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The metastatic cascade of cancer stem cells (CSCs) is always accompanied by elevated levels of adenosine
triphosphate (ATP) as well as the alterntion of energy metabolism to support their differentiation and
migration. Here we propose a 3D microfluidic tumor model coupled with an ATP-responsive
mitochondrial probe (AMP) for investigation of metabolic processes of glioma stem cells (GSCs). The 3D
tumor model has a middle matrix gel microchannel mimicking the extracellular matrix (ECM), which is
sandwiched between a GSC culture chamber and a stimulation chamber. The AMPs consist of structure-
switching ATP aptamers and triphenylphosphonium (TPP)-conjugated peptide nucleic acids (PNAs).
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Introduction

Metastasis is mainly responsible for cancer-related mortality,
and the presence of a small number of cancer stem cells (CSCs)
or stem cell-like tumor cells is directly correlated with the
metastatic potential of tumors.’* Understanding the biology of
CSCs is thus crucial for developing effective therapies and
preventing metastasis in patients.*® Recent evidence indicates
that the epithelial-to-mesenchymal transition (EMT) plays crit-
ical roles in the emergence of CSCs and leads to the acquisition
of invasive properties of tumor cells.”® For example, the EMT
process induced by the transforming growth factor TGF-§ has
proven to be associated with mesenchymal differentiation of
glioma stem cells (GSCs) with increased metastatic tropism.**?
Moreover, certain metabolic processes of CSCs or tumor cells
also favor the EMT and metastatic dissemination.'>* It has
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a tremendous opportunity for studying the biological properties of CSCs.

been increasingly clear that the metastatic cascade is accom-
panied by elevated levels of adenosine triphosphate (ATP)
interchangeably produced from glycolysis and oxidative phos-
phorylation (OXPHOS).*® Despite these extensive studies, the
biological properties of CSCs have been largely overlooked
owing to (i) the conventional two-dimensional (2D) cell culture
methods oversimplifying the biological context of tumors, and
(ii) the lack of functional probes for monitoring the metabolic
processes of CSCs."®

Microfluidic platforms are becoming feasible tools to create
three-dimensional (3D) tumor models for precisely mimicking
tumor microenvironments. In vitro 3D microfluidic tumor
models mainly consist of structured microchannels for loading
and culturing different types of tumor cells and engineered
hydrogels for mimicking the native extracellular matrix
(ECM).*”** 3D microfluidic devices have been used for investi-
gation of cell differentiation and migration, reactive oxygen
species (ROS) generation, and therapeutic response of tumor
cells in more physiologically relevant environments." Recent
experimental evidence shows that a 3D organotypic micro-
fluidic network can promote the invasive behavior and
morphology of GSCs because of the interaction between GSCs
and their microenvironment.** For real-time analysis of
biochemical properties of GSCs, several capture and detection
methodologies including immuno-affinity binding, immuno-
fluorescent staining, nuclei acid amplification reactions, and
mass spectrometry have been integrated with microfluidic
devices.””*” The use of new types of fluorescent probes is of

This journal is © The Royal Society of Chemistry 2020
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particular interest for detection of ATP and ROS in living cells,
which support tumor progression.***® However, few studies to
date have sought to combine 3D microfluidic tumor models
with stimuli-responsive mitochondrial probes for studying the
metabolic processes of CSCs.

In this work, we report a 3D microfluidic tumor model
coupled with an ATP-responsive mitochondrial probe (AMP) for
investigation of metabolic processes of GSCs during the TGF-
B induced EMT or under acidic pH conditions. The 3D micro-
fluidic device contains one side channel for culturing GSCs, one
middle channel filled with a matrix gel, and the other side
channel for introduction of TGF-f3 or an acidic environment. To
elucidate the metabolic processes of GSCs during differentia-
tion and migration, the AMP is employed to detect ATP and the
mitochondrial activity of GSCs. In the presence of intracellular
ATP, the duplex structure of the AMP is disrupted due to the
binding of its aptamer strand to ATP. The TPP (a mitochon-
driotropic ligand)-conjugated peptide nucleic acid (PNA)
sequence of the AMP is then released to target mitochondria
with the recovery of fluorescence. This AMP-assisted 3D
microfluidic tumor model enables real-time analysis of the
metabolic state of GSCs, providing a powerful platform for
studying the biological properties of CSCs.

Results and discussion

Design and characterization of the ATP-responsive
mitochondrial probe (AMP)

Although it has been long recognized that tumor cells show
a predominantly glycolytic metabolism to obtain sufficient ATP,
recent investigation reveals that a subpopulation of CSCs relies
on OXPHOS for energy production in response to an acidic
tumor microenvironment which inhibits glycolysis.*” An
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increase in ATP generated by mitochondria is suggestive of
a switch from glycolysis to OXPHOS, the process of which could
be monitored through the use of an ATP-responsive mito-
chondrial probe (AMP). The AMP consists of a DABCYL (or
BHQ2)-labeled structure-switching ATP aptamer, a FITC (or
Texas Red)-labeled peptide nucleic acid (PNA) sequence
complementary to a part of the aptamer, and triphenylphos-
phonium (TPP, a mitochondriotropic ligand) conjugated with
PNA (Table S17). The selection of fluorophore and quencher
pairs (FITC/DABCYL and Texas Red/BHQ2) is based on the
matching of their emission and absorption spectra for fluores-
cence resonance energy transfer (FRET). The reaction between
cysteine residues of PNA and iodobutyltriphenylphosphonium
(IBTP) can displace iodide and form stable TPP-PNA conjugates
(see the ESIT for experimental details). The AMP is delivered
into GSCs by biodegradable polyethylenimines (bPEIs), and the
specific binding between intracellular ATP and structure-
switching aptamers results in disruption of the duplex struc-
ture of the AMP (Fig. 1). The TPP-PNA conjugates released from
the AMP can accumulate in the mitochondrial matrix due to the
driving nature of membrane potential. The fluorescence signals
from chromophore-labeled PNA indicate the distribution and
morphology of mitochondria in GSCs.

We next investigate the performance of the AMP in response
to ATP in PBS. As shown in Fig. 2a, the fluorescence intensity of
the AMP (1 uM) increases with increasing the ATP concentration
from 0 to 10 uM. Note that no fluorescence from the AMP is
observed in the absence of ATP, because the fluorescent signal
of Texas Red conjugated with PNA is quenched by the BHQ2-
labeled ATP aptamer. To study the specificity, the AMP is
treated with 1 uM ATP, GTP, UTP, or CTP, and only ATP results
in an elevation of fluorescence intensity of the AMP (Fig. 2b). We
then evaluate the biocompatibility of the AMP by measuring the

b 3D cancer invasion model
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Fig.1 ATP-responsive mitochondrial probe (AMP) and its application in detecting the metabolic processes of GSCs. (a) The design of the AMP
consisting of a structure-switching ATP aptamer, peptide nucleic acid (PNA) sequence complementary to a part of the aptamer, and triphe-
nylphosphonium (TPP, a mitochondriotropic ligand) conjugated with PNA. (b) Schematic illustration of the AMP triggered by intracellular ATP
indicating the activity of mitochondria of GSCs within a 3D microfluidic tumor model.
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Fig. 2 Characterization of the AMP. (a) The fluorescence intensity of
the AMP (1 uM) with increasing the ATP concentration from 0 to 10 uM.
(b) The fluorescence intensity of the AMP (1 uM) treated with 1 pM ATP,
GTP, UTP, or CTP. (c) The JC-1 red/green fluorescence ratio showing
the mitochondrial membrane potential (MMP) of U251 cells. Control:
U251 cells in PBS; treatment: U251 cells treated with the AMP (1 pM);
positive control: U251 cells treated with carbonyl cyanide m-chlor-
ophenylhydrazone (CCCP, a mitochondrial uncoupler, 10 uM). (d) Flow
cytometry measuring the red aggregate and green monomeric fluo-
rescence of JC-1in U251 cells under different treatments. **P < 0.01, n
= 3, t-test.

mitochondrial membrane potential (MMP) of U251 cells treated
with 1 pM the AMP. The potentiometric dye JC-1 is used to label
mitochondria, and the JC-1 red/green fluorescence ratio
measured by flow cytometry indicates that the AMP has
a negligible effect on MMP (Fig. 2c and d). These investigations
demonstrate the good sensitivity, specificity, and biocompati-
bility of AMPs.

Metabolic process of glioma stem cells (GSCs) detected by
using the AMP

To study the lysosomal escape and mitochondrial targeting of
the AMP, U251 cells treated with the bPEI-AMP complex are
stained with Lyso-Tracker Red or Mito-Tracker Green to label
lysosomes or mitochondria. As shown in Fig. 3a, the AMP can
escape from lysosomes, as indicated by separated red (lyso-
somes) and green (AMPs) fluorescence in U251 cells. With
regard to mitochondrial targeting, co-localization of red (AMPs)
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Fig. 3 AMP performance in U251 cells. (a) Fluorescence image of the
AMP (green) and lysosomes (red) indicating the lysosomal escape of
the AMP. (b) Fluorescence image of the AMP (red) and mitochondria
(green) indicating the good targeting ability of the AMP to mitochon-
dria. (c) Electron micrograph showing gold nanoparticle-labeled PNA
in mitochondria. (d—g) Fluorescence images of the AMP (red) and
mitochondria (green) in U251 cells under the TGF-p treatment for 24 h.
(h) Quantitative analysis of the AMP fluorescence as a function of time.

and green (mitochondria) fluorescence indicates the good tar-
geting ability of the AMP to mitochondria after being activated
by intracellular ATP (Fig. 3b). This is attributed to the mito-
chondrial targeting ability of TPP in TPP-conjugated PNA
released from the AMP, verified by the observation of gold
nanoparticle-labeled PNA in mitochondria of U251 cells in
electron micrographs (Fig. 3c).

The AMP is then used to measure the ATP level in GSCs
derived from U251 cells and undifferentiated U251 cells
(Fig. S11). As shown in Fig. 52,1 the level of intracellular ATP in
undifferentiated U251 cells in FBS is approximately 25% lower
than that in GSCs derived from U251 cells under the TGF-
B treatment, which is consistent with previous findings that the
ATP content of cancer stem cells is 20-50% higher than that of
tumor cells.?® The undifferentiated U251 cells exhibit only green
fluorescence from mitochondria within 16 h (Fig. 3d and e).
With the prolonged culturing of U251 cells under TGF-f treat-
ment, the emergence of red fluorescence from AMPs is observed
due to the increased ATP levels (Fig. 3f and g). Quantitative
analysis indicates a gradual increase in the AMP fluorescence
intensity as a function of time (Fig. 3h).

Construction of a microfluidic 3D cancer invasion model

To investigate the metabolic process of GSCs in a physiologi-
cally relevant environment, we construct a microfluidic 3D
tumor invasion model using a mixture of Matrigel and collagen
I to form the ECM (Fig. 4a). The microfluidic device contains
three parallel channels, and the straight part of each channel is
5 mm long (Fig. S31). One side channel (1 mm wide and 170 pm
high) is used for culturing U251 cells. The middle channel

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Construction of a microfluidic 3D cancer invasion model. (a)
Schematic illustration of the 3D model. The mixture of Matrigel and
collagen | is sandwiched between the two side channels containing
small micropillars. (b and c) Optimization of the concentration of
collagen | mixed with Matrigel. The white dotted line indicates the gel
edge in the side channel, and 6 mg mL~! of collagen | can maintain the
intactness of the gel at a flow rate of 20 uL h~. (d—f) Proliferation and
invasion of U251 cells within the 3D tumor model. Calcein AM (green)
and Hoechst 33342 (blue) are used to stain U251 cells and the nuclei.

(0.6 mm wide and 170 pm high) is designed for loading the
mixture of Matrigel and collagen I, which is isolated from the
two side channels by small micropillars with intervals of 100
pm. The other side channel is used for introducing stimulation
factors such as TGF-B and acidity. To maintain suitable cell-
culture conditions, the medium is injected into each side
channel at 20 pL h™". This relatively low flow rate induces
a shear stress of less than 0.002 Pa on the cells based on the
Hagen-Poiseuille equation, which is much lower than the crit-
ical value of 0.012-0.015 Pa for inducing differentiation of
mesenchymal stem cells.** We also optimize the concentration
of collagen I mixed with Matrigel, and find that 6 mg mL™" of
collagen I (the ratio of Matrigel to collagen I of 2) can maintain
the intactness of the gel at a flow rate of 20 pL. h™" (Fig. 4b and
c). Moreover, U251 cells can proliferate and invade into the gel
under the aforementioned conditions (Fig. 4d—f). Therefore,
this 3D microfluidic tumor model is suitable for studying the
differentiation and migration of GSCs.

TGF-B-induced EMT of GSCs in the 3D microfluidic model

The TGF-B-induced EMT can endow GSCs with increased inva-
sive potential. To monitor the energy metabolism of this
process, we used the AMP-assisted 3D microfluidic tumor
model, in which GSCs derived from U251 cells are cultured in
one side channel, and TGF-B stimulation is induced from the
other side channel. As shown in Fig. 5a and b, TGF-f treatment
(10 ng mL ") promotes invasive migration of GSCs into the gel,
as compared to almost no migration of GSCs treated with the
FBS medium for 5 days. The cytosolic ATP level of invaded GSCs
in the gel is higher than that of non-invaded cells in the side
channel, as indicated by the increased red fluorescence from
the AMP in the invaded GSCs (Fig. 5¢). Most invaded cells in the
gel exhibit elongated or spindle mesenchymal morphologies
instead of rounded amoeboid morphologies, revealing that
TGF-B stimulation indeed induces the EMT of GSCs (Fig. 5d).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 TGF-B-induced EMT of GSCs in the 3D microfluidic model. (a)
Fluorescence image showing invasive migration of U251 cells into the
gel promoted by TGF-B treatment. (b) Fluorescence image showing
almost no migration of FBS-treated U251 cells into the gel. Calcein AM
(green) is used to stain U251 cells. (c) Fluorescence image of U251 cells
invading the gel under the TGF-f treatment. The red fluorescence is
from AMPs, and the green fluorescence is from mitochondria stained
with Mito-Tracker Green. (d) Fluorescence image showing invaded
cells with elongated or spindle mesenchymal morphologies. (e and f)
Invasive potential of GSCs in the acidic microenvironment. Fluores-
cence images of U251 cells under normal (2% FBS at pH 7.5) and acidic
stress (2% FBS at pH 6.5) for 7 days. The red fluorescence is from AMPs,
and the green fluorescence is from mitochondria stained with Mito-
Tracker Green. (g) Long-term AMP fluorescence intensity of U251 cells
under pH 7.5 and 6.5 conditions. (h) Intracellular pH (pHi) measure-
ments using SNARF-1-AM staining.

These mesenchymal differentiated GSCs produce more ATP to
support their increased motility through the gel mimicking the
ECM.

Invasive potential of GSCs in an acidic microenvironment

It is generally accepted that the neutral extracellular environment
exhibits a neutral pH around 7.5, as compared to a low pH
around 6.5 for the acidic extracellular environment.*® Low extra-
cellular pH is a significant characteristic of solid tumors, closely
associated with increased fermentative metabolism of tumor
cells. To investigate the invasive potential of GSCs in an acidic

Chem. Sci, 2020, M, 2744-2749 | 2747
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microenvironment, we simulate a pH gradient from 6.5 to 7.5
between GSCs and the surrounding environment by injecting 2%
FBS medium of pH 6.5 into the side channel with cells and pH 7.5
into the other side channel. To mitigate the effect of the extra-
cellular environment on bPEI-AMP complexes, we first deliver
the bPEI-AMP complex into cells at pH 7.5, and then change the
pH of the cell culture medium to 6.5 inside the microfluidic
platform. After a 7 day culture in the microfluidic device, GSCs
under acidic stress (2% FBS at pH 6.5) show a lower intensity of
red fluorescence from AMPs than those at pH 7.5, indicating the
low-level ATP production by GSCs under acidic stress (Fig. 5e and
f). Moreover, the fluorescence intensity of AMPs at pH 7.5 is
always higher than that at pH 6.5 over a time period of 5 days
(Fig. 5g). To force the differentiation of GSCs at low pH, we
increase the concentration of FBS to 10%. After a 5 day culture in
the microfluidic device, GSCs at both pH 7.5 and 6.5 display
expanded differentiated shapes (Fig. S4a and bt). Once we
replace the culture medium of 10% FBS at pH 6.5 with 10% FBS
with TGF-B (10 ng mL™") at pH 7.5, GSCs exhibit high malignant
potential as indicated by fast growth and invasion into the gel
within 2 days (Fig. S4ct). In contrast, CSCs do not invade the gel
after restoring pH to 7.5 without addition of TGF-B (Fig. S4d¥).
Previous studies show that malignant cells can create an acidic
extracellular environment and promote local invasion. In our
study, the acidic microenvironment also screens out more
malignant glioma cells.**** Furthermore, we quantify the change
of pHi (ApHi) of GSCs using the pH sensitive fluorescent dye
SNARF-1-AM, as pHi is important for regulating cell proliferation
and apoptosis. As depicted in Fig. 5h, the similar values of ApHi
of GSCs at pH 6.5 and 7.5 indicate that GSCs can adapt to the
acidic environment.

Conclusions

In conclusion, we integrate an ATP-responsive mitochondrial
probe (AMP) with a 3D microfluidic tumor model to monitor
metabolic processes of GSCs in more physiologically relevant
environments. This microfluidic platform can directly observe
the differentiation and migration of GSCs, and simultaneously
detect intracellular ATP at the single cell level under different
stimulations. The TGF-B-induced EMT can endow GSCs with
increased ATP levels and enhanced invasive potential. The
acidic extracellular environment results in a low-energy state of
GSCs with low cytosolic ATP, while screening out more malig-
nant glioma cells within the microfluidic device. Overall, this
3D microfluidic tumor model integrated with stimuli-
responsive mitochondrial probes has been proven to be
a versatile platform for studying the biology of CSCs.
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