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A novel multi-layer microfluidic device was developed for _ .

h terizati fd taboli in h i @ human liver microsomes

characterization o rug metabolism in human liver . drug and its metabolites

microsomes (HLMs) and their cytotoxicity on cells. The i

results demonstrated that this platform is robust for low
10 levels of compounds and shows potential for high-throughput

drug screening in the drug development.
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In the past decades, the number of new chemical entities (NCEs)
and screenable drug targets has been increased quickly. But only
a very few of them can succeed. Over 40% of marketing
15 candidate drugs terminated because of the undesirable biological
consequences of drug metabolism and induced toxicity.! Thus,
the early prediction of the metabolic fate and their toxicity is the
essential and important part of the drug development process.
However, the conventional methods for drug metabolism and
cytotoxicity assays needed be performed separately on different
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Fig. 1 Schematic drawing of the integrated microfluidic device containing
s0 bioreactor for drug metabolism, 3D cell cultivation modules, and sample
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platforms. And they have several disadvantages as follows: (1)
cells are grown in a static macroscale environment that greatly
differs from the in vivo biological environment;” (2) the drug
metabolites should be manually collected for off-line
measurements which cost a long time;® (3) requiring large
amounts of cells, reagents, and complicated sample pretreatment.

Recently, microfluidic technology has attracted an increasing
interest since it provides several advantages such as low reagent
consumption,” easy control,’ rapid analysis, miniaturization,® high
integration and high throughput.” Microfluidics has been regarded
as an excellent platform for cell-based assays,® such as drug
metabolism,” cell interactions,'™!! cytotoxicity assays,'” single
cell analysis,"> and so on. More importantly, characterization of
drug metabolism and cytotoxicity assays on a single device can
be realized which will greatly speed up the process of drug
development. Cytochrome P450 enzymes, a large and diverse
group of enzymes, play a central role in drug metabolism and
more than 75% of human drug enzymatic reactions are catalyzed
by them.'* Human liver microsomes (HLMs) are commonly used
as the carrier of P450 and have been proved to be a good strategy
for chip-based drug metabolism. Several researches have reported
that HLMs could be entrapped in biocompatible materials like
poly(ethylene) glycol (PEG) hydrogels'*'®. However, the
encapsulation of HLMs inside PEG required ultraviolet
photopolymerization which might affect the enzymatic activity.
For cytotoxicity assays, the majority systems were based on rigid
two dimensional (2D) substrates. But the 2D culture systems
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pretreatment module prior to ESI-Q-TOF MS detection. The enlarged
inset shows the layer-by-layer aligned microstructures.

cannot fully match the in vivo cellular microenvironment. Many
studies have shown that higher levels of cellular specific
functions could be retained better in three dimensional (3D)
microenvironment, such as polarity, spatiotemporal chemical

gradients and mechanical microenvironments of living
organs,'™'® which made experimental results more reliable and
accurate. However, there are few reports about the

characterization of drug metabolism and cytotoxicity assays on a
single microfluidic device, and these reported methods have
significant drawbacks. For example, Ma et al.'® reported an
integrated microfluidic device for the characterization of drug
metabolites and cytotoxicity assays simultaneously by capillary
electrophoresis (CE). However, CE cannot characterize the
structure of the metabolites and fails to determine the quantity of
the metabolites. Mao et al.'® carried out the drug metabolism
directly detected by mass spectrometry and cytotoxicity assays
during one experiment, but this method needed at least two
separate samples which would cost unnecessary time and regents.

Given the limitations of the current methods and combined
with some new technologies related to drug metabolism and
cytotoxicity assays, we presented an integrated microfluidic
device with three functional parts for drug metabolism in human
liver and high-throughput cell cytotoxicity screening in 3D-
culture systems (Fig. 1). One part containing a microwell
sandwiched between the upper PDMS sheet and a PC membrane
with 0.4 pm diameter pores was used for loading HLMs. The
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pores on the PC membrane were sufficiently small to prevent
HLMs flow through and large enough to permit molecular
transport. The second part was composed of main channel, cell
culture chambers and culture medium channel connected with
lower height channels for 3D cell culture and drug stimulation
(Fig. S1, ESI{)."” The minor connecting channels were designed
with a height of 10 um, which is smaller than the diameters of
mammalian cells, in order to assist in the prevention of cells from
leakage to other channels during cell loading. The third part was
an integrated micro-solid phase extraction (SPE) channel for
sample cleanup and concentration prior to mass spectrometric
analysis. The designed micropillar arrays with 30 um wide
intervals at the end of the channels were able to trap all the
packing materials (Fig. S3, ESIt).

With this device, we have the capability to test drug
metabolism and cytotoxicity assays during the same experiment.
Flavopiridol (FLAP), a cyclin-dependent kinase (Cdk) inhibitor,”
is selected as a model drug to verify the feasibility of our
established platform. FLAP was metabolized with HLMs in the
reaction region of microfluidic device and then the metabolites
were injected into the main channel and diffused into the 3D cell
culture chamber to incubate with cells. MCF-7, MCF-10A,
HepG2 and QSG7701 cells cultured in 3D culture system were
chosen for the cytotoxicity assays. After stimulation, the
metabolites could be directly detected online with an electrospray
ionization quadrupole time-of-flight mass spectrometry (ESI-Q-
TOF MS) after micro-SPE pretreatment. In addition, the
established platform has the potential for parallelization, which
provides the ability for high throughput drug screening to
accelerate the drug development progress.

The dimensions of minor connecting channels were firstly
optimized to ensure drug permeate into the cell culture chambers
within an apporpriate time. As shown in Fig. S5 (ESIt), three
kinds of the minor connecting channels with different widths
were designed and optimized. A fluorescence balance between
cell culture chamber and middle main channel was observed in
the device with two parallel connecting channels after 60 min. It
is reasonable because of the larger width of the single minor
connecting channel which allows the molecule to diffuse into the
chambers more easily. When cell-agarose mixture was introduced
into the cell culture chambers, the gas—liquid interface would
form naturally (Fig. S6, ESIf). A theoretical calculation was
performed to get that the surface tension induced pressure at the
end positions of the minor channels where the gas—liquid
interface existed is only 0.91 Pa. The pressure is so small
compared to atmospheric pressure that cell-agarose mixture
cannot leak into the minor channel.

Then the conditions of metabolites detection including
extraction materials, elution flow rate and MS parameters were
studied and confirmed. When FLAP metabolites were pretreated
using the on-chip micro-SPE column (C18), the SPE procedures
related flow rates have important impact on the response of
system, including the relative mass spectrometry signal intensity,
reproducibility, and lifetime of on-chip SPE and the ESI-Q-TOF
MS combination system. 5 pL min"' was finally used as the
elution flow rate in consideration of the best detection sensitivity
and the stability of the micro-SPE column. For characterization of
FLAP and its metabolites, the mass spectral results were obtained
under the mass range m/z 50-1000 in positive ion mode. As
shown in Fig. 2b and 2c, FLAP with [M+H]" =402.1 and [glu-

100

10:

P

S

0

S

a) N
HODC TR E.ﬂ“
H
b) 100 4 .
> on ¢ z i
e W - @)
s A g . 577.1296 6
S 404.0700 on & e 579-‘3‘&#{‘3@ i
k] s !
€ e ‘U. 1405'07?6, ‘\‘1 . & aehasedbiitadicdhbiton J.“\JA\\- inghlirg
390 394 398 402 408 210 | 414 560 570 580 590 600
miz
miz=402.1 @ miz=578.1 o
d) 100 ? o A ,
", 5
> PN eTe P
e o £ 4041107
g 2
3
& & .
0 Q- .»k A L.
600

“s00""
m/z
Fig. 2 a) The main metabolic pathway of FLAP in HLMs. Mass spectra of
FLAP (b) and [glu-FLAP] (c) in metabolites. Their structures were
determined with the MS/MS spectra (d) and (e). All the spectra were
obtained in the positive ion mode.
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FLAP] with [M+H] "= 578.1 were detected, and their structures
were further identified by MS/MS spectra. All the above results
showed that FLAP and its metabolite could be well detected
under these conditions.

Due to the flow rate might have influence on the vitality of
HLMs, their vitality before and after assembly in the microfluidic
device was evaluated by detecting the metabolism of 10 puM
FLAP both inside and outside the chip. The results (Table S1,
ESIt) of the metabolism were within experimental error and this
demonstrated that compared with the recent reported approaches
of encapsulating HLMs inside hydrogels, our physical
immobilization method could maintain the activity of HLMs
without any damage.

The metabolic rate of FLAP was further measured with
different concentrations according to the fraction of FLAP
remaining in the metabolites. The sum of the intensity of m/z
402.1 was used to analyse the remaining FLAP concentration
(The relationship between molecular ion intensity and FLAP
concentration was shown in Fig. S8, ESI{). As shown in Fig. S9,
the metabolic rate of 20 uM FLAP was faster than the other two
concentrations. The results indicated that the metabolic rate might
have close relationship with the initial concentration of FLAP.

An initial concentration of 5 pM was chosen to evaluate the
cytotoxicity on different cell types. After 5 uM FLAP was
metabolized for different times in five parallel devices, the
metabolites were then injected into the downstream to let the drug
solutions permeate to the cell culture chambers. The chosen cell
lines MCF-7, MCF-10A, HepG2 and QSG7701, represent key
organs as liver and breast which FLAP will act on after
metabolization. The main channels and the minor connecting
channels can mimic blood flow using culture medium. Then the
whole microfluidic device can partly reproduce the dynamics of
complex multi-organ interactions in vitro. These cells were
cultured in 3D system for three days and the viability of cells was
well to proceed the next cytotoxicity assays (Fig. S7, ESIt). After
drug exposure for 12 h, a Live/Dead staining solution was
introduced to test cell viability. Fig. 3 shows that for the same
concentration of FLAP and its metabolites, the viability of MCF-
7 cells was obviously inhibited. These data indicated that FLAP
could significantly inhibit the viability of MCF-7 cells, but not to
the normal breast. And the hepatotoxicity is also nearly ignorable
from the result of the cytotoxicity to HepG2 and QSG7701 cells.
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Fig. 3 Analysis of cell viability in the microfluidic device after FLAP
metabolites treatment and fluorescence staining. a) Fluorescence images
show 3D cultured cells stained by Live/Dead assay kit. b) Cell viabilities
of the four kinds of cells after treated with FLAP metabolites under
different metabolic time were quantified. The experiments were repeated
for three times.

The result was in accordance with the fact that MCF-7 cells were
FLAP targeted on. Compared with the MTT assays performed on
96-well plates (Table S2-S4, ESIY), the obtained cell viabilities of
3D cultured MCF-7 cell in our microfluidic device was a little
higher than 2D culture mode and the differences of other cells are
not obviously, which is in accordance with the previously
reported studies.”'

Conclusions

In summary, this work focused on performing cell viability assay
and drug metabolism characterization using a microfluidic device
directly coupled to ESI-Q-TOF MS. This integrated microfluidic
system contained metabolite generation, sample pretreatment,
online detection with ESI-Q-TOF MS and incubation with
cultured cells to evaluate metabolism-induced cytotoxicity.
Compared with conventional microfluidic drug-screening assay
methods, this platform can achieve the study of drug metabolism
and cytotoxicity assay on a single device semiquantitatively and
qualitatively. In addition, the use of the PC membrane to
immobilize the HLMs has no damage to its activity which can
ensure the accuracy of the results. This method can also be used
to study the pharmacological kinetics in real time on living cells.
We envisaged that the developed microfluidic device could be a
potential useful tool for drug screening at the early stages of drug
development to help accelerate the drug development process.
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