cells treated with
100 nM Taxol for 12 h under both static conditions on a
non-adhesive surface (74.3%) and circulatory conditions
at SS15 (71.5%) (Fig. 6d). Similarly, high viabilities were
obtained from 231-C3 cells treated with 100 uM etopo-
side for 12 h under static conditions (85.3%) and in cir-
culation (75.6%) (Fig. 6d). Taken together, these results
showed that physiological levels of SS did not enhance
the anti-cancer effect of non-ROS-generating drugs, such
as Taxol and etoposide.

Antioxidants reduced the SS-stimulated anti-cancer
effect of DOX and cisplatin

We have shown that the anti-cancer effects of DOX and
cisplatin were significantly enhanced when they were
applied to circulated cancer cells, and the elevation of
ROS levels in CTCs was revealed as the mechanism of
action. To validate the role of ROS in DOX- and cisplatin-
mediated apoptosis in CTCs, we used two antioxidants,
NAC, and PG, to suppress ROS generation. Metastatic
231-C3 breast cancer cells were treated with 2.5 uyM DOX
or 100 uM cisplatin in the presence of either 5 mM NAC
or 20 uM PG and circulated under SS15 for 12 h. The cells
were collected and examined by phase and FRET micros-
copy. The results in Fig. 7 show that co-treatment with
SS15 and 2.5 um DOX resulted in a high level of apoptosis
(66.7%) in 231-C3 cells, which was significantly reduced
to 12.1% and 12.9% by the addition of the 5 mM NAC and
20 uM PG, respectively. Similarly, co-treatment with SS15
and 100 puM cisplatin produced 44.6% apoptosis, which
was significantly reduced to 7.5 and 5.7% after incuba-
tion with 5 mM NAC and 20 uM PG, respectively. These
results show that repressing ROS elevation can attenuate
the synergistic effect of SS15 and DOX or cisplatin, which
indicates the crucial role of ROS elevation in DOX- and
cisplatin-induced apoptosis in CTCs.

DOX and cisplatin also displayed stronger apoptotic
effects in circulated lung and cervical cancer cells

To test the general application of the use of the ROS-gener-
ating drugs DOX and cisplatin to kill CTCs in circulation,
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we evaluated the destructive effects of these drugs on two
more cancer cell lines: a lung cancer cell line (A549) and
a cervical cancer cell line (HeLa-C3). A549 lung cancer
cells were circulated in our microfluidic system under SS15
for 12 h with or without various anti-cancer drugs: 2.5 uM
DOX, 100 uM cisplatin, 100 nM Taxol, and 100 pM etopo-
side. The cytotoxic effects of various treatments were deter-
mined by annexin V/PI staining, as described previously
[28], since these A549 cells do not express the apoptotic
sensor C3. Annexin V can bind to phosphatidyl serine and
thus detect apoptotic cells, whereas PI can stain apoptotic
or necrotic cells with damaged plasma membranes [29]. The
results presented in Fig. 8a show that annexin V and PI were
barely detectable in A549 cells before circulation, while
weak signals from annexin V and PI were visible after SS15
treatment for 12 h. Very high green and red fluorescence
intensities appeared in the cells after being circulated under
SS15 for 12 h with either 2.5 uM DOX or 100 puM cisplatin,
while minimal levels of fluorescence were observed in A549
cells treated with 100 nM Taxol or 100 uM etoposide in
circulation for 12 h.

To further investigate the effects of DOX and cisplatin on
apoptosis induction in CTCs under circulatory conditions,
we utilized human cervical cancer cells (HeLa) expressing
our apoptotic sensor (HeLa-C3) [14]. HeLa-C3 cells were
circulated in our microfluidic system under SS15 for 12 h
with or without 2.5 uM DOX or 100 uM cisplatin and ana-
lyzed by phase and FRET microscopy. The results presented
in panels B and C show that the apoptotic rate obtained after
treatment with 2.5 uM DOX was quite low at 19.8% under
static conditions and was significantly increased to 80.4%
under the circulatory condition of SS15 for 12 h (Fig. 8c).
This value is close to the high apoptotic rate of 78.2% pro-
duced by co-treatment with SS15+DOX in MCF7-C3 breast
cancer cells (Fig. 1b). The circulatory condition also sig-
nificantly increased the apoptotic rate of 100 uM cisplatin
from 6.5% under static conditions to 55.0% in a circulatory
environment in HeLa-C3 cells (Fig. 8c). These results con-
firm that DOX and cisplatin can also be used to effectively
destroy CTCs derived from lung and cervical cancer.

Discussion

This study shows, for the first time, that ROS-generating
drugs, such as DOX and cisplatin, exhibit much higher
cytotoxicity in cancer cells circulated under fluidic condi-
tions than do non-ROS-generating drugs, such as Taxol
and etoposide. This discovery was made based on two
important developments. The first is the development of a
microfluidic circulatory system that can generate a pulsa-
tile fluidic SS of 15 dyne/cm?, which is the average SS in
human arteries [13, 16]. The second is the finding that in
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Fig. 8 Examining the effects of SS on drug efficacy in other types of
cancer cell lines. a Annexin V and PI staining for detecting apopto-
sis in A549 cells. Overview of apoptotic status in the specified con-
ditions: before circulation or after circulation under SS15 for 12 h
with four anti-cancer drugs (2.5 pM DOX, 100 puM cisplatin, 100 uM
etoposide or 100 nM Taxol). Scale bar: 100 pum. b Phase and FRET

this circulatory system, pulsatile SS elevated the levels of
ROS in CTCs [13, 17]. By combining this new informa-
tion and technology, we were able to address the follow-
ing important question: can SS affect the efficacy of anti-
cancer drugs in CTCs? The results showed that DOX and
cisplatin displayed much stronger potency than Taxol and
etoposide under circulatory conditions, but such differ-
ences were not observed under static treatment conditions.

Based on these findings, we suggest that cancer patients
may benefit more from ROS-generating drugs, such as
DOX and cisplatin, than non-ROS-generating drugs, such
as Taxol and etoposide. The ROS-generating drugs can
produce much higher levels of ROS in the circulation,
which allows them to kill more CTCs in the vascular sys-
tem. On the other hand, cancer patients should be careful
when they consume antioxidants, as they may counteract
the anti-cancer effects of ROS-generating drugs.
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images of HeLa-C3 cells before circulation or after circulation under
SS15 for 12 h with 2.5 pM DOX or 100 uM cisplatin. Scale bar:
100 um. ¢ The apoptotic rate of HeLa-C3 cells was quantified from
FRET images under the same treatment conditions described in panel
B. N > 300 cells for each group, **p<0.01, **¥p <0.001 by Stu-
dent’s ¢ test

This new information may also help oncologists to
design treatment strategies. For example, although both
Taxol and DOX are first-line chemotherapeutic agents for
treating breast cancer, there is no clear guideline concern-
ing which drug should be used first in chemotherapy. If
DOX is proven in clinical studies to produce much stronger
anti-cancer efficacy in CTCs, DOX should be given to
breast cancer patients before surgery, during which a large
number of cancer cells may detach from the primary tumor
and enter the vascular system to become CTCs.

In addition to the two ROS-generating drugs tested in
this study, there are 20 more therapeutic agents available
in the clinic or under clinical trials plus radiotherapy that
can directly or indirectly generate ROS (Table 1). As some
of these agents may also produce higher efficacy under
fluidic SS conditions, their therapeutic effects on CTCs
should be carefully examined.
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Table 1 Information about therapeutics that can directly or indirectly generate ROS

Mechanism Name Targeted cancer types Stage

Directly generate ROS 5-Fluorouracil Colorectal cancer, head, and neck cancer FDA-approved
Cisplatin Multiple types of cancer
Daunorubicin
Doxorubicin

Ionizing radiation
2-Methoxyestradiol

Arsenic trioxide

Mitochondrial dysfunction

Lanperasone
N-(4-hydroxy-phenyl) retinamide
N-benzyloxy-carbonyl-Ile-Glu (O-t-
butyl)-Ala-leucinal
Erastin
Perturb the ER stress pathway Bortezomib
Celecoxib
Nelfinavir
G202
Alter GSSG/GSH levels 6-aminonicotinamide
Buthionine sulphoximine
Dibenzophenanthridine
L-aspariginase
NOV-002
Sulphasalazine
AG-22
AGX-891

Alter NADP/NADPH levels

Prostate cancer and leukemia

Leukemia and myeloma

KRASC!2P_expressing tumor cells

Prostate cancer, breast cancer, and neuroblastoma

Leukemia

Phase I/I1
FDA-approved

RASY!2expressing tumor cells
Multiple myeloma

Colorectal and prostate cancer
Cervical and pancreatic cancer

Liver and prostate cancer Phase II
Colon cancer Phase 1
Ovarian and breast cancer, melanoma Phase I
Lymphoma and breast cancer Preclinical
Leukemia and pancreatic cancer Phase 11
Lung, breast, and ovarian cancer Phase IIT
Pancreatic and lung cancer Phase I/I
Advanced hematological malignancies Phase 11
Glioma and leukemia Preclinical

Furthermore, our microfluidic circulatory system can
be used to study how CTCs behave under the combined
effects of fluidic SS and anti-cancer drugs. These studies
will provide new insights for developing novel strategies
to specifically enhance the destruction of CTCs, thus effec-
tively preventing metastasis.

Conclusion

Our results showed that DOX and cisplatin are more destruc-
tive to circulating tumor cells than are Taxol and etoposide.
Further, the data revealed that DOX and cisplatin produced
more reactive oxygen species (ROS) in CTCs whereas Taxol
and etoposide did not elevate the levels of ROS in CTCs.
Antioxidants abolished the apoptotic effects of DOX and
cisplatin in CTCs. Our findings indicate, for the first time,
that ROS-generating drugs are more potent for destroying
CTCs than are non-ROS-generating drugs.
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