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In this work, a multi-functional analysis platform by coupling a microfluidic chip to a mass spectrometry
(MS) detector was described. We constructed a three-dimensional tumor-endothelial co-culture model
for simulating drug resistance during tumor treatment. On this specially designed integrated platform,
the first step was to prepare heterogeneous cell-encapsulated alginate microcapsules for three-
dimensional co-culture, and the second step was to achieve on-line perfusion culture and continuous
drug stimulation on chip. It facilitates cell proliferation analysis and the collection of metabolism
medium. After micro solid phase extraction column (SPE) pretreatment, subsequent mass spectrometry
could detect drug metabolism. The high activity of two kinds of cells (A549 and HUVEC) shows the
biocompatibility of the platform. Paclitaxel was used as amodel drug, the distinctions of drug absorption
between the mono-culture group and co-culture group were clearly observed by electrospray ionization
quadrupole time-of-flight mass spectrometry (ESI-Q-TOF MS). Therefore, the integrated platform has
shownpromise as a high throughput, lowcost for cellmetabolism research and drug screening processes.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
In the past two decades, in response to cancer diagnosis and
treatment, the number of new chemical entities (NCEs) and
screenable drug targets has increased dramatically [1,2]. However,
40% of preclinical and clinical drug candidateswere eliminated due
to metabolite toxicity [3]. Therefore, it is critically important to
identify and verify the drug metabolites to predict drug safety in
the early stages of drug discovery. Animal experiments are
commonly used in in vitro drug toxicity studies. Due to inevitable
heterogeneity, complex operations and a large amount of
manpower and material resources requirements, it is not a
high-throughput assessment method [4]. In addition, another in
vitromodels have widely been performed on plastic dishes, which
are a two-dimensional platform that neglects the natural three-
dimensional microenvironment. It may cause changes in cell
phenotype and genetic information [5]. Hence, it is urgent to
develop a three-dimensional culture tools in vitro. In order to
better represent the in vivo cell biology, developing a simulation
platform for co-culture of tumor cells and stromal cells can be used
to explore the complex drug resistance during cancer treatment.
itute of Materia Medica, Chinese
The rapid development of microfluidics has created many
opportunities and possibilities for the study of biology and
pharmacology [6,7]. Instead of conventional methods to construct
three-dimensional globule-culture models [8–11], microfluidic
technology can achieve automated production based on the
flexibility of fluid manipulation in space and time, mainly
including micro-molding technique [12] and droplet technology
[13]. In particular, droplet technology is a widely used method.
Biological imitation matrices such as agar, fibrin, sodium alginate,
polyethylene glycol can be introduced to support cell-matrix
interactions, and it also reduces external shear stress to minimize
cell damage.Microfluidic droplet technology can control the size of
three-dimensional spheres well. It is a fast, reliable high-
throughput biological research platform.

Besides accurately building physiologically relevant micro-
environments with high spatial and temporal resolution, the
microfluidic platform has powerful integration capabilities.
Coupled with other analytical detectors [14,15], cellular metabo-
lism, and drug screening can be assessed. Especially, mass
spectrometry (MS) as a highly sensitive, high-resolution structural
analysis tool has shown tremendous analytical potential [16].
Many research reports have proposed to couple microfluidic chips
with mass spectrometry to achieve simultaneous assessment of
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. (A) Schematic of 1st microfluidic chip for generating alginate microcapsules
(a) and corresponding bright field image (b). (B) Schematic of 2nd [6_TD$DIFF]microfluidic chip
for cell-ladenmicrocapsules culturing and stimulation. (C) The images of cell-laden
microcapsules collected in oil (a) and cell culture medium (b), respectively. Scale
bars are 100 and 50mm, respectively.
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Fig. 3. Viability of encapsulated cells in the alginate microcapsules. The two kinds
of cells (HUVEC and A549)were stained by the Calcein AM/EthD-1 kit. Scale bars are
100mm.
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cytotoxicity and drug absorption, and themetabolic characteristics
of many anticancer drugs have been analyzed, such as genistein
[17], acetaminophen [18] and cyclophosphamide [19].

Here, we propose an integrated microfluidic platform to couple
with mass spectrometry, which consists of three separate
components to study the drug resistance due to the co-culture
of tumor-endothelial cell: (1) establishment of a droplet micro-
capsule model, (2) dynamic culture and drug stimulation, and (3)
drug metabolism mass spectrometry analysis. The three-dimen-
sional hydrogel sphere culture shows good biocompatibility, the
inner sealed cells exhibit high activity. Based on the flexible design
of the microfluidic chip, the compartmentalized microcapsules
were prepared for co-culture of two heterogeneous cells. After
pretreatment, the paclitaxel drug was extracted from metabolic
medium and analyzed by electrospray ionization quadrupole time-
of-flightmass spectrometry (ESI-Q-TOFMS). The difference of drug
absorption between the co-culture system and the mono-culture
system has been observed obviously. The integrated microfluidic
device is a powerful tool to study cell metabolism and anticancer
drug screening.

The integrated microfluidic platform includes two independent
PDMA chips. As shown in Fig. 1, for the 1st [11_TD$DIFF] chip, we design a
droplet-templated chip to generate cell-laden hydrogel micro-
capsules; and for 2nd [6_TD$DIFF] chip, we culture and stimulate the purified
microcapsules on-chip. Finally, we coupled ESI-Q-TOF MS detector
to study drug absorption after pretreating the metabolic medium
by solid phase extraction column (SPE).

For generating cell-laden microcapsules, we employed alginate
hydrogel as scaffold to provide 3D microenvironment for cells
culture. Alginate mixing with Ca-EDTA solutions as disperse phase
was introduced into innermicrochannel, and HFE-7500 containing
acid as continuous phase was injected into outer microchannel. At
the joint, the disperse phase mixed with cells was squeezed into
spherical microcapsule due to the interfacial tension between two
immiscible solutions (Fig. 2A). H+ could diffuse into the interior of
alginate, triggering Ca-EDTA to release Ca2+, and Ca2+ and alginate
unit achieved gelation quickly in-situ. Through this microfluidic
method, we get a mass of monodisperse microcapsules. After
finished collection, we removed the oil solution from the bottom of
tubes and added 50mL fresh medium to resuspend microcapsules,
then transferred into the micro-pit of the 2nd[6_TD$DIFF] chip for subsequent
culture (Fig. 2B). The structure of micro-pit could trap cell-laden
microcapsules in-situ during dynamic culture medium perfusion.
The solidified microcapsules could maintain stable structure
during the working process (Fig. 2C).

Next, we evaluated the survival status of cells encapsulated in
the microgel. We selected two kinds of cells (HUVEC and A549
cells) to be encapsulated intomicrocapsules respectively, and then
collected into 2nd [6_TD$DIFF] chip. Controlling 5mL/h perfuse rate of medium
[(Fig._1)TD$FIG]

Fig. 1. Schematic illustration of integrated microfluidic device. Including three
consecutive steps: (1) co-culture of tumor (A549 cells) and endothelial cells
(HUVECs) based on droplet-templated alginate microcapsule, (2) dynamic
perfusion culture and continuous drug stimulation, and (3) paclitaxel metabolites
detection by ESI-Q-TOF MS.
for continuous culture, the cell kept high viability during a long
period. As shown in Fig. 3, HUVEC cells proliferated during 7 days
and A549 cells exhibited a tendency of aggregation inside the
microcapsules.

Based on the flexible design of microfluidic chip, we can get
diversified structures of microcapsules. By designing droplet
masks with different numbers of disperse phases (Fig. S1 in
Supporting information), we produced microcapsules with up to
three compartments as shown in Fig. 4A. The rapid Ca-alginate
gelation ensured distinct partition interface. Themixed fluorescent
polystyrene nanoparticles clearly displayed subareas of each
microcapsules. We chose the two-compartment microcapsule to
construct tumor-endothelial co-culture model. A549 cells, HUVEC
cells were stained with red and green cell tracker reagent
respectively, and were mixed with green and red fluorescent
polystyrene nanoparticles-labeled two independent alginate
phases separately. Then we produced corresponding co-culture
microcapsule as Fig. 4B showed. Different cells were distributed in
the separated compartment. The two-compartment hydrogel
microsphere encapsulated heterogeneous cells in a micron-scale
interval. It is convenient to contact with labor cells closely and
material exchange. Themicrofluidic method allows a large amount
of production.

For subsequent parallel testing, we stated that the micro-
capsules were collected for 15min under the same preparation
condition. Then the collected microcapsules were transferred to
the 2nd chip and connected to an external syringe pump for 24 h
of continuous drug stimulation. As shown in Fig. 4C, tiny portable
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Fig. 4. (A) Confocal fluorescent images of multicompartment microcapsules with (a) one-, (b) two-, and (c) three-compartment microcapsules by designed microfluidic
devices with different numbers of the disperse phase channels. (B) Schematic of encapsulating two kinds of heterogeneous cells in two-compartmentmicrocapsules (a). The
bright field images (b) and the confocal fluorescent images (c) of two-compartment microcapsules for encapsulating HUVEC cells and A549 cells inside. HUVEC, A549 were
labelled with cell tracker Violet BMQC and Green CMFDA, respectively. Microcapsules are labelled with green and red fluorescent polystyrene nanomicrogels to distinguish
the two compartments. (C) A parallel test of culturing cell-laden microcapsules on the 2nd chip. Scale bars are 50mm.
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chips enable high throughput. The outlet of the each chip was
connected with a tube to export the metabolic medium. This is a
simple and convenient way to not only achieve on-chip
culture and stimulation, but also allow the observation of cell
states in-situ.

Furthermore, we detected the dose-dependent drug effect.
Culture medium containing paclitaxel metabolites was pretreated
by SPE columns. Firstly, we activated the columns using methanol
and deionized water, then loaded the collected medium and
followed by washing with water. Finally eluted by methanol and
detected by ESI-Q-TOF-MS. The specific peaks of [PTX + Na]+ atm/z
876 and the representative fragment peaks atm/z 308 were clearly
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Fig. 5. Detection of paclitaxel metabolites on the microfluidic chip-MS coupled
platform. (A) The product ion scan spectra of 876 (m/z), the peak of fragment ion is
at m/z 308. (B) The calibration curve of paclitaxel in culture medium. (C) The
accumulation of paclitaxel in the culture medium of cells incubated with varied
concentrations of paclitaxel from 0.1mg/mL to 0.5mg/mL for 24 h on-chip.
observed (Fig. 5A). The linearity of the chip-MS method was
investigated with serial concentrations of PTX in medium ranging
from 0.01mg/mL to 1mg/mL, with the linear equation of
y = 339.8511x � 7096.262. It displayed a satisfactory linear
response (R2 = 0.9981) (Fig. 5B).

Moreover, we compared the difference of PTX absorption in
co-cultured and mono-cultured A549 cells. Obviously, under the
same concentration of drugs, the cells alone cultured showed a
greater amount of drug absorption, while the experimental group
co-cultured with endothelial cells absorbed less paclitaxel
(Fig. 5C). Similar results have been reported in our previous
reports [20]. It is further illustrated that co-cultured cells exhibit
higher resistance to chemotherapeutic agents and are associated
with more natural cell activity under co-culture conditions. These
results indicate that the fast and sensitive drug absorption
analysis platform can be used to partially evaluate clinical
pharmacological effects.

In conclusion, we describe an integrated microfluidic
chip platform to couple with MS detector to study drug
metabolism based on a biological simulation model. We
encapsulate A549 and HUVEC Cells into a two-compartment
microcapsules for co-culture. Cells preserve high viability in the
3D, dynamic microenvironment. On-chip culture achieves
continuous drug stimulation, and MS detection shows the
significant difference of drug absorption between mono-culture
and co-culture models. It is a high throughput, high sensitive
method and has great potential in drug toxicity and drug
screening fields.
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