Microfluidic platforms for cell analysis : applied to study cell
mechanics and high-throughput screening
Citation for published version (APA):
Du, G. (2016). Microfluidic platforms for cell analysis : applied to study cell mechanics and high-throughput
screening. Technische Universiteit Eindhoven.

Document status and date:
Published: 12/01/2016
Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 08. Jan. 2023

Microfluidics for Cell Analysis
applied to study Cell Mechanics and Cell-Based High-Throughput Screening

Guansheng Du

Microfluidic Platforms for Cell Analysis
applied to study Cell Mechanics and High-Throughput Screening

Microfluidic platforms for cell analysis – applied to study cell mechanics and
high-throughput screening
Copyright © 2015 Guansheng Du
Technische Universiteit Eindhoven
A catalogue record is available from the Eindhoven University of Technology Library
ISBN: 978-94-6259-981-9
Printed by: Ipskamp Drukkers, Enschede, the Netherlands
This research has been financially supported by Philips Research, in the framework of
the "BrainBridge program" which is a collaboration program between Philips Research,
Zhejiang University, and Eindhoven University of Technology, and by the National
Natural Science Foundation of China, called "Studies on novel microfluidic analysis
techniques” and “Ultramicro and high-throughput droplet-based microfluidic analysis
and screening systems".

Microfluidic Platforms for Cell Analysis
applied to study Cell Mechanics and High-Throughput Screening

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische Universiteit
Eindhoven, op gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens,
voor een commissie aangewezen door het College voor Promoties, in het
openbaar te verdedigen op dinsdag 12 januari 2016 om 16:00 uur
door

Guansheng Du
geboren te Zhejiang, China

Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de
promotiecommissie is als volgt:
voorzitter:
1e promotor:
2e promotor:
leden:

prof.dr. L.P.H. de Goey
prof.dr.ir. J.M.J. den Toonder
prof.dr. Qun Fang (Zhejiang University)
prof.dr. Xin Fu (Zhejiang University)
prof.dr.ir. P.R. Onck (Rijksuniversiteit Groningen)
prof.dr.ir. J.W.M. Bergmans
prof.dr. C.V.C. Bouten
prof.dr.ir. P.D. Anderson

Het onderzoek dat in dit proefschrift wordt beschreven is uitgevoerd in overeenstemming met de TU/e
Gedragscode Wetenschapsbeoefening.

不积跬步，无以至千里；
不积小流，无以成江海。

《荀子 劝学篇》

Societal summary
Cells are the basic building blocks of our body, and the smallest units of life. The study
of cells is therefore fundamental for understanding basic processes in our body and to
understand health and disease. One of important properties of cells is their mechanical
behavior determined for example by their stiffness, which is a consequence of the inner
structure of cell. Cell mechanics could be used as a biomarker for early diagnosis of
diseases because the inner composition of cells can be affected by diseases like cancer
or malaria. However, a fast and cheap technology to quantitatively measure cell
mechanical properties suitable for disease diagnosis is still lacking.
While diseases affect cell properties, the other way around disease treatments, mainly
consisting of chemical drugs, change cell properties. Therefore, assessing cell behavior
under the influence of potential drugs can be used to screen effectiveness and toxicity
in the drug discovery and development process. Nowadays, as a main method for drug
discovery, high-throughput screening allows rapid analysis of thousands of chemical
biochemical, genetic or pharmacological tests in parallel. The use of appropriate
cell-based tests (or “assays”) in an early, preclinical stage of drug discovery is expected
to provide an efficient way to eliminate possible false leads, due to low drug efficacy or
high toxicity. However, this strategy is difficult to be widely used for current
high-throughput screening because cell-based assays are quite expensive and require
more complex liquid handling compared with cell-free assays.
The PhD work presented here introduces and demonstrates three different microfluidic
devices tackling these problems in cell mechanics or in cell-based high-throughput
screening. First, we designed, realized, and demonstrated a simple microfluidic device
for distinguishing cell mechanical properties in a quantitative way with low cell
consumption. As a second device, we developed a low-cost microfluidic cytometer to
reach a higher throughput for the analysis of cell mechanics. This cytometer is based on
measuring the transit time that cells flow through a narrow channel. As a third device,
we present an integrated microfluidic system for cell-based drug combination screening.
In this device, drug consumption can be decreased substantially to only 5 μg per drug
screening experiment, which is 100-fold lower than that in conventional drug screening.
These new devices provide novel methods to assess cell mechanics or drug efficacy and
toxicity. These devices also provide opportunities for researchers in clinical and

pharmacological settings to study cell behavior using simple approaches, and could lead
to low-cost and fast solutions to understand health and diseases, and to develop new
disease treatments.
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CHAPTER 1
Introduction: Microfluidic platforms for cell analysis
In this chapter, the aim and the outline of this thesis are given.
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Chapter 1. Introduction

1.1 Introduction
Microfluidics is a fast growing technology that deals with the control of small volumes
of fluids in flow structures with dimensions of micrometers up to millimeters. The
advantages of microfluidic devices include low consumption of samples and reagents,
the possibility of high-throughput screening, as well as miniaturized and integrated
systems. The basic techniques of microfluidics for cell studies, such as cell culture [1],
cell separation [2], and cell lysis [3] have been well developed. Based on these cell
handling techniques, microfluidics has been widely applied in the fields of polymerase
chain reaction (PCR) [4], organ-on-chip [5], stem cells [6], and circulating tumor cells
[7]. These investigations proved the potential of microfluidics to be used in clinical
diagnosis and disease therapy.
Cell mechanics play an important role in various biological processes, including the
regulation of differentiation, migration, gene expression, and metabolic activities [8].
The mechanical properties of a cell are mainly determined by the membrane, the
cytoskeletal network (actin filaments, intermediate filaments, and microtubules), and its
interaction with the nucleus [9]. Cell mechanics can be used as a disease biomarker
because the cytoskeleton composition can be changed by physiological and pathological
processes [10]. However, current microfluidic devices for analyzing cell mechanics
usually have complicated structures.
Chemical drugs still form the main method for disease therapy. Currently, the process
of discovering, developing, and commercializing a new drug approved by the Food and
Drug Administration (FDA) usually requires 2.6 billion US dollars and 10−15 years [11].
As a main method for drug discovery, cell-based high-throughput screening allows
rapid analysis of thousands of chemical, biochemical, genetic or pharmacological tests
in parallel.

1.2 Aim of this thesis
The work presented in this thesis is the result of the project "Microfluidic platforms for
cell analysis – applied to study cell mechanics and high-throughput screening". This
PhD project was funded by Philips Research, in the framework of the "BrainBridge
program", which is a collaboration program between Philips Research, Zhejiang
University, and Eindhoven University of Technology, and by the National Natural
Science Foundation of China, called "Studies on novel microfluidic analysis techniques”
and “Ultra-micro and high-throughput droplet-based microfluidic analysis and
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screening systems". The project aims to develop microfluidic systems for two main
applications. First, we developed microfluidic systems that would enable to analyze cell
mechanics, with ultimate applications in cancer diagnosis. Second, we developed a
microfluidic droplet system for cell-based high-throughput screening aiming for disease
therapy.

1.3 Thesis outline
In this thesis, we demonstrate the applications of microfluidic platforms to the analysis
of cell mechanics and to cell-based high-throughput screening. This thesis contains a
review of cell mechanics on microfluidic platforms (Chapter 2), a review of cell-based
high-throughput screening on microfluidic platforms (Chapter 3), a report of the
development of our microfluidic devices for the study of cell mechanics (Chapter 4 and
5), the study of cell-based high-throughput screening (Chapter 6), and the conclusions
and the perspectives of our work (Chapter 7).
In Chapters 2 and 3, the current status of the microfluidic systems for analyzing cell
mechanics and cell-based high-throughput drug screening are reviewed, respectively. In
each chapter, various traditional techniques for the analysis of cell mechanics or
cell-based high-throughput screening are briefly reviewed. Then recently developed
microfluidic methods applied in these two fields are also introduced.
In Chapter 4, a simple microfluidic device for the analysis of cell mechanics is
presented. This device consists of a poly(dimethylsiloxane) (PDMS) chip with an
integrated flexible membrane that can be actuated to apply a controlled deformation of
cells present within the device. To demonstrate the feasibility of this system, 3T3
fibroblasts and HL60 cells were tested as model cell samples. The device can be used to
distinguish cells with different mechanical structures in a quantitative way, and makes it
possible to study changes in the mechanical response with low cell consumption.
In Chapter 5, a convenient and low-cost microfluidic cytometer for the analysis of cell
mechanics is introduced. This device is used to study the difference in cell mechanical
properties between untreated HL60 cells and the same cells treated with Cytochalasin
D (CytoD), which disrupts the actin cytoskeletal network. Furthermore, it is applied to
distinguish cells with different diameters, HL60 cells and red blood cells, by measuring
the optical transmission intensity.
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In Chapter 6, an integrated microfluidic system is presented for cell-based drug
combination screening based on a sequential operation droplet array technique, with a
drug consumption of only 5 μg per drug screening experiment. Various droplet
manipulations including liquid metering, depositing, mixing, transferring, and removing
are flexibly realized on demand in the system, to achieve complex multi-step operations
for drug combination screening involving cell culture, medium changing,
schedule-dependent drug dosage and stimulation, and cell viability testing. Parallel
screening with 342 addressable and different drug combination conditions can be
achieved in a single PDMS chip with a size of 6 cm × 6 cm. This system is applied in
schedule-dependent drug screening for A549 non-small lung cancer cells with
combinations of cyclin-dependent kinases inhibitor flavopiridol and two widely applied
anti-cancer chemotherapy drugs, namely paclitaxel and 5-fluorouracil.
In the final Chapter 7, the main conclusions are drawn and the future perspectives for
application of the devices developed in this thesis are sketched. Also, recommendations
for future research in the area of microfluidic cell analysis are given.
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CHAPTER 2
Microfluidic platforms for cell mechanics
In this chapter, we will review some conventional methods for cell mechanics analysis.
Then we briefly answer the question why people need to move to use microfluidic
technology to detect cell properties related with cell mechanics. In the last part, we
summarize some current microfluidic technologies that can be used to detect cell
mechanics and their application in clinical diagnosis and drug discovery.
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2.1 Introduction: cell mechanics
Cell mechanical processes play an important role in various cell biological functions,
including the regulation of gene expression, division, differentiation and migration [1,2].
These processes are mediated by chemical and physical cues like mechanical forces
acting on the cell via the extracellular microenvironment. There is growing evidence
showing that the mechanical properties of cells are modified by diseases, including
cancer [3,4], malaria [5], or glaucoma [6]. Therefore, cell mechanics may be used as a
label-free biomarker for the diagnosis of different diseases.
However, it is difficult to fully understand cell mechanics, because cells are not passive
objects simply undergoing deformations under applied loads, but they have the ability
to sense the microenvironment and to actively adapt to it, thereby effectively changing
their cytoskeletal structure in response to an externally applied load, and therefore their
mechanical characteristics. To understand this complex process, we require a tool to
not only control the (mechanical) microenvironment of the cells, but also to quantify
the cell’s mechanical response. In this chapter, we will review some conventional
methods for cell mechanics analysis, then briefly answer the question why people need
to move to use microfluidic technology to detect cell properties related with cell
mechanics, and we also summarized some current microfluidic technologies that can be
used to detect cell mechanics and their application in clinical diagnosis and drug
discovery.

2.2 Conventional methods for cell mechanics
2.2.1 Micropipette aspiration
Micropipette aspiration is a classical technique for quantifying the mechanical
properties of individual cells, such as elastic modulus and viscosity [7]. A glass
micropipette with an internal diameter smaller than the cell diameter, normally between
1 and 5 μm, is used to deform a cell. The micropipette is controlled by an external
micromanipulator to contact the cell at the pipette’s tip. Then, by applying a
low-magnitude, negative pressure, a part of the cell is elongated and deformed into the
micropipette. Images of the deformed cell are captured and analysed. In particular, the
aspiration length is measured and linked with cell mechanical properties. To describe
the cell mechanical properties from experimental and modeling perspectives, cells are
described with specific constitutive models, e.g. liquid continuum models (for
neutrophils [8]), solid continuum models (for chondrocytes [9]) and viscous models
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(describing the cytoplasm of neutrophils [10]). The micropipette aspiration technology
has been used to characterize a wide variety of cell types, including endothelial cells [11],
neutrophils [10], erythrocytes [12], and leukocytes [8,13].
2.2.2 Atomic force microscopy
Atomic force microscopy (AFM) is a powerful technique that is used to characterize
any surface, including those of biological samples [14]. The basic AFM approach to
quantitative studies of mechanical characteristics of cells and tissues is the so-called
force spectroscopy approach. In AFM, a flexible cantilever, equipped with a sharp
AFM tip, is used for the signal transduction. By approaching the surface of a fixed cell
with the tip, a small deflection or twisting of the cantilever is proportional to the
interaction force between the tip and the cell surface. By observation of the deflection
of a laser beam reflecting off the cantilever, the small deflection or twisting of the
cantilever is recorded. This tip deflection is monitored during scanning over the sample
surface and is translated into a three-dimensional image of the surface, and it is a
measure of the interaction forces at the same time. The AFM tip can thus be used to
very precisely apply forces and measure deformations. Due to the high resolution and
accuracy of AFM, in this way this technology can be used to detect real-time cell
mechanical properties, including the mechanical response of endothelial cells under
flow [15], cell adhesion [16,17], and cell differentiation [18].
2.2.3 Optical force
Using a laser trap or a laser tweezer, cells can be trapped in a specific region. In this
region, cells can be deformed by the optical pressure acting on the cell surface [19].
Typically, in cell trapping, two non-focused opposite laser beams are directed to a cell
and the generated force on the cell surface (typically 0.1−1 nN) stretches the cell along
the axis of the beams. The force on the cell surface is proportional to the laser intensity.
The laser trapping can be applied in the study of bacteria and viruses [20,21], or
erythrocytes [22]. The technology of laser trapping can be combined with microfluidics
to achieve high throughput detection of cell mechanical properties, which will be
discussed in the following section. Various cell types have also be studied by the use of
optical tweezers [23,24]. In typical optical tweezers, microbeads (typically two) are
attached to the cell by ligand or antibody binding to allow for local stretching or
bending forces. One of the beads is fixed on the surface of a glass side, and another
one is manipulated in the focal point of a laser beam that can be spatially and
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temporally varied, to achieve a steady or time-varying force acting on the cell. To study
specific subcellular structures, such as single kinesin molecules [25] or neuronal growth
cones [26], the antibody or ligand on the beads can be specifically bound to those
structures within the cell, for applying selective and local forces.
2.2.4 Magnetic bead-based rheology
Similar to the optical force, a magnetic force can serve to deform cells by binding one
or more magnetic particles to the cell land applying a spatially varying magnetic field
[27]. The magnetic fields are usually generated by movable permanent magnets or
electromagnets. Electromagnets are more easily controlled to generate time dependent
magnetic fields generating forces in the range of 0.1−10 pN (compared with 0.1−1 nN
for optical forces). Also, magnetic twisting cytometry (MTC) can be used to study cell
mechanics. Ligand coated magnetic beads are attached on the cell surface, and
subsequently rotating fields are applied resulting in a twisting torque acting on the cell
wall [28,29]. MTC can generate twisting torques with specific and relatively high
frequency, which can be applied to study specific cellular receptors [30,31].
2.2.5 Why move to microfluidic platforms for cell mechanics?
Although research on the physical, and specifically mechanical, properties of cells has
provided strong evidence of the capability of physical properties to act as potential
makers for identifying cell types and diseases, most biophysics research has been
limited to proof of concept demonstration. The lack of clinical relevance is due to the
very low measurement throughput and tedious operation procedures of conventional
techniques for measuring the biophysical properties of cells. Furthermore, in many
methods it is difficult to control the micro-environment around the cells to be tested,
which would be desirable for testing the effect of environment on mechanical
properties, or for creating physiologically relevant conditions. Compared to
conventional techniques, the advantages of small sample volume, integration capability,
biocompatibility and fast response make microfluidic technologies attractive for
studying cells. Recent decades have witnessed significant advances of microfluidic
technologies for biochemical characterization of cells. Microfluidics is extending its way
into the characterization of single cell biophysical properties. We classify the
microfluidic devices to study cell mechanics based on different methods used to
deform cells in the following sections.
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2.3 Cell mechanics on microfluidic platforms
2.3.1 Microchannel-based microfluidics
Flowing cells through microchannels is a common way used to deform cells in
microfluidic devices. Normally, the cross sectional dimensions of the microchannel are
smaller than the diameter of the tested cells. Hence, while flowing, the cells are
squeezed and deformed by the walls of the microchannel. By constructing parallel
microchannels, the in vivo capillary environment, therefore can be mimicked, and such a
design has been used to measure the deformability of red blood cells and white blood
cells. In a design where a wider microchannel includes a section with a narrow
constriction, several parameters, such as the entry time (i.e. the time it takes for the cell
to enter the constriction), the transit time (related to the cell speed within the
constriction), or the recovery time (which is the time it takes of the deformed cell to
return to its original shape after leaving the constriction) were tested.
Red blood cells are studied in the majority of existing constriction channel-based
devices since the microfluidic channel can easily mimic the capillary-like environment in
the human. Severe malaria by Plasmodium falciparum is a potentially fatal disease, which is
related with the deformability of infected red blood cells. Shelby et al. [32] used a
narrow constriction channel with 8-, 6-, 4-, and 2-μm widths to diagnose Plasmodium
falciparum infected red blood cell at different stages (early ring stage, early trophozoite,
late trophoozoite, and schizont) by characterizing single cells with respect to their
tendency to create capillary blockages, and on the basis of cell deformation recovery,
see Figure 2.1. They used a camera to capture the images when cells were passing

Figure 2.1. (a) Schematic illustrating the geometry of the microchannel. (b) Four sequences of video
images of four stages of malaria-infected red blood cells (early ring stage, early trophozoite, late
trophozoite, and schizont) passing through the microchannel. Reproduced with permission from
reference [32].
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Rosenbluth et al. [33] developed a microfluidic device with 64 parallel capillary like
microchannels, that was used to provide data related to the diseases status of patients
with sepsis and leukostasis, see Figure 2.2. The cells from patients with sepsis and
leukostasis showed longer transit time and higher clogging fraction in the narrow
channel. Rosenbluth et al. also demonstrated that the cell transit times were not
normally distributed and could be significantly reduced by treating cells with
inflammatory mediators or drugs that affect the cytoskeleton. Therefore, it was
suggested that this biophysical cytometer could be used not only as a diagnostic tool
that could distinguish the cells from leukostasis patients from non-leukostasis patients,
but also could serve as a drug discovery tool.

Figure 2.2: The 64 parallel capillary like microchannels device. (a) Blood cells were loaded into a syringe
and flown into the device at a constant flow rate. Scale bar: 1 mm. (b) A picture of 16 microchannels.
Scale bar: 100 μm. (c) A 3D image of the microchannel from confocal microscopy with fluorescein
solution inside. Reproduced with permission from reference [33].

Hou et al. [34] used a narrow channel to compare the deformability of normal and
tumor breast epithelial cells (MCF-7 and MCF-10A) by quantitatively measuring the cell
entry time, elongation index and transit velocity. But in the Hou's work, it was also
found that it is difficult to distinguish different cell mechanics just by the transit time of
cell passing through the narrow channel, therefore, some other methods aiming to
enhance the difference were approached.
By using an additional force to enhance the cell deformability or the cell transit time
passing through a narrow channel, the difference in cell deformability between different
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cells can be more clearly distinguished. Lee et al. [35] applied an on-chip optical pressure
to enhance the detection sensitivity and reliability of red blood cell deformability in a
narrow channel within a microfluidic device, as shown in Figure 2.3. By constructing
scatter plots of the cell transit velocity, elongation index and cell shape recovery time, a
small difference in the deformability of red blood cells for healthy subjects and
leukaemia patients could be discriminated with this device.

Figure 2.3. Schematic illustration of on-chip erythrocyte deformability test using the combination of
geometrical deformation and optical deformation. The insets show the erythrocytes before and after the
deformation region, respectively. Reproduced with permission from reference [35].

By combining a constriction channel with impedance spectroscopy, Chen et al. [36]
quantified the transit time, the impedance amplitude ratio and the cell elongation length
to characterize cell deformability, see Figure 2.4. Two kinds of cells with different cell
size, namely osteoblasts and osteocytes, were characterized in this system. By measuring
over 200 cells (n = 206 for osteoblasts, and n = 271 for osteocytes), it was revealed that
osteoblasts, which have a larger diameter, have a longer transit time, a larger cell
elongation length, and a higher impedance amplitude ratio. Pattern recognition was
used to classify these two kinds of cells, and higher success rates were reached when
both the transit time and the impedance amplitude ratio were used as input. However,
for the cells with similar diameter, e.g. EMT6 cells and EMT6/AR1.0 cells, the
difference in cell deformability could not be distinguished significantly in this system.
Cell classification success rates of these two kinds of cells were lowered to 70.2% when
both transit time and impedance amplitude ratio were used in combination.
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Figure 2.4. Schematic of the microfluidic system for the combined electrical and mechanical
characterization of single cells using impedance spectroscopy and a constriction channel. Cells are
flown continuously through the narrow constriction channel while the impedance, cell transit time, and
cell elongation length are measured simultaneously. Reproduced with permission from reference [36].

The cell transit time through a microchannel is not only related to the cell’s
deformability, but also to the cell volume and to the adhesion between the cell’s surface
and the channel wall. Adamo et al. [37] developed a funnel-shaped narrowing
microchannel with integrated electrodes to generate an electric field, to investigate the
relationship between cell transit time and cell volume, as shown in Figure 2.5. The
measured transit time was correlated with the cell volume for cells within the same
population. Adamo et al. demonstrated a throughput of 800 cells/min. Comparing cells
with equal diameters, stiffer cells (Hela cell) were shown to have longer transit times
than less stiff cells (Hela cell treated by latrunculin A and cytochalasin B).
Bow et al. [38] introduced a “deformability cytometer” with a microfabricated
constriction structure in a microfluidic channel. It was shown that the entrance
geometry of the microfluidic channel has a significant impact on the transit time of red
blood cells. The whole transit process was developed by using a dissipative particle
dynamics model to numerically simulate different stages of malaria infections of red
blood cells. A small number of Plasmodium falciparum infected red blood cells in a large
number population of non-infected red blood cells could be characterized by
combining fluorescence measurements, cell surface markers, and cell deformability.
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Figure 2.5. Microfluidic device for measuring cell deformability and volume. (a) The microfluidic device
made of silicon, bonded to a borofloat glass is shown. Gold electrodes are deposited onto the borofloat
glass. (b) The packaged device for the reservoir of cell and easy electrical connection. (c) A close-up
view of the channel constriction with the electrodes to measure cell deformability. Suspended cells
travel through the microfluidic channel that presents a funnel-shaped constriction. The electrical
resistance across two electrodes placed on either side of the constriction is measured upon passage of
the cell. Reproduced with permission from reference [37].

By combining narrow channel and impedance measurements, Zheng et al. [39]
quantified cell mechanical and electrical related parameters, including transit time,
impedance amplitude ratio and impedance phase increase, to reveal different
biophysical properties of adult and neonatal red blood cell populations, see Figure 2.6.
They compiled histograms from 84,073 adult red blood cells and 82,253 neonatal red
blood cells, and the throughput could be as high as 100−150 cells/s.

Figure 2.6. Schematic of the microfluidic system for combined electrical and mechanical
characterization of red blood cells. Two Ag/AgCl non-polarizable electrodes were inserted into the
inlet and outlet ports of the device. Measurements were made when a red blood cell passed through the
constriction channel. Reproduced with permission from reference [39].

Besides camera imaging, the cell deformability during flowing through a constriction
channel can be measured by combining with other techniques to achieve multiple
parameters for cell classification. For example, for flow controlled measurements, the
pressure difference between inlet and outlet will be perturbed when cell passing
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through a narrow channel. The change in pressure drop is related to cell stiffness.
Based on the displacement of a downstream fluid-fluid interface, Abkarian et al. [40]
developed a manometer to measure rapid variations of the down-flow pressure drop to
characterize the cell deformability. As shown in Figure 2.7, the excess pressure drop in
the upper channel (the pressure P1 and P2) is reflected by the fluid interface in the
downstream. When there no cells passed by, the interface is kept in the stream center.

Figure 2.7. (A) A principle figure of manometer to measure the cell mechanics. (B) Variation of the
relative position ΔY of the interface as a function of time when cells enter the channel. Reproduced
with permission from reference [40].

Another way to distinguish the difference of deformability of red blood cells is to
measure the average flow rate of blood through a microchannel network mimicking
realistic dimensions and architecture similar to real microcirculation [41]. This method
has shown a higher sensitivity to small changes of deformability compared with red
blood cell filtration.
Despite the advantages of the microchannel techniques, it should be considered that
the cell’s transit time is not only related to cell deformability, but also to the cell volume
and the cell membrane properties which affects cell-channel wall adhesion, as
mentioned earlier. Hence, a longer transit time does not necessarily imply a lower
deformability, but can also be caused by a larger cell volume, even though the effect of
the cell volume on the transit time can be corrected to a certain degree [37,42].
However, there is still no published technology that can characterize the adhesion
between the cell membrane and the channel walls. Another problem for the
microchannel technology is that cell clogging easily occurs during the experiment due
to the cell diameter being larger than the channel width, combined with strong
adhesion between the cell and the channel wall.
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2.3.2 Hydrodynamic force-based microfluidics
Cells, especially red blood cells, can be deformed by the fluid shear stress due to the
blood flow in our vessels. By designing the channels in microfluidic devices
appropriately, the fluid flow through the microfluidic channels can provide a
hydrodynamic force to probe cell deformability without any contact between the cells
and the channel wall. This approach can prevent cell clogging like occurs in the
constriction channel approach and, moreover, it does not depend on cell-wall
interactions as the cell does not touch the microfluidic channel wall. The cell
deformability can then be characterized through high speed camera imaging and
calculating the deformation index (DI), which is defined as the ratio of the length of the
long axis of a deformed cell to a perpendicular shorter axis. A larger DI corresponds to
larger cell deformability.
By using a simple straight microfluidic channel, Forsyth et al. [43] studied red blood cell
deformation, where the cells were treated by glutaraldehyde and diamide. They found
that the viscosity of the cytoplasm, rather the elasticity of the membrane skeleton, may
dominate the deformability of red blood cells in pressure driven flow, see Figure 2.8a.
Besides straight channels, Lee et al. [44] designed a hyperbolic converging microchannel
to study red blood cell deformability by measuring extensional flow-induced
deformation, see Figure 2.8b. Also, the approach was applied to understand the link
between single red blood cell dynamics and ATP release for cells undergoing different
deformations [45]. Zheng et al. [46] achieved a microfluidic system in which red blood
cell deformability was measured electrically, without the need for using a camera to
image cells. The red blood cells were deformed when they passed through two
measurement stages with cross-sectional areas of 8 μm  8 μm and 5 μm  5 μm,
respectively, see Figure 2.8c. In such a design, cell size/volume and cell deformability
could be measured and the effect of cell volume on red blood cell deformability could
be mitigated. This system enabled to distinguish red blood cell populations with known
different deformability.
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Figure 2.8. Schematic figures of different type of hydrodynamic-force-based microfluidic devices. (a) A
simple constriction in a straight microfluidic channel (Reproduced with permission from reference [43]),
(b) A hyperbolic converging microchannel (Reproduced with permission from reference [44]), and (c)
electrically measured cross-sectional areas (Reproduced with permission from reference [46]).

Gossett et al. [47] proposed an automated microfluidic technology capable of probing
single-cell deformability at approximately 2,000 cells/s, see Figure 2.9. The cells were
delivered to a stationary point in the center of a cross-slot shaped microfluidic channel
where cells were deformed by the stretching extensional flows at high strain rates. The
cell deformation was captured by a high-speed camera, and cell diameter and
deformability index were determined. This system was applied to predict the disease
state in patients with cancer and immune activation with a sensitivity of 91% and a
specificity of 86% by assaying the deformability of native populations of leukocytes and
malignant cells in pleural effusions. Gossett et al. also showed that the cell deformability
could be used as an early biomarker for pluripotent stem cell differentiation, which
might be linked to nuclear structural changes.
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Figure 2.9. (a) A photograph of the cross-slot microfluidic device. (b) A schematic of the microfluidic
device. (c) A schematic of the deformation of a cell in the center of the cross-slot. (d) High-speed
microscopic images of a cell entering the center of the cross-slot. (e) Definitions of the shape
parameters extracted from images (f) A typical scatter plot of deformability measurement of cells.
Reproduced with permission from reference [47].

By using a similar principle, Dudani et al. [48] presented an alternative mode of
hydrodynamic stretching in which cells are squeezed by the flow by perpendicular
high-speed pinch flows. This design enabled higher throughput (65,000 cells/s)
compared with previously reported cell deformability cytometry methods.
Roth et al. [49] described a new cell deformation cytometry technique based on optical
alignment and compression, see Figure 2.10. Rather than using inertial or optical forces
to deform cells, viscous stresses induced by flow around a stationary cell pair are
employed to induce cell deformation during cell-cell interaction. By using a constitutive
cell mechanical model, the cell viscoelastic behavior was quantified to distinguish
normal red blood cells from glutaraldeyde-fixed red blood cells at a rate of ~20
cells/min.
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Figure 2.10. Device schematic where a single bifurcated inlet comes together to create a cross-junction
and flow stagnation point, and a detained view of the cross-juction. Reproduced with permission from
reference [49].

Cha et al. [50] proposed a similar method for measuring cell deformability by focusing
the cells in a cross-slot design microfluidic channel. They suspended cells in a
biocompatible viscoelastic medium, poly(vinylpyrrolidone) solution in phosphate buffer
saline, to achieve a higher focusing efficiency. They applied this system to monitor the
deformability change of red blood cells and human mesenchymal stem cells (hMSCs).
Using the hydrodynamic force for cell deformability can significantly increase the cell
assay throughput, but a limitation of this technology is the need for using a high-speed
camera to measure DI, which makes the whole system bulky and costly. In addition,
real-time image analysis of cell deformation would be difficult to achieve.
2.3.3 Electroporation microfluidics
Electroporation is a phenomenon occurring when cells experience an external electrical
field with a magnitude beyond a certain threshold. During electroporation, the electrical
field opens up pores in the cell membrane, which allows for material exchange across
the membrane, leading possibly to cell swelling; this deformation is also influenced by
the cell mechanical properties [51]. Bao et al. [52] developed a microfluidic flow
cytometry device to study the cell deformation under cell electroporation, see Figure
2.11. Three different model tumor cells with different malignant transformations and
metastatic potential were screened and monitored in real time using a charge-couple
device (CCD) camera with a throughput of ~5 cells/s in this system. The same device
was also applied in a study of the expansion of nuclei of circulation tumor cells (CTCs)
[53] and deficiencies of the cytoskeletal protein network in red blood cells [54].
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Figure 2.11. Schematic of a microfluidic electroporative flow cytometry setup. Electroporation occurs
in the narrow section of the microfluidic channel when cells flow through. A constant voltage was
established across the channel. A CCD camera monitored a part of the narrow section including the
entry. The inset image shows the cell size change of the same cell (MCF-7) at different time locations
within the channel with an electrical field of 400 V/cm in the narrow section. Reproduced with
permission from reference [52].

However, electroporation-based cell deformation can cause cell lysis during swelling of
the cells. It should also be noted that the cell electroporation efficiency depends on cell
volume and cell type. Therefore, it would be difficult to accurately conclude about the
cell deformability by measuring electroporation-induced cell swelling alone.
2.3.4 Optical stretching microfluidics
When a dielectric object is placed between two opposite and nonfocused laser beams,
the total force acting on the object is zero but the surface forces are additive, thus
leading to a stretching of the object along the axis of the beams. Using this principle, an
optical stretcher can be used to measure the viscoelastic properties of dielectric
materials, such as cells. Guck et al. [55] developed the first optical stretcher to deform
and measure the stress profiles of erythrocytes in the year of 2000. Then, this setup was
used to distinguish between different individual cytoskeletal phenotypes, such as BALB
3T3 fibroblasts, by measuring their viscoelastic properties, see Figure 2.12 [56]. This
system has been proven to be a sensitive device to monitor the subtle changes during
the progression of mouse fibroblasts and human breast epithelial cells from normal to
cancerous and even metastatic state [57], or oral cancer diagnosis [58]. Femtosecond
laser machining was used to fabricate a micro-optofluidic device to trap and stretch
single cells, in which optical and fluidic components were straightforward and
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accurately aligned [59]. To further reduce the costs of device fabrication, Sraj et al. [60]
applied a diode-bar to stretch cells in microfluidic flow. The optical stretch technology
was also applied to study the deformability of red blood cells [61] and differentiating
myeloid cells [62]. However, the application of the optical stretcher is restricted due to
its complexity and high cost of optical components.

Figure 2.12. Schematic of the microfluidic optical stretcher to measure cell deformability. A cell is
trapped in the middle of the optical stretcher by the optical forces generated by the two laser beams.
Reproduced with permission from reference [57].

2.3.5 Dielectrophoretic microfluidics
Dielectrophoresis (DEP) is a widely used method used to trap cells in suspension and
deform cells, through exposing the cells to a non-uniform electric field [63]. MacQueen
et al. [64] designed a microelectrode to capture and deform individual cells in
suspension by DEP forces. Strain and relaxation of two distinct cell types, Chinese
hamster ovary cells and U937 cells, were measured and could be distinguished by this
system. By combining a large-scale array of micro-wells and DEP, the throughput of
the cell analysis was improved. Thousands of red blood cells were trapped and
deformed simultaneously by DEP forces. Subpopulations of red blood cells could be
identified by the difference in resulting cell shape changes, see Figure 2.13 [65]. The
process of the trapping of cells in this device is time-consuming however, therefore, the
overall throughput of the device is still limited.
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Figure 2.13. (a) A schematic and (b) a fabricated system of large-scale DEP for the analysis of cell
mechanics. Reproduced with permission from reference [65].

2.3.6 Micropipette aspiration microfluidics
Micropipette aspiration is a conventional method to measure cell mechanical properties
of single cells as we have seen earlier in this chapter, but it is difficult to handle single
cells at the tip of the micropipette, as mentioned earlier [7]. By using a microfluidic
channel to handle single cells, Moraes et al. [66] performed single cell mechanical
characterization with a conventional micropipette aspiration system, see Figure 2.14a
and 2.14b. Chen et al. [67] presented a microfluidic device to study single-cell electrical
and mechanical characterization by integrating impedance spectroscopy and
micropipette aspiration on a single microfluidic chip. Ravetto et al. [68] applied a
capillary micromechanics device to study the progression of inflammatory diseases such
as atherosclerosis. Affected by inflammatory activation, the elastic compressive
modulus of monocytes was increased with 73−340%, but the cell's shear modulus, the
resistance cell’s to shape deformability, was decreased by 25−88%. Without using a
precise pressure control system but based on an on-chip microfluidic circuit channel,
Guo et al. measured deformability values of non-infected red blood cells and Plasmodium
falciparum parasitized cells [69], see Figure 2.14c. The throughput of the
microfluidic-based micropipette aspiration is low, and the validation of cell mechanics
of conventional pipette aspiration models is still under study.
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Figure 2.14. (a) Schematic side-view and (b) fabricated system of the micropipette aspiration combined
with a microfluidic chip. Reproduced with permission from reference [66]. (c) Schematic of the
microfluidic circuit and the control layer to precisely control pressure on cells. Reproduced with
permission from reference [69].

2.4 Conclusion
In summary, we reviewed conventional methods and recent developments of
microfluidics-based techniques for the characterization of cell mechanics. Microfluidics
technology has shown great ability and potential in the measurement of cell mechanics
at a higher testing speed. As a label-free biomaker, cell mechanics can be potentially
used for disease diagnosis, for example, cancer diagnosis or blood related diseases. In
the near future, with the advancement of microfluidic technology, microfluidic-based
cell mechanics measurement will be more widely accepted and used in practical
application. If the microfluidic-based cell mechanics measurement is combined with
other biophysical or biochemical characterization, the multiple parameters of cell
analysis will provide more information for the fundamental cell research.
However, as shown in this chapter, most of the microfluidic devices for the study of
cell mechanics require a complex detection system, e.g. a high speed camera is required
for most of the microchannel-based microfluidic device, or external electronic
instruments are required for the electric/impedance based microfluidic device. In
Chapter 4 of this thesis, we demonstrate a simple microfluidic device that only uses an
optical microscope to characterize the cell mechanical properties.
On the other hand, for the microfluidic cytometer approach to study cell mechanics,
besides requiring a high speed camera to capture the process of cells passing through a
microchannel, post image analysis is also necessary to determine the transit time.
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Therefore, in Chapter 5 in this thesis, we introduce a simple integrated and low-cost
microfluidic cytometer to probe cell mechanical properties and cell size, based on
simple dual photodiode detection.
As shown in this chapter, different microfluidic devices for cell mechanics require
specific manufacture techniques. Soft lithography, which was developed by the
Whitesides group, has been widely used in the research of microfluidics for low cost
and fast chip preparation and development [70,71]. Poly(dimethylsiloxane), PDMS,
which is the main material used in soft lithography, has been the dominant material for
the fabrication of microfluidic devices. It is usually casted on a micro-scale mould,
solidified by heating and bonded to glass by oxygen plasma treatment.
Photolithography combined with thin-film deposition has been used to fabricate chips
for electroporation or dielectrophoresis in which electrodes are integrated inside
microfluidic channels. This process was borrowed from micro-electromechanical
systems (MEMS) and semiconductor manufacturing to produce early microfluidic
devices made of silicon and glass [72]. A light-sensitive chemical photoresist is coated
on a substrate and exposed under ultraviolet light to transfer its geometry from a
photomask. The photoresist is then developed to remove the unnecessary parts. A thin
film of electrode is subsequently deposited onto both the exposed wafer surface and
the left photoresist parts by physical vapor deposition (PVD). Then the photoresist part
with metal deposition is stripped and the metal pattern is left on the wafer surface.
Tapered capillaries are used in the micropipette aspiration method to precisely deform
cells. Glass micropulling is a technology to fabricate the tapered capillary. The center of
a hollow silicon capillary is heated for a specific time then the capillary is drawn apart.
The taper length and its inner diameter are determined by the heating time and the
pulling force [68]. Then the capillary is attached to a microfluidic chip by gluing or
PDMS casting [66].
In conclusion, microfluidic devices are becoming more integrated, compact and
easy-to-use, and it is possible to develop portable microfluidic cell mechanics
measurement systems that can be used as point-of-care devices for clinical diagnosis.
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CHAPTER 3
Microfluidic platfroms for cell‐based high‐throughput
screening1
Among current microfluidic platforms for cell-based high-throughput screening, there
are three major complementary modes to manipulate microfluidics: the continuous
flow mode, the droplet mode and the microarray mode. In the following sections,
various microfluidic screening platforms is classified on the basis of these three modes,
and their applications in cell-based high-throughput screening are discussed.

1

This chapter is based on: Du, G., Fang, Q. & den Toonder, J.M.J. den (2015). Microfluidics for

cell-based high throughput screening platforms − A review. Analytica Chimica Acta, accepted for
publication.
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3.1 Introduction: cell-based high-throughout screening
3.1.1 Conventional methods for high-throughput screening
Recently, the pace of drug discovery using high-throughput techniques has been
accelerated by the advances in genomics, proteomics, cellomics and metabolomics [1-5].
This rapid progress has resulted in considerable numbers of pharmaceutically valuable
lead compounds [6]. These new candidates or targets have increased the demand for
experimental complexity and high-throughput screening, e.g. the organization of liquid
handling, interpretation and utilization of experimental data, and the preparation of
libraries with a vast number of data.

Figure 3.1. A fully integrated multifunctional robotic screening system for high-throughput screening.
The system is fully enclosed and comprises the following components: (1) 6-axis robot hand; (2)
Caliper with interchangeable 96- or 384-tip pipetting head, an independent 8-channel pipettor, two
bulk-reagent dispensers, plate gripper (2a), microtiter plate shaker (2b), positive-pressure filtration
system (2c) and ultrasonic tip-wash station (2d); (3) fluorescence detection system; (4) microtiter plate
storage capacity with humidity, temperature and CO2 controls; (5) plate washer; (6) plate centrifuge; (7)
high-capacity stacker to store tip boxes; (8) individual dispensing heads; (9) automatic barcode labeler;
(10) barcode reader; (11) plate regrip station that changes the plate orientation to facilitate the
interaction between the robot arm and individual components; (12) room temperature incubator that
stores regular microtiter plates; (13) plate-lid-handling station; (14) shaker station that provides an
independent plate-shaking operation (15) air purifier providing ultra-dust-free conditions for the
enclosed system. Reproduced with permission from reference [7].
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The process of high-throughput screening allows rapid analysis of thousands of
reactions in parallel to test specific compounds for a particular biological process. Most
high-throughput screening platforms involve robotics for liquid and plate handling,
sensitive detectors and software for data processing and control. In the early time of
high-throughput screening (1980s), it was mainly based on the assessment of mixtures
of compound libraries in a 96-well microtiter plate. The throughput of even a large
system was <100 plate per day. Twenty years later, as shown in Figure 3.1, most of
screenings were performed with millions of compounds with high purity, and fully
automatic robotic systems based on 384- and 1536-well plates. All the data was
analyzed automatically to prevent human error. Currently, most of the screenings can
run continuously and without or with little human intervention [7].
3.1.2 Why move to cell-based high-throughput screening?
Although the fast development of high-throughput screening technologies in recent
years has been proven successful, R&D productivity (in terms of approvals per R&D
spent) in drug discovery has dropped [8,9]. There are several reasons for such decline.
First of all, the complete systems of current high-throughput screening technologies,
including liquid handling equipment, data acquisition, extensive robotic liquid and plate
handling equipment are expensive. Many researchers, who are motivated to screen for
potential small molecular targets in independent labs, are restricted by the high cost of
the high-throughput screening system [7]. Second, the cost of biological samples and
drug libraries for drug screening is also high, the current approaches to
high-throughput screening make it difficult to further reduce the consumption of
reagents. The well volume capacity for a 384-well plate has been reduced to 100 μL, but
further minimization of the well volume of microwell plates is restricted by
uncontrolled liquid evaporation. In addition, the decrease of the volumes handled by
the dispensing systems is also limited by the difficulty of accuracy dispensing very small
volumes of liquids lower than 1 μL [10,11]. Third, the failure rate in drug development
is high in the clinical development phase. Clinical drug development (Phase I-III) takes
approximately 63% of the total drug development costs [8,9]. The use of appropriate
cell-based high-throughput screening in an early, preclinical stage of drug discovery is
expected to provide a more efficient way to eliminate possible false leads, due to low
drug efficacy or high toxicity [12]. However, this strategy is difficult to be widely used
for current high-throughput screening because cell-based assays are more expensive
and require more complex liquid handling compared with cell-free assays. Therefore, a
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new high-throughput screening technology which is low-cost in fabrication, easy to
handle, requiring low sample consumption, and supporting cell-based screening assays
is an urgent requirement for the current drug discovery industry.
3.1.3 Why move to microfluidic platforms for cell-based high-throughput
screening?
Recently, microfluidics have been proposed as a potential platform for future
high-throughput screening technology because of their properties of low sample
consumption, low-cost fabrication, easily handling of nanoliter-volumes of liquids and
being suitable for cell-based assays [1-3,13]. Making use of these properties of
microfluidics, a number of recent publications have proposed concrete microfluidic
approaches related to drug discovery. Two examples are (1) a study of the structure of
membrane proteins [14,15] (these proteins can regulate cell processes and the
interaction of cells with their surrounding environment; most drug design is based on
the structure of target membrane proteins); and (2) the creation of organ-on-a-chip
[16-18] (in these chips, multicellular tissues representing human organ function are
studied; in the future, these organ-on-a-chip devices might be a substitute solution for
animal or even be part of clinical testing).
To date, different components for microfluidic based cell-based high-throughput
screening platforms have been developed, including cell culture [6,19-21], introducing
and transporting samples [22-25], and characterization of cell viability [26-29]. The
microfluidic community has focused on the demonstration of integrating these
different components into a single microfluidic device. Microfluidic devices can
perform a drug screening assay in a continuous flow mode, a droplet mode, and a
microarray mode.
Among current microfluidic platforms for cell-based high-throughput screening, there
are three major complementary modes to manipulate microfluidics: the continuous
flow mode, the droplet mode and the microarray mode [30]. In the following sections,
various microfluidic screening platforms will be classified on the basis of these three
modes, and their applications in cell-based high-throughput screening will be discussed.
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3.2 Cell-based high-throughput screening on microfluidic platforms
3.2.1 Continuous flow mode microfluidics
Microfluidic devices can perform screening assays in a continuous flow mode. Such
screening devices require a series of generic components for introducing reagents and
samples, transferring fluids within a microchannel network, and combining and mixing
reactants.
In microfluidic-based high-throughput screening, one challenge is to guide different
chemical reagents to different cell types. By using the technique of reversible sealing of
elastomeric poly(dimethylsiloxane) (PDMS), Ali et al. [31] fabricated a PDMS substrate
layer containing microwells combined with a PDMS cover layer with arrays of
microchannels, see Figure 3.2. Multiple cell types, such as hepatocytes, fibroblasts, and
embryonic stem cells, were guided by microchannels in the first PDMS cover layer, and
captured within microwells in the PDMS substrate layer. After formation of the cell
arrays on the substrate, the first PDMS cover layer was removed. A second PDMS
cover layer was orthogonally aligned and attached to the microwell substrate to deliver
different fluids to the patterned cells. Although this approach demonstrates a simple
microfluidic system for cell-based cytotoxicity assays, the throughput of this system is
not sufficiently high for drug discovery.

Figure 3.2. Schematic diagram of reversible sealing of microfluidic arrays onto microwell patterned
substrates to fabricate multiphenotype cell arrays. Reproduced with permission from reference [31].
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Pneumatic pumping is another way to guide different mediums to different cell types
[32]. Wang et al. [27] reported a multilayer pneumatic pump based microfluidic array
platform for cell cytotoxicity screening of mammalian cell lines, see Figure 3.3. The
microfluidic channels were isolated by pneumatically actuated elastomeric valves into
parallel rows for cell seeding and, subsequently, into parallel columns for toxin
exposure. Hence, the microfluidic channels for cell seeding were orthogonal to the
channels for toxin exposure. Cells were trapped in circular chambers by trapping sieves.
This platform contains 576 chambers, and it was demonstrated using three different
cell types (BALB/3T3, HeLa, and bovine endothelial cells) and five toxins (digitonin,
saponin, CoCl2, NiCl2, and acrolein).

Figure 3.3. Schematic and image of the multilayer pneumatic pump based microfluidic array platform
for cell cytotoxicity screening of mammalian cell lines. Reproduced with permission from reference
[27].

To reduce the cross-contamination between different chambers, Park et al. [33]
performed screening in a 2 × 4 addressable array chamber by combining elastomeric
valves with a bridge-and-underpass microfluidic channel architecture. Kim et al. [34]
further developed a similar microfluidic device with 64 individually addressable cell
culture chambers, in which on-chip generation of drug concentrations is possible,
enabling drug combination screening applications with pair-wise combinations of drug
concentrations and parallel culture of cells.
Another way of on-chip drug screening is based on the controlled diffusive mixing of
solutions in laminar continuous flow inside a network of microfluidic channels, i.e. at
low Reynolds number, which is a simple and versatile approach to generate (drug)
concentration gradients [35]. As shown in Figure 3.4, by integrating 8 such gradient
generators with parallel cell culture chambers, Ye et al. [36,37] presented a high content
multiparametric screening method (plasma membrane permeability, nuclear size,
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mitochondrial transmembrane potential and intracellular redox states) of human liver
carcinoma (HepG2) responses to multiple anti-cancer drugs varying in concentration.
This device provides a possible solution for cancer treatment screening by rapidly
extracting tumor cell response to several drugs with little sample consumption.
Combining the gradient generator with poly(ethylene glycol) diacrylate hydrogels,
Ostrovidov et al. [38] investigated cell viability through the spatially controlled release of
drug from a hydrogel covering the microfluidic gradient generator, which also has the
potential to be applied in drug discovery.

Figure 3.4. Schematic of the integrated microfluidic device with channel networks that can generate
concentration gradients for cell-based high-throughput screening. Reproduced with permission from
reference [36].

For continuous culture chips equipped with a microfluidic concentration generator as
described above, the possible concentration range is narrow and the generated
concentration profiles are linear, which makes such microfluidic design difficult to be
applied in a practical pharmacological drug dose response assay. Sugiura et al. [39]
presented a serial dilution microfluidic network which is capable of generating a
logarithmic concentration profile spanning 6 orders of magnitude automatically and
performing an on-chip cell viability assay. Besides a wide concentration profile,
Selimović et al. [40] described a microfluidic device for generating nonlinear
concentration gradients for cell assays by using an asymmetrical network of
microfluidic concentration generators. Also, a high throughput study of cell apoptosis
by drug combinatorial concentrations was performed by using a microfluidic
concentration generator with repeated splitting-and-mixing of the source solutions in a
radial channel network [41].
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Maintaining steady flow for long time period (hours to days) is necessary for cellular
studies in continuous flow culture, especially in cell-based high-throughput screening.
Besides commercial syringe pumps which are used mostly for the generation of flow in
microfluidic devices, using gravity driven flow is another possible solution. Zhu et al.
[42] proposed an improved and simple gravity driven system with horizontally-oriented
tubes maintaining a constant hydraulic pressure drop across microfluidic channels. With
a similar principle, a pressure-control based microfluidic system has been applied in a
three-dimensional cell culture platform for cell-based drug testing in 30
microbioreactors [43,44].
The characterization of the metabolic activity of live cells, as well as the performance of
a live/dead cell assay is also important for high-throughput screening. Most of current
live/dead cell assays are based on commercial fluorescence kits. Also, qualitative and
quantitative analysis of cell-based screening plays an increasingly important role in drug
discovery. Cultured cells transduce and transmit a variety of chemical and physical
signals, through the production of specific substances and proteins. These cellular
signals can be used as parameters to monitor chemical information to build drug
efficacy profiles.
Mass spectrometry has emerged as one of the most powerful tools for the identification
and characterization of cell metabolites and markers. Chen et al. [45] reported a
platform based on stable isotope labeling carried out in a microfluidic chip with
electrospray ionization mass spectrometry (SIL-chip ESI-MS) for qualitative and
quantitative analysis of the metabolism of cells treated by drugs. This platform, shown
in Figure 3.5, has integrated cell culture chambers, on-chip sample preparation (i.e. solid
phase extraction (SPE) modules) and ESI-MS. This platform has the potential to be
used as an on-line multiparameter cell metabolism analysis platform for high
throughput drug screening.
Being able to monitor cell death is an important aspect of many high-throughput
screening devices, and one way to detect cell death is to observe the cell’s
morphological properties. Therefore, morphology-based examination provides a
possible solution for cell death detection. With a morphology-based image cytometric
analysis approach, Kim et al. [46] developed a microfluidic platform for label-free in situ
monitoring of Cd2+ induced cell apoptosis (Figure 3.6).

Chapter 3. Cell-based high-throughput screening

41

Figure 3.5. Schematic diagram of the chip−ESI-MS platform for qualitative and quantitative analysis of
the metabolic activity of cells exposed to drugs. Reproduced with permission from reference [45].

Figure 3.6. (a) Schematic of the microfluidic device to detect cell death by cell's morphological
properties and (b) optical image of adherent cells cultured in microchannel and the curve of cell
viability quantified by the device under varying chemical concentration. Reproduced with permission
from reference [46].

Electrical properties of cells have also been used for cell analysis in microfluidic-based
high-throughput screening technology. Cell-based impedance spectroscopy is a
label-free and non-destructive method to measure dielectric properties of biological
samples. Electric signals are convenient parameters for recording and processing
compared to other techniques such as optical detection, since no light source and
optical detectors are required. By investigating impedance changes during cell apoptosis,
Meissner et al. [47] developed a microelectronics-based microfluidic system for the real
time investigation of cell changes during drug induced cytotoxicity (Figure 3.7). Hsiung
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et al. [48] reported a dielectrophoresis (DEP)-based microfluidic chip for cell
continuous culture, which was used to study anticancer drug induced cell apoptosis.
Microfluidic chips with integrated microelectrodes also can be used to monitor
neurotransmitter release from neural cells and to study drug effects on neural cells,
which is important to discover drugs for diseases related to brain functions [49].

Figure 3.7. (a) Photograph of the microfluidic device detecting cell apoptosis by monitoring impedance
changes. (b) The microfluidic channel and (c) schematic of cell area implemented with electrodes for
impedance recording. Reproduced with permission from reference [47].

Most of the research using high-throughput screening technologies is based on the 2D
culture of mammalian cells on microfluidic channel surfaces, but the situation in which
cells are growing in a 3D culture environment is regarded as a better representation of
the in vivo environment. Such systems would have more biological or clinical relevance
compared with conventional systems based on 2D cell culture [50]. Toh et al. [51]
achieved a 3D cell continuous culture by creating an array of micropillars in a
microfluidic channel. Different types of cells (Carcinoma cell lines (HepG2, MCF7),
primary differentiated cells (hepatocytes) and primary progenitor cells (bone marrow
mesenchymal stem cells)) can be continuous cultured in this system for 72 hours to 1
week with preserved 3D cyto-architecture. Based on this system, Toh et al. [52]
developed a multi-channel 3D hepatocyte cell culture system for simultaneous
administration of multiple drug doses to functional primary hepatocytes, see Figure 3.8.
Development of such 3D culture approaches opened the possibility to create in vitro
models mimicking 3D organ-level structures, which in the future may be used to study
drug toxicity as a (partial) replacement of animal testing.
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Figure 3.8. (a) (Top) schematic and (bottom) photography of a 3D cell continuous culture system for
simultaneous administration of multiple drug concentrations. (b) Schematic of a single cell culture
channel of the 3D cell culture chip. (c) The curve of cell viability with different exposed drug
concentration. Reproduced with permission from reference [52].

Due to the development of separate components, e.g. fluid handling, cell culture, or cell
analysis, for high-throughput screening, microfluidics also has potential in developing
integrated systems with automatic cell culture, drug release, cell activity detection for
drug discovery. Weltin et al. [53] presented a microfluidic system for drug screening
applications by on-line dynamic monitoring of human cancer cell metabolism, see
Figure 3.9. With fully integrated chemo- and biosensors, 4 different parameters (pH,
oxygen, lactate and glucose) of cell activity could be monitored.
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Figure 3.9. The microfluidic system for the detection of cell metabolism. (a) Illustration of chip layout.
(b) Photograph of the microfluidic chip. (c) Illustration of the system components and electric interface.
(d) A microscopy image of cells growing in the chamber. (e) Photograph of pH and oxygen sensor
electrodes. Reproduced with permission from reference [53].

3.2.2 Droplet mode microfluidics
Next to the continuous flow mode described in the previous section, in more recent
times microfluidic droplet platforms (i.e. droplet-based microfluidic or multiphase
microfluidic) have been introduced which can perform a wide range of experimental
processes for chemistry and biology screening. The key feature is the use of water-in-oil
emulsion droplets to compartmentalize reagents into picoliter to nanoliter volumes.
The oil that separates the aqueous phase droplets can prevent cross-contamination
between reagents in neighbor droplets, and reduce the non-specific binding between
channel surface and the reagents. Also, droplets can be split and/or merged to start or
stop reactions, or to perform washing steps.
Clausell-Tormos et al. [54] first described a droplet-based microfluidic platform for
growing cells and multicellular organisms (C. elegans). With the help of novel
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biocompatible surfactants and a gas permeable storage system made of PDMS, the cells
or organism in the aqueous micro-compartments can survive and proliferate for more
than several days. This system opens a new way for cell-based high-throughput
screening with a volume that is over a 1,000-fold smaller, and with a throughput that is
500 times higher than for the conventional microplate assays. However, in this
continuous droplet flow micro-compartment system, it is difficult to diffuse out toxic
metabolites from the cells; also, the lack of supply of nutrients restricts the application
of this system in cell-based research.
Brouzes et al. [55] presented a complete microfluidic droplet screening workflow for
high throughput cytotoxicity screening of single mammalian cells, shown schematically
in Figure 3.10. This system integrated all important manipulations for microfluidic

Figure 3.10. Workflow of a microfluidic droplet based drug screening platform. The droplet screening
consists of 4 steps. (a) A reformatting step to emulsify compound-coded droplets and pooling them
into a droplet library. (b) Merging each library member with one of the cell-containing droplets that are
continuously generated. (c) Incubation. (d) Merged droplets are reinjected into an assay chip to identify
each compound via their code and assess their specific effect on cells. Reproduced with permission
from reference [55].
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droplet based drug screening at a frequency of more than 100 Hz. The cells were
encapsulated in individual aqueous microdroplets, and merged with optically-coded
droplets from a library enabling to identify drug composition and drug concentration in
each droplet. After 24 hours off-chip incubation, the droplets were reinjected into the
chip and merged with cell live/dead fluorescent staining droplets to enable an on-chip
fluorescence assay.
To simulate in vivo tumors within their microenvironment, 3D multicellular aggregates
are used, which provide more complexity than the standard monolayer culture
environment. For this purpose, cell encapsulation and 3D culture were performed in a
droplet-based microfluidic system. In the 3D droplet system, alginate beads with
entrapped breast tumor cells were formed and trapped for cell culture in a continuous
flow system. The cells were proliferated in the alginate beads for several days to form
3D multicellular aggregates, after which the drugs were loaded and a cell viability assay
was performed. In the form of multicellular aggregate droplets, cells showed a higher
resistance compared to the system using standard monolayer culture [56].
Another application of droplet-based high-throughput cell screening is sepsis, due to
bacterial infections, which causes more than 130,000 deaths in the USA every year as a
result of infections by drug-resistant strains of bacteria. However, with the current
diagnostic approaches it takes several days to diagnose for the presence of the bacteria
and determine the minimal inhibitory concentration of an antibiotic. Shortening the
diagnosis time to identify specific antibiotics to treat bacterial infections could decrease
the patient mortality, and reduce the cost of patient treatment.
Boedicker et al. [57] describe plug-based microfluidic technology that enables to
characterize the drug sensitivity of bacteria in samples and measure the minimal
inhibitory concentration of antibiotics. By confining the cells in nanoliter droplets, the
cell density was increased without pre-incubation and the time required to detect the
bacteria was reduced. In this system, the detailed functional characterization of a
bacterial sample could be achieved in less than 7 hours. A similar principle was used by
Baraban et al. [58], who presented a microfluidic droplet analyzer to measure the
minimal inhibitory concentration of antibiotics by monitoring dynamic populations of
bacterial strains in thousands of nanoliter droplets. In their system, the detection system
is based on light scattering instead of fluorescence, which extends the application of
current microfluidic devices for strains without fluorescent markers. Jakiela et al. [59]
reported a microfluidic droplet system which can fully manipulate and monitor the
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dynamics of bacteria populations in a series of fully addressable microdroplets over
hundreds of generations. This microfluidic droplet system integrates all the steps
needed for the characterization of the dynamics of bacterial populations: (1) formation
of droplets containing cells and growth medium; (2) cycling droplets back and forth in a
straight channel for cell incubation and cell density measurement; and (3) splitting and
fusing of droplets to control the concentration of chemical factors over time.
Trivedi et al. [60] presented a hand-assembled microfluidic droplet system for cell based
drug screening based on polytetrafluoroethylene (PTFE) tubing modules, see Figure
3.11. This system integrates steps needed for high throughput drug screening, including
on-line droplet generation, storage, serial mixing and optical detection based on
commercially available cross-junctions and optical fibers. The cells were captured in
alginate solutions and cross-linked by BaCl2 at a T-junction. The cells inside the tubing
can be simultaneously cultured with high viability, sufficient for drug screening and
toxicity assays, due to the high gas permeability of PTFE.

Figure 3.11. Schematic of cell based drug screening based on PTFE tubing modules. Reproduced with
permission from [60].

The fast and precise determination of effective combinations of antibiotics to combat
bacteria is particularly interesting for toxicological investigations and inhibitor studies.
Cao et al. [61] presented a microfluidic droplet flow device for the generation of
multi-dimensional concentrations of antibiotics, to create an assay for toxic effects of E.
coli, see Figure 3.12. More than 5,000 distinct experiments with different combinations
of antibiotic concentrations could be realized in a single experimental run. Compared
with conventional toxicological methods, this microfluidic droplet system is suitable for
the evaluation of effects under different conditions with the advantages of reduced
experimental complexity and a higher information density.
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Figure 3.12: Schematic diagram of the experiment alset-up of a droplet-based microfluidic system for
testing combinations of antibiotics. Reproduced with permission from reference [61].

Digital microfluidics (DMF) refers generally to another fluid-handling technique for
droplets. Rather than creating and flowing the droplets in channels or in tubing, DMF
patforms manipulate nanoliter droplets over surfaces by electrical effects introduced
through arrays of electrodes. The key mechanisms is that the droplet contact angle
depends on the electrical field applied between the droplet and the surface. Recently,
DMF has been applied in the study of cell apoptosis as a function of staurosporine
concentration, achieving a 33-fold reduction in reagent consumption compared with
conventional methods [62]. Another advantage of DMF is that it is compatible with
conventional high-throughput screening instruments, but can result in a lower detection
limit and a larger dynamic range because apoptotic cells are much less likely to
de-laminate when exposed to droplet manipulation by DMF relative to pipetting/
aspiration in multiwell plates.
3.2.3 Microarray mode microfluidics
High-throughput screening systems based on microarrays enable assays with a large
number of biological materials on a 2D solid substrate. It has been widely used in
assays of gene expression, antigen detection and protein analysis. Microarrays can
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screen for thousands of different characteristics simultaneously in one single
experiment.
Lee et al. [63] developed a miniaturized 3D cell-culture array (called DataChip) for
high-throughput toxicity screening of drug candidates, illustrated in Figure 3.13.
Human cells were capsulated and 3D-cultured in 20 nL alginate gels on a functionalized
glass substrate, after which this substrate was placed on another glass substrate with
spatially addressable multiple compounds (i.e. a microaray structure). This system could
integrate 1,080 individual different cell arrays on one single DataChip, with a near
2,000-fold reduction of reagent consumption; the cytotoxicity response was identical to
that with a conventional microplate assay.
Kwon et al. [64] designed another kind of microarray platform based on a standard
microscope slide with 2,100 individual cell-based assays integrated on one chip. This
straightforward microarray platform for cell-based screening can be fabricated in
standard microfabrication lab. Cells were loaded in microwells present in one substrate.
A microarray of chemical-laden hydrogels was printed on another substrate, matched
with the array of cell-laden microwells. To demonstrate the screening up to the extent
of apoptosis and necrosis, MCF-7 breast cancer cells were sealed in the microwells and
exposed to a small library of chemical compounds.

Figure 3.13. Schematic of the DataChip platform for direct multiparameter testing of compound
toxicity. Reproduced with permission from reference [63].
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Figure 3.14. (a) Illustration of the designed 384 hanging drop for drug testing in cellular spheroid
formation, and its cross-sectional view. (b) Photo of the array plate. (c) Schematic of the hanging drop
formation process in the array plate. (d) Photo of the 384 hanging drop array plate operated with liquid
handling robot capable of simultaneously pipetting 96 cell culture sites. (e) Schematic of the final
humidification chamber used to culture 3D spheroids in the hanging drop array plate. Reproduced with
permission from reference [65].

The use of hanging drops on the underside of culture plate lids is a typical method to
generate 3D cellular spheroids. 3D cell spheroid culture allows for cellular
self-organization and enables straightforward monitoring. As a result, the method can
provide valuable information that is physiologically more relevant than for 2D cell
culture. By using a commercial 384-well plate and liquid handling robot, Hung et al. [65]
achieved a hanging droplet microarray system for drug testing in cellular spheroid
formation, as shown in Figure 3.14. This platform greatly simplified the experimental
process for cell culture and cellular formation in hanging droplets.
Although the recently developed microarray technologies provide a high throughput
method for cell-based drug screening, specific liquid pumps and liquid handling
equipment for accurate array printing are still required in these systems. Based on a
PDMS liquid pipet chip, Zhou et al. [66] developed a PDMS printing system controlled
by pneumatic pump, as shown in Figure 3.15. This system can achieve cell seeding, cell
transferring and cell stimulation by drugs in each spot.
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Figure 3.15. (a) Schematic of the PDMS printing system for array high-throughput screening. (b) A
photograph of the microfluidic liquid pipet chip. (c) Before and (d) after the microwell chip was filled
with liquid in each well. Reproduced with permission from reference [66].

3.3 Conclusion
In this chapter, we have reviewed the application of microfluidics in cell-based
high-throughput drug screening, including the screening performed in the perfusion
flow mode, the droplet mode and the array mode. Compared with traditional
high-throughput assays, microfluidic high-throughput technology shows advantages in
lower reagent consumption, and better ability to control cellular microenvironments.
The performance of different modes of microfluidics for cell-based high-throughput
screening platforms is summarized in Table 3.1.
Today, high-throughput screening libraries always contain millions of compounds,
which are routinely screened in 384-, 1,536- and 3,456-well formats. The throughput of
microfluidic technology has been proven to reach the million level [55], however, the
throughput is not the only limitation of microfluidic technology currently applied in
drug discovery. In microfluidic cell-based screening systems, the size of each cell assay
unit could be scaled down to the submicroliter range, in which the cell number could
be reduced to hundreds cells, or further to single cell level. However, such a
miniaturization is restricted because too few cells may have a nonphysiological behavior
due to lacking contact with neighbors, which may reduce the predictability of the assay.
On the other hand, some necessary steps, e.g. library preparation and data handling, are
still not integrated in most of microfluidic cell-based high-throughput screening
platforms. With the progress of industry development for microfluidic technology, we
believe that microfluidic platforms have the potential to screening the whole compound
library on the cell level, not only the secondary screening but also the primary screening.
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Therefore, there is an urgent need to develop a strategy to integrate microfluidic
high-throughput screening with other components, e.g. clinical study and data analysis,
in drug discovery.
Table 3.1. The performance of different modes of microfluidics for cell-based high-throughput
screening platforms.
Performance
Continuous flow mode

 Easily integrated with steps of library preparation
 Easily coupled with different detection methods: fluorescence,
absorption, mass spectrometry, electrical properties of cells
 Difficult to achieve high-throughput screening for different samples

Droplet mode

 High-throughput screening for large number of droplets (up to
millions droplets compounds)
 Low sample and reagent consumption in the microliter range
 Difficult to perform multi-step liquid handling for droplets
 Difficult to carry out long-term of growing cell in–droplet cell culture
 Difficult to analyze droplet by other detection methods besides
fluorescence and absorption spectroscopy

Array mode

 Easy to screen large number of different samples
 Easy to be connected with current industry high-throughput screening
technologies
 Precise and bulk equipment required to handle small volume liquid in
parallel

The combination of two or more existing drugs, so called drug combination, which has
been proved to be a leading approach for non-Hodgkin’s lymphoma [67] and HIV
infection [68], can improve therapeutic efficacy, enhance the efficiency of drug R&D, as
well as reduce drug toxicity and drug resistance in clinical treatment due to its
multi-target treatment mechanisms. Furthermore, since most drug combination
screenings are carried out using existing and approved drugs which have passed
through the strict clinical and safety examinations, the risk and cost for drug
development could be reduced significantly [69]. Therefore, drug combination
screening has been an important branch of high-throughput screening for drug
discovery. Based on this idea, we proposed a microfluidic droplet array system for
cell-based drug combination screening in Chapter 6.
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Moreover, choosing the right chip material is also an important factor for the
application of microfluidic technology in high-throughput screening. Poly(dimethylsiloxane) (PDMS) is a widely used material in the research of microfluidics
due to its low cost and ease of microfabrication. And PDMS is gas permeable and
compatible for cell culture, which is a significant advantage for cell-based screening.
However, PDMS has limitations to be applied in industrial uses. PDMS is not
compatible with most organic solvents, and is able to absorb small hydrophobic
molecules. Although various strategies have been introduced to modify PDMS surfaces
[70-73], its drawbacks still cannot be fully resolved for high-throughput industrial use.
Therefore, for industrial use, other more chemical stable or more compatible with
organic solvents, e.g. glass, poly(methyl methacrylate) (PMMA) or cyclic olefin
copolymer (COC), are used.
The scale-up of screening throughput for microfluidic platforms to millions of assays is
a challenging task. There are some industrial applications showing the potential of
microfluidic technology to be scaled up to millions of screening. In the continuous flow
mode, highly integrated microfluidic devices developed by Fluidigm, in which the fluids
are controlled by micromechanical valves in micrometer-sized channels and
millimeter-sized chambers, have showed great potential for biological and biochemical
research. An integrated chip having 256 subnanoliter reaction chambers requires 2,056
microvalves to control. However, the further scale-up of the screening throughput for
cell-based drug screening might be limited by the number of microvalve in this system.
Based on the microfluidic droplet mode, Biomillenia now can reach 30 million strain
variants in a single day, which has been applied in the directed evolution of enzyme.
However, the droplet mode lacks a versatile way for compound delivery into droplets
and cell growth inside droplets, which has limited this mode to be further applied in
cell-based high-throughput screening. The microarray mode is more compatible with
the current drug screening system. Curiox Biosystems has applied microarray
technology in stem cell research and immunoassay studies.
Combined with the development of other microfluidic technologies, e.g.
organs-on-a-chip and human-on-a-chip [74,75], drug discovery and development can be
further advanced. Although at the current stage, it is unlikely that organs-on-a-chip
devices can be used on short notice in actual high throughput drug screening contexts
due to their complicated structure and high cost, such a strategy can possibly to be used
in the early drug discovery to bridge the animal models and conventional cell based
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models, and to produce more reliable and predictive data in early phases of drug
discovery. Organs-on-a-chip devices will eventually reduce the need for animal testing
and facilitate the development of safer and more effective drugs. Therefore, we believe
that microfluidic technology will be a major step towards for the aim of fully-automatic
drug discovery.
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CHAPTER 4
Cell types can be distinguished by measuring their
viscoelastic recovery times using a microfluidic device2
In this chapter, we introduce a simple microfluidic device containing an actuated
flexible membrane, which allows the viscoelastic characterization of cells in small
volumes of suspension by loading them in compression and observing the cell
deformation in time. From this experiment, we can determine the characteristic time
constant of recovery of the cell. To validate the device, two cell types known to have
different cytoskeletal structures, 3T3 fibroblasts and HL60 cells, were tested. They
showed a substantially different response in the device and can be clearly distinguished
on the basis of the measured characteristic recovery time constant. Also, the effect of
breaking down the actin network, a main mechanical component of the cytoskeleton,
by a treatment with Cytochalasin D, resulted in a substantial increase of the measured
characteristic recovery time constant. Experimental variations in loading force, loading
time, and surface treatment of the device also influenced the measured characteristic
recovery time constant significantly. The device can therefore be used to distinguish
between cells with different mechanical structure in a quantitative way, and makes it
possible to study changes in the mechanical response due to cell treatments, changes in
the cell’s micro-environment, and mechanical loading conditions.

This chapter is based on: Du, G., Ravetto, A., Fang, Q. & Toonder, J.M.J. den (2011). Cell types can
be distinguished by measuring their viscoelastic recovery times using a micro-fluidic device. Biomedical
Microdevices, 13, 29-40.

2

62

Chapter 4. Cell viscoelastic device

4.1 Introduction
The internal structure of most biological cells is governed by the cytoskeleton. This
network of protein filaments provides a continuous, dynamic connection between
nearly all intracellular structures. The cytoskeleton is involved in regulating cell shape
and resistance to deformation. It also plays a role in active processes such as cell
division, locomotion and the transport of intracellular particles [1]. The cytoskeletal
structure determines the mechanical properties of a cell, such as its stiffness and its
time-dependent response to mechanical stimuli.
As a consequence, different types of cells having a different cytoskeleton, will have
different mechanical properties. Depending on its stage of development a specific type
of cell may show a development in stiffness due to the corresponding change in
cytoskeleton. Also, many diseases significantly change the stiffness of cells by a
rearrangement of the cytoskeletal structure. Known examples are cancer [2-4], malaria
[4,5], atherosclerosis [6], and cardiac myopathies [7]. On the basis of a reliable
measurement of mechanical properties of cells, in particular cell stiffness and
time-dependent responses, it should therefore be possible to distinguish and select a
certain type of cell, cells in particular stages, or isolate affected cells from healthy cells
for a variety of diseases.
Several techniques exist for the measurement of cellular mechanical properties. The
techniques can be roughly divided into those methods that probe only part of the cell,
and those that deform cells globally. The first category includes techniques such as
atomic force microscopy (AFM) [8,9], magnetic twisting cytometry [10,11],
cytoindentation [3], and micro-rheology measurements [12]. Although these approaches
can provide a quantitative mechanical analysis, a disadvantage is that the response may
depend significantly on the precise measurement location, since only part of the cell is
probed. As a result, these techniques generally show a large cell-to-cell spread.
Techniques in which cells are deformed globally are laser/optical cell stretching [13],
microplate stretching [14], micropipette aspiration [15,16] and cell compression testing
[17].
Many of these techniques are performed on a per-cell basis. Therefore, they require
single-cell handling which can make them very tedious and slow (i.e. several cells per
hour). Furthermore, in many methods it is difficult to control the micro-environment
around the cells to be tested, which would be desirable for testing the effect of
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environment on mechanical properties, or for creating physiologically relevant
conditions.
Recently, microfluidic approaches have been used to characterize the mechanical
properties of biological cells. A microfluidic device contains sub-millimeter channels
and chambers, down to sizes of just a few micrometers, in which liquids and
(bio-)molecules can be manipulated. One advantage of microfluidics is that it offers
opportunities to study mechanical properties of single, non-isolated cells in a controlled
micro-environment, such as a capillary-like microenvironment under physiological
conditions, for example in fresh blood. An additional advantage of microfluidic devices
is that high-throughput testing of cells is possible by a proper design of the microfluidic
channel structure, so that a statistical analysis can be done while the testing time is
limited.
Shelby et al. qualitatively monitored the deformability and the shape recovery time of
single uninfected and malaria infected red blood cells by flushing through capillary-like
channels in such a microfluidic chip [18]. Rosenbluth et al. developed a microfluidic
device that resembles the micro-capillary network in vivo, and characterized the
properties of leukemic cells [19]. Guck et al. combined an optical stretcher and a
microfluidic channel to study the stiffness of normal and cancerous fibroblasts and
epithelial cells [20].
We have used another microfluidic device to characterize the time-dependent
mechanical properties of cells. The working principle of our device is sketched in
Figure 4.1. It consists of two flow reservoirs, separated by a flexible elastomeric
membrane. During experiments, the control chamber is filled with water and the cell
chamber contains a cell suspension. The control chamber is pressurized, so that the
flexible membrane deflects into the cell chamber, touches the cells, and deforms them.
This process is observed using an optical microscope. After a sudden release of the
pressure, the membrane returns to its original position, and the cells recover, in time,
back to their undeformed state. From the observation of this process over time, the
global viscoelastic time constant of the cells can be estimated, which is a measure of
their viscoelastic mechanical response.
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(a)

control chamber

cell chamber

(b)

microscope

Figure 4.1. The working principle of our device, illustrated by a cross-sectional sketch (not drawn to
scale). (a) The non-actuated state. (b) The control chamber is pressurized, and the deflecting membrane
deforms the cells present in the cell chamber; cell deformation is monitored by a camera connected to
the optical microscope.

As a proof-of-primciple of this method, we have measured the characteristic time
constants of two cell types known to have different cytoskeletal structures, namely
white blood cells from the HL60 neutrophilic cell line, and 3T3 fibroblast cells. Also,
we have studied the effect of the variation of several parameters such as surface
treatment of the device, disruption of the actin network of the cells using Cytochalasin
D (CytoD), and other experimental parameters. The device proposed by Kim et al. is
analogous to our device; they used it to mechanically induce cellular damage in
epithelial cells, and for mechanical lysis of cells [21].

4.2 Experimental section
4.2.1 The microfluidic device
Our microfluidic device consists of a poly(dimethylsiloxane) (PDMS) structure bonded
to a glass substrate, as shown in Figure 4.2. The cell chamber is 100 μm in height and
15 mm × 5 mm in the lateral directions, and the control chamber is also 100 μm high
but has lateral dimensions 10 mm × 5 mm. To keep the flexible membrane flat in the
beginning of the experiment, a relatively thick PDMS membrane is used, i.e. about 500
μm thick.
The microfluidic device was fabricated from PDMS silicone elastomer using multilayer
soft lithography as illustrated in Figure 4.3 [22]. A layer (5 mm thick) was formed by
pouring the PDMS prepolymer-crosslinker mixture (Dow Corning Sylgard 184, USA,
10:1 ratio of prepolymer to crosslink agent) onto a mold that contained the (negative)
shape of the control chamber (step 1 in Figure 4.3). The mold had been fabricated
using SU-8 processing on a glass substrate. The PDMS was cured on a hotplate for 30
minutes at a temperature of 80 °C. To make the PDMS membrane, the PDMS
prepolymer-crosslinker mixture was poured on a piece of glass (glass A in Figure 4.3)
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Figure 4.2. Our PDMS-based device consists of two microfluidic chambers separated by a flexible
PDMS membrane.

Figure 4.3. Schematic of the fabrication procedure of the device.

and the glass was kept standing at 85° with the horizontal for about 1 min allowing the
PDMS to flow, resulting in a 500 µm thick PDMS film that was subsequently cured at
80 °C. Both the layers peeled from the mold and the films were treated by a handheld
corona treater (Electro-Technic Products, USA, see reference [23]) for 15 s to activate
the surfaces before bonding the two surfaces together. Then, the PDMS film plus top
layer was peeled off from the glass substrate (Step 2, Figure 4.3). To fabricate the
bottom chamber, another PDMS film was made using the process described earlier,
and manually a square area (15 mm × 5 mm) was cut out from the film and removed
from its glass substrate (glass B in Figure 4.3). The remaining PDMS was treated by a
corona treater for 15 s to bond with the PDMS layer made before (Step 3, Figure 4.3).
The whole PDMS construction was then peeled off from glass B. Finally, the complete
PDMS part was treated by the corona treater and bonded to a clean glass substrate
(glass C in Figure 4.3), to finally form the bottom cell chamber (Step 4 in Figure 4.3).
To form the fluidic connections, the PDMS layers were punched by 7 G flat needles
(BD) and self-made tips were inserted for connection with syringes.
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4.2.2 Cell culture and treatments
We used two types of cell for the experiments reported here, namely HL60 cells and
3T3 fibroblast cells. HL60 cells are human promyelocytic leukemia cells. They are
predominantly a neutrophilic promyelocyte (precursor). 3T3 cells are from a standard
fibroblast cell line. It is known that these cells have different mechanical properties due
to a difference in cytoskeletal structure: for adherent 3T3 cells, an elastic modulus of
3-12 kPa was measured with AFM [24]; for HL60, a value of 0.2-1.4 kPa was found
using AFM [9].
The HL60 cells were grown in RPMI 1640 medium (32404-014, Invitrogen Ltd, United
Kindom) supplemented with 10% fetal bovine serum (FBS) and 1% L-glutamine. The
3T3 cells were cultured in DMEM (BE12-707F, Lonza, Switzerland) supplemented
with 10% FBS, 5% Penicillin/Streptomycin (Lonza, Switzerland) and 1% L-glutamine.
The 3T3 cells were detached from the culture flasks by trypsin. After centrifugation at
1000 rpm for 5 min (for both cell types), the old medium was carefully removed and
the remaining cell suspension was resuspended with 10 mL of its own fresh medium.
In some of the experiments, the cells were pre-treated by CytoD. This is known to
disrupt actin, which forms one of the components of the cytoskeleton of cells [25].
Hence, this intentional disruption of the cell structure enables to study its influence on
the mechanical properties, in particular recovery time, in our measurements. Both the
HL60 and the 3T3 cells were exposed to 4 µM CytoD (Sigma, Netherlands) for 1 h.
After that, the cells were removed from the flask and centrifuged at 1000 rpm for 5 min.
The medium was carefully removed and the cells were resuspended in 10 mL of their
own fresh medium.
The change in cytoskeletal structure by the CytoD treatment was assessed by staining
actin filaments with phalloidin and subsequent imaging with fluorescent microscopy.
Briefly, 3T3 cells were seeded and grown for 2 days on coverslips coated with 0.1%
gelatin. HL60 suspensions (around 2×104 cells) were spun down on slides in a
cytocentrifuge for 10 minutes at 500 rpm (Rotofix 32 A, Hettich, Tuttlingen, Germany).
After fixation in formalin, both 3T3 and HL60 cells were incubated for 10 minutes in
0.5% Triton-X-100 to improve antibody penetration. Non-specific binding was avoided
by incubation in 1% horse serum (HS) for 20 minutes. Then, samples were stained in
dark for 1 hour with phalloidin fluorescein isothiocyanate (1:200, Sigma, Netherlands)
in order to visualize filamentous actin and were counterstained with DAPI (Sigma,
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Netherlands) in order to visualize nuclei. It should be noted that, contrary to the
experimental condition in the microfluidic device, the 3T3 cells were allowed to attach
before staining. The cytoskeletal structure in the staining experiment might then not be
fully representative of the experimental situation, however it does show the effect of
CytoD on the actin filaments.
Figure 4.4 shows the fluorescent images obtained for both cells, with and without
treatment by CytoD. It is clear that after CytoD treatment, in 3T3 cells the long actin
filament bundles have been disrupted and short, not-cross-linked aggregates of F-actin
are present. For HL60 cells, the effect is less evident but still a strong disintegration of
actin cytoskeletal structure can be observed. The Figure 4.4 also shows, by comparison
of (c) and (i), that the two cell types have a different cytoskeletal structure. Stationary
tightly adherent cells, such as 3T3 fibroblast, are characterized by thick and well
structured stress-fiber bundles across the cell, whereas such primarily concentrated on
the cortical shell area [26]. This difference can be seen in Figure 4.4.

Figure 4.4. Fluorescence images of 3T3 (a-c), CytoD treated 3T3 (d-f), HL60 (g-i), CytoD treated HL60
(j-l) stained with phalloidin (green, showing actin) and DAPI (blue, showing nuclei). The first column
visualizes both the actin (green) and the nuclei (blue), whereas the second and third columns show
respectively the nuclei and the actin only.
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4.2.3 Measurement procedure
The cell chamber was treated by Pluronic F127 (Sigma, Netherlands) which acts to
prevent cell adhesion to the PDMS [27]; a 1.0% (w/w) F127 solution in water was left
in the device for 3 days. Prior to the experiment, the chamber was flushed with
phosphate buffered saline (PBS). The cells were kept at 37 °C in an incubator before
use. At the start of the experiment, the control chamber was filled with water and
connected to a syringe pump. In the cell chamber, that was kept open to atmospheric
pressure during the experiments, a cell solution (around 6×106 cells/mL) was entered.
To start the membrane deflection, the syringe pump was switched on at 4 µL/min,
injecting water into to the control chamber, and the PDMS membrane was deformed
slowly by the resulting pressure increase in the control camber. At sufficient membrane
deflection, the cells present in the cell chamber were touched by the membrane and
subsequently deformed between the bottom wall and the membrane. The deformation
of the cells, which was visible as a change in the observed projected surface area, was
observed by a microscope equipped with a camera. The pump was stopped when a
particular cell compression ratio was reached, typically after 1 minute. After a specific
holding time during which the cell deformation was kept constant, the pressure was
suddenly removed from the system and the PDMS membrane unloaded in less than a
second. The cell started to recover back to its original shape and this process was
recorded.
All the cell recovery movies were recorded using an optical microscope (Leica, Japan)
and a charge-couple device (CCD) camera. The movies were captured at 200×
magnification at a frame rate of 15 Hz and split by MATLAB to one frame per second.
The projected surface area of the cell was analyzed by Cellprofiler
(http://www.cellprofiler.org). All results discussed in the next section are based on 5 or
6 individual measurements on different cells.
A range of experiments was conducted, including the following variations:
 Cell type: HL60; 3T3
 Cell treatment: no particular treatment; treatment with Cytochalasin-D (see
above)
 Surface treatment device: no treatment; three days treatment with Pluronic F127
 Cell compression ratio at maximum load, defined as the projected undeformed cell area divided
by the area at maximum compression: 0.3; 0.5; 0.7
 Holding time at maximum compression: 5 min, 30 min
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The conditions in bold are the reference conditions.
4.2.4 Data analysis
Several mechanical models, with varying level of complexity, have been used to
describe the mechanical properties of cells, see reference [28] for an overview. The cell
deformation images we obtain are analyzed by assuming that the mechanical properties
of the cells can be described as a homogeneous linear viscoelastic solid model (LVS).
This was proposed by Schmid-Schonbein et al. [29] to study the deformation of human
leukocytes undergoing micropipette aspiration, and later applied by others to other cell
types, see e.g. reference [28]. The model includes an elastic element (modulus G2)
parallel to a Maxwell element, in which another elastic element (modulus G1) and a
viscous element (viscosity η1) are combined. Mathematically, the model is represented
by the equation:



 G  G2  d 
 G2    1  1

dt
 G1G2  dt


1 d
G1







(4.1)

In a recovery experiment, in which a stress is applied and suddenly removed, just as in
our device, this model shows a recovery to the original strain according to the following
expression:
 G1G 2 t

G1
 t  
 max e G1  G2 1
G1  G2

(4.2a)

in which γmax is the maximum strain just before starting the recovery at t = 0. The
characteristic time constant of recovery can thus be expressed by:


G1  G2 1
G1G2

(4.2b)

To apply Equation 4.2, we assume that the cell is spherical with radius R0 in the
undeformed state, and will take an ellipsoidal shape during recovery, as sketched in
Figure 4.5, which only shows the upper half of the cell. Also, we assume that the cell
volume remains constant during the recovery process. The z-direction is perpendicular
to the deflecting membrane, i.e. the direction in which the cell is loaded. During
recovery, the length Rz lengthens, while Rx and Ry shorten equally, all approaching the
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Figure 4.5. The cell deformation process showing only the upper half of the cell. (a) Before
deformation; (b) during deformation. The z-axis is oriented perpendicularly to the moving membrane

value R0 in the end. The quantity we observe during the experiment is the projected cell
area given by:
At   Rx t Ry t   Rx2 t   

R03
Rz t 

(4.3)

The area strain is defined by:
 t  

At 
Amax

(4.4)

in which Amax is the maximum projected area at maximum deformation, just before
unloading. The linear strain γ is defined as:
 t  

Rz t   R0
A
 0 1
R0
At 

(4.5)

in which Equation 4.3 is used, and A0 = πR02. Note that γ is negative in our
experiments, since the cell is compressed. The combination of Equations 4.4 and 4.5
yields:
 t  

A0

Amax t 

1

(4.6)

We assume now that Equation 4.2 applies to the linear strain of Equation 4.6.
Effectively, we thereby assume that the deformation process is uniaxial, which is only
approximately true. Substitution of Equation 4.6 into Equation 4.2 results in:
 t  

in which

1
 Amax
  t
Amax
 K 
 1e
A0
 A0


(4.7)

Chapter 4. Cell viscoelastic device

K

G  G2 1
G1
and   1
G1  G2
G1G2

71

(4.8)

where τ is now called the characteristic recovery time constant of the cell.
Equation 4.7 was fitted to the measured recovery curves using MATLAB to obtain K
and the characteristic recovery time constant τ. The fit was done for each individual cell
recovery curve separately, and subsequently the fit results were averaged for all cells
(typically 5 or 6 different cells) for each condition or population. To assess the
goodness of fit, the percent relative standard deviation (%RSD) was computed. To
assess the significance of the differences in fit parameters found, Student’s t-test were
carried out and p-values were calculated. For p-values smaller than 0.01, the differences
were considered to be statistically significant.

4.3 Results and discussion
Figure 4.6 shows snapshots from a movie of the recovery process of both an HL60 and
a 3T3 cell. Also, the corresponding recovery curves and the fitted function according to
Equation 4.7 are depicted. In these experiments, the reference experimental conditions
were used, i.e. the cell compression ratio at maximum load was 0.5, the holding time at
maximum compression was 5 min, the cells were not treated with CytoD, and the
device was treated with F127. Both cell types gradually recover to their undeformed cell
compression ratio value of 0.5, and both cells seem to undergo a slight instantaneous
elastic response at t = 0. These characteristics are consistent with the linear viscoelastic
solid model described in the previous section. It takes typically 100 seconds or more for
the cells to recover completely. Clearly, the 3T3 fibroblast has a longer recovery time
than the HL60 cells.
Fitting Equation 4.7 to the measurement data enables us to quantify the characteristic
recovery time constants of the cells, given by Equation 4.8. The average over 6
measurements (per cell type) is depicted in Figure 4.7. The error bars represent the
standard deviation on the basis of these 6 measurements. There is a significant
difference between the characteristic recovery time constant of HL60 (26 s) and that of
3T3 (55 s). Hence, we can distinguish one type of cell from the other by measuring its
characteristic recovery time constant. The measured values for K are 0.96 ± 0.03 and
0.95 ± 0.03 for HL60 and 3T3, respectively. This difference is not statistically
significant.
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The reason for the difference in recovery response time is the entirely different
cytoskeletal structure of the two cell types. This difference in cell structure could be
seen in Figure 4.4. Here, we should note that the 3T3 cells were adherent to the
substrate in the staining experiments of Figure 4.4, whereas they are in suspension in
the recovery experiments. In the suspended condition, a less organized structure may
be present due to the lack of tension forces at the focal adhesion points; nevertheless,
we expect the actin structure still to be different in 3T3 compared to HL60 cells in the
experiments.

Figure 4.6. Left, images of the recovery of the cells at various points in time, after sudden release of the
pressure at t = 0. (a) 3T3; (b) HL60. Right, the recovery curves of 3T3 (solid blue), and HL60 (dashed
red), showing the change in time of the area ratio defined in Equation 4.4. In these measurements, the
reference measurement conditions were used. Each marker represents one data point; the data points
of multiple cells are shown. The lines represent fits according to Equation 4.7.

Figure 4.7. Average characteristic recovery time constants for the HL60 and the 3T3 cells under
reference conditions.
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The effect of the maximum cell compression ratio A0/Amax maintained during the
holding period is shown in Figure 4.8; all other measurement conditions were equal to
the reference situation in these experiments. The corresponding characteristic recovery
time constants are summarized in Figure 4.9. The characteristic recovery time constant
depends on the maximum cell compression ratio. This proves that, under these
measurement conditions, the linear viscoelastic model does not hold strictly, since for
this model the characteristic recovery time constant is a constitutive parameter that
should be independent of the deformation or loading conditions. The reason is that the
deformation itself causes changes in the cells’ cytoskeletal structure such that the
effective cell properties change. Larger deformations (i.e. smaller cell compression ratios)
result in longer recovery times. For the 3T3 cells recovery times are longer than for the
HL60 cells over the entire range of cell compression ratios tested. The fitted values of
K for 3T3 are 0.97 ± 0.02, 0.95 ± 0.03, and 0.91 ± 0.04 respectively for the maximum
cell compression ratios of 0.6, 0.5 and 0.3, respectively. For HL60, these values are 0.98
± 0.02, 0.99 ± 0.02, and 0.96 ± 0.03 for the cell compression ratios of 0.5, 0.4 and 0.3.
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Figure 4.8. Cell recovery curves measured for different maximum cell compression ratios. (a) 3T3 cells,
for A0/Amax = 0.6 (blue, N = 6, %RSD = 4.8), 0.5 (black, N = 6, %RSD = 5.8) and 0.3 (red, N =
6, %RSD = 4.7). (b) HL60 cells for A0/Amax = 0.5 (black, N = 6, %RSD = 5.3), 0.4 (green, N =
7, %RSD = 5.2) and 0.3 (red, N = 6, %RSD = 5.4). N is the number of cells tested for each condition.
Each marker represents one data point; the data points of multiple cells are shown. The lines represent
fits according to Equation 4.7.
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Figure 4.9. The characteristic recovery time constant of the HL60 and 3T3 cells compared, as a
function of the maximum cell compression ratio A0/Amax. The p-values indicate that the differences are
statistically significant.

The treatment with CytoD has a dramatic effect on the cell properties, as is evidenced
by Figures 4.10 and 11. The characteristic recovery time constant is greatly increased,
especially for the HL60 cells. As we have seen in Figure 4.4, the CytoD treatment
disrupts the actin network in the cells, and therefore it can be expected that the
structural coherence of the cell is at least partly lost. The elastic component in response
to deformation becomes therefore more insignificant due to the treatment, which will
result in longer characteristic recovery time constants (see also Equation 4.8 that shows
that smaller elastic moduli in the LVS model result in a larger characteristic recovery
time constant τ), which is what we observe. For the reference loading conditions, τ
increases from 55 s to 110 s for 3T3 cells (i.e. a 100% increase), and from 26 s to 150 s
for the HL60 cells (i.e. a 470% increase), see Figure 4.11 compared with Figure 4.9.
Particularly the latter change is substantial. The values for K for the cytoD treated 3T3
cells are 0.95 ± 0.02 and 0.93 ± 0.034 respectively for the area ratios 0.7 and 0.5. For the
cytoD treated HL60 cells the fitted K is 0.99 ± 0.03 and 0.98 ± 0.04 for the area ratios 0.6
and 0.5.

Chapter 4. Cell viscoelastic device

75

1

1.1

(a)

0.9
Area Ratio

Area Ratio

0.8

0.7
0.6

0.8
0.7
0.6

0.5
0.4

(b)

1

0.9

0.5

0

100

200

300
Time/s

400

500

0.4

0

100

200

300

400

500

Time/s

Figure 4.10. Recovery curves measured for cells untreated or treated with cytochalasin D. (a) 3T3 cells:
untreated, reference conditions (black), treated with CytoD, A0/Amax = 0.5 (green, N = 6, %RSD =
4.8), treated with CytoD, A0/Amax = 0.7 (blue, N = 5, %RSD = 3.0). (b) HL60 cells: untreated,
reference conditions (black), treated with CytoD, A0/Amax = 0.5 (green, N = 6, %RSD = 4.8), treated
with CytoD, A0/Amax = 0.6 (blue, N = 6, %RSD = 3.9). N is the number of cells tested for each
condition. Each marker represents one data point; the data points of multiple cells are shown. The lines
represent fits according to Equation 4.7.

Figure 4.11. The characteristic recovery time constant of both cell types after treatment with CytoD, as
a function of the maximum cell compression ratio. A comparison with Figure 4.9 shows that the
treatment results in a large increase of characteristic recovery time constant.

Cellular shape, elasticity and contraction are to a large extent determined by the actin
structure of the cytoskeleton. Therefore, the structural organization of actin fibers
determines the mechanical properties of the cell. For this reason, disruption of actin by
the CytoD treatment results in a change of cytoskeletal organization and thus a change
in the mechanical response [8,30-32]. In previous studies, it has been shown that actin
microfilament disrupting drugs such as CytoD or latrunculin B, diminished cell
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elasticity [2] and caused a dramatic reduction of cell stiffness [5]. Rosenbluth et al. found
that the transit time of HL60 cells flowing through narrow micro-channels was
decreased substantially by a CytoD treatment [19]. The characteristic recovery time
constant increase we observe is in line with this. This is due to the fact that actin
filaments provide and support contractile stresses generated within the cell. It has been
postulated that actin filaments are anchored to the plasma membranes by barbed end
capping proteins and for this reason they provide tensile forces in the cell [6]. CytoD
destabilizes these sites of anchorage, disrupts the fibers and consequently reduces the
elasticity of the cell and the ability to maintain cell shape. It might be postulated that
other cytoskeletal structures, such as microtubules and the cell membrane, then take
substantial part in the cell recovery.
Figure 4.12 shows the effect of an increase of the holding time at which the maximum
load is maintained from 5 min to 30 min. The change is dramatic: for the 3T3 cells the
characteristic recovery time constant increases to 340 s, i.e. a 7-fold increase. The
characteristic recovery time constant increase for the HL60 cells is less, but seems still
substantial however the large p-value (p > 0.01) indicates that the change is not
statistically significant. The most probable explanation for the influence of the holding
time is that the cell structure is rearranged during the holding period. The compression

Figure 4.12. The influence of the holding time on the characteristic recovery time constant. (a) The
characteristic recovery time constant of 3T3 cells with a maximum compression ratio around 0.5 for a
holding time of 30 min (grey, N = 4) and 5 min (white, N = 6). (b) The characteristic recovery time
constant of HL60 cells with a maximum compression ratio around 0.35 when with a holding time of 30
min (grey, N = 4) and 5 min (white, N = 6). N is the number of cells tested for each condition. The
difference is not statistically significant for the HL60 cells.
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load acting on the cell influences the continuous polymerization and depolymerization
processes that happen in the cytoskeleton, thereby substantially changing the cell’s
mechanical structure and properties, i.e. biological remodeling takes place.
To illustrate the influence of the interaction of the cells with the surface, Figure 4.13
shows the effect of the Pluronic F127 treatment of the device on the characteristic
recovery time constant. Both 3T3 and HL60 cells have a larger characteristic recovery
time constant for the untreated surfaces, although the change is not statistically
significant for the HL60 cells. It is known that the Pluronic treatment reduces the
cell-surface adhesion [27]. Hence, the interaction between the cells and the surface, in
particular adhesion, is larger for the untreated than for the treated surfaces. It is clear
from Figure 4.13 that the additional interaction can slow down the cell recovery quite
substantially, in particular for the 3T3 cells.

Figure 4.13. The effect of device surface treatment on the characteristic recovery time constant. (a) The
characteristic recovery time constant of 3T3 for an untreated surface (grey, N = 4) and of the F127
treated surface (white, N = 6), both for a maximum compression ratio of 0.3. (b) The characteristic
recovery time constant of HL60 when for an untreated surface (grey, N = 5) and in the F127 treated
device (white, N = 6), both for a maximum compression ratio of 0.35. N is the number of cells tested
for each condition. Only for the 3T3 cells, the difference is statistically significant.

Finally, Table 4.1 compares our values of the parameters K and τ, with those derived
from the LVS parameters G2, G1 and η1 published by other authors for various cell
types and using different methods. The value of K does not vary much (between 0.35
and 0.96), at least compared to the value of the characteristic recovery time constant
that ranges over orders of magnitude (from 0.3 to 116) for the various cells and
methods. Our value for the 3T3 fibroblast is comparable to that measured with
microplate stretching by Thoumine and Ott for fibroblasts [33].
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Table 4.1. Reported parameters for the homogeneous linear viscoelastic solid, compared to our results
under reference conditions.
Cell type

K [-]

τ [s]

Method

Reference

Myoblasts
Fibroblasts
Human leukocytes
Endothelial cells
3T3 fibroblasts
HL60 neutrophilic
promyelocytes

0.48
0.35
0.73
0.67
0.95

0.3
39
0.65
116
55

Cell compression
Microplate stretching
Micropipette aspiration
Micropipette aspiration
Microfluidic membrane device

[17]
[14]
[29]
[34]
The present work

0.96

26

Microfluidic membrane device

The present work

However, one should be very careful in directly comparing these numbers. To a large
extent, the variation in τ-values is due to the differences in the structure of the different
cell types, but it is also due to differences in loading devices, loading protocols,
operating conditions, and degree of cellular attachment. For example, the experiments
by Thoumine and Ott and by Sato et al. were done by applying large strains during long
timescales, whereas the measurements by Peeters et al. and Schmid-Schönbein et al.
were performed at smaller strains and short timescales. Indeed, our own results show
that experimental conditions such as loading time and surface conditions can have a
large effect on the measured parameters. Strictly, the wide variation of τ implies that the
LVS model is not a suitable quantitative constitutive model for this wide range of
conditions, although it can still be used to describe our experiments qualitatively.

4.4 Conclusion
Our microfluidic device, based on the actuation of a flexible membrane, allows the
characterization of the viscoelastic properties of cells in small volumes of suspension by
loading them in compression and observing the cell deformation in time. From this
experiment, we can determine the characteristic time constant of recovery of cells.
As a first proof-of-principle, we characterized two different cell types known to have a
different cytoskeletal structure, 3T3 fibroblasts and HL60 neutrophilic promyelocytes.
Indeed, these characters showed a substantially and significantly different response in
the device and could be clearly distinguished on the basis of the calculated characteristic
recovery time constant. Also, the effect of breaking down the actin network, the main
mechanical component of the cytoskeleton, by a treatment with CytoD, resulted in a
dramatic increase of the measured characteristic recovery time constant. Experimental
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variations in loading force, loading time, and surface treatment of the device also
influenced the measured characteristic recovery time constant significantly.
The device can be used to distinguish between cells with different mechanical structure,
and makes it possible to study changes in the mechanical response due to cell
treatments, changes in the cell’s micro-environment, and mechanical loading conditions.
This allows, for example, a systematic study of the effect of biological remodeling of
the cell. Also, (adherent) cells may be grown in the device itself before testing. The
method may be further developed to aid in the selection of a certain type of cell, cells in
particular stages, or in isolating affected cells from healthy cells for a variety of diseases.
In conclusion, the main characteristics and advantages of our device that distinguish the
method from existing approaches, are:
1.
2.
3.
4.

Whole-cell mechanical properties are probed.
The device is simple and easy to use.
Only small volumes of cell suspension are needed.
The microenvironment of the cells can be controlled by changing the working
fluids and temperature, and by surface treatments.
5. The loading conditions can be varied in a flexible way.
6. The device allows, in principle, to characterize multiple cells simultaneously in
the central area of the device where uniform loading conditions exist, if the cells
have approximately the same size.
In the future, the device can be extended with a pressure sensor and/or a measurement
of the PDMS membrane deflection, which would allow the quantitative determination
of elastic moduli, though at the expense of an increased complexity.
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CHAPTER 5
Microfluidic cytometer based on dual photodiode
detection for cell size and deformability analysis3
Cellular mechanical properties can play an important role in disease diagnosis.
Distinguishing cells based on their mechanical properties, as demonstrated in Chapter
4, provides a potential method for label-free diagnosis. In this chapter, a convenient
microfluidic cytometer is introduced to characterize cell mechanical properties and cell
size, based on the change of transmission intensity, using a low-cost commercial laser
as a light source and two photodiodes as detectors. The cells pass through a narrow
microchannel with a width smaller than the cell dimensions, integrated in a
poly(dimethylsiloxane) chip, below which the laser is focused. The transit time of
individual cells is measured by the time difference detected by two photodiodes. This
device was used to study the difference in cell mechanical properties of HL60 cells
treated with and without Cytochalasin D. Furthermore, it was also applied to
distinguish cells with different diameters, i.e. HL60 cells and red blood cells, by
measuring the transmission intensity.

This chapter is based on: Ji, Q., Du, G., Uden, M.J. van, Fang, Q. & Toonder, J.M.J. den (2013).
Microfluidic cytometer based on dual photodiode detection for cell size and deformability analysis.
Talanta, 111, 178-182.
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5.1 Introduction
As mentioned in Chapter 4, cell mechanical properties play an important role in a
number of processes, such as cell migration, invasion, division, and signaling. These
mechanical properties are dynamically governed by the cytoskeleton, whose structure
can be changed by the development of several diseases, such as malaria [1,2], cancer
[2-4], and glaucoma [5]. A variety of techniques have been developed to measure cell
mechanical properties, including micropipette aspiration [6,7], filtration [8], atomic
force microscopy (AFM) [9-11], microplate stretching [12] and magnetic tweezers [13].
Although these methods can be used to assess cell mechanical properties, further
application is limited due to their complex structure, low-throughput analysis and labor
intensity. Chapter 2 gives an overview of these methods.
Some microfluidic devices provide a possible approach to detect cell mechanical
properties by using low quantities of samples and reagents in a controlled
microenvironment on a simplified platform [14-19]. These devices usually require
optical imaging of the cells to detect the cell mechanical properties, e.g. using a
charge-couple device (CCD) camera. An array of elastomeric microposts was fabricated
to characterize the subcellular distribution of mechanical properties by studying
deflection images of multiple posts to which single cells were attached [15-17].
Multilayer devices were also used to study cell viscoelastic properties by measuring area
of recovery snapshots of cells after their deformation [20]. However, the throughputs
of these approaches for cell analysis are usually quite low (<1 cell/min).
Several other microfluidic cytometer systems were developed to achieve
high-throughput analysis of biomechanical properties of cells, such as deformability
[21-32]. In these systems, a high-speed camera is usually utilized to capture the images
of cells that are forced to deform inside the devices. These images are further analyzed
to extract cell shape information and correlate this with cell mechanical properties. Bao
et al. reported electroporative-induced cell deformation in a microfluidic device as a
biomarker to differentiate cancer cells from normal ones for their higher degree of
swelling [22]. Guck et al. distinguished human erythrocytes from mouse fibroblasts by
comparing their difference in viscoelastic properties when micromanipulated by optical
stretchers. Different indexes were developed to evaluate the viscoelastic properties of
cells, for example, the ratio of the major and minor axes of the deforming cells [23,24].
Shelby et al. used a narrow channel to deform plasmodium falciparum-infected
erythrocytes and normal erythrocytes by recording cell recovery and rupture when
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squeezed by the narrow channel [25]. Rosenbluth et al. used a bifurcating microchannel
network to investigate transit time of red blood cells and neutrophils passing through.
The transit time could be quantified automatically from images recorded by a CCD
camera and analyzed by home-made software [26]. Chen et al. coupled a high-speed
camera with an electric field generated by electrodes integrated in a microfluidic
channel to obtain both elongational properties and impedance profiles of cells [27].
Abkarian et al. studied dynamics and hemorheology of single and multiple red blood
cells and white blood cells by a similar design of microchannel [28]. However, the
applications of these methods are limited by their relatively high cost of implementation
and complex design. In addition, the post image analysis process makes it difficult to
provide a real-time result.
In this chapter, an integrated and low-cost microfluidic cytometer is introduced to
probe cell mechanical properties and cell size based on simple dual photodiode
detection. The transit times and transmission light intensities of cells when they pass
through a narrow microchannel on a microchip are measured by using two
photodiodes to capture the variation of the transmission intensity of a laser beam
focused within the channel detection region. The present system was applied to study
the difference in cell mechanical properties between untreated HL60 cells and HL60
cells treated by Cytochalasin D (CytoD). Furthermore, cells with different diameters
(HL60 cells and red blood cells) were also studied using this approach.

5.2 Experimental section
5.2.1 Chemicals and materials
All solvents and chemicals used were of reagent grade unless otherwise stated.
Deionized water was used throughout. The silicon mold, fabricated with deep reactive
ion etching (DRIE), was provided by Philips Research (Eindhoven, the Netherlands).
Phosphate buffered saline (PBS), fetal bovine serum (FBS), and Roswell Park Memorial
Institute medium (RPMI) 1640 medium with 1% L-glutamine, 5% penicillin/
streptomycin were obtained from Genom Biological Medicine Co. (Hangzhou, China).
Complete culture medium was RPMI 1640 medium supplemented with 10% FBS.
Bovine serum albumin (BSA) was obtained from Shenggong Bioengineering Co.
(Shanghai, China). Poly(dimethylsiloxane) (PDMS) prepolymer and cross-linker were
obtained from Dow Corning (Sylgard 184, Midland, USA). CytoD was obtained from
Sigma-Aldrich (St. Louis, USA).
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5.2.2 System setup
A PDMS chip with microchannel configuration (as shown in Figure 5.1) was fabricated
using a soft lithography approach [33]. A PDMS substrate was cast at 80 ˚C for 1 h
with a mixing ratio of 10:1 for PDMS prepolymer and cross-linker on a silicon mold
structured by DRIE techniques. The solidified PDMS substrate was peeled off from
the silicon mold, and bonded with another PDMS substrate after exposure to oxygen
plasma for about 50 s. Two types of chip were fabricated. One chip had a 6-μm-wide,

Figure 5.1. Schematic diagrams of the setup (a) and the optical detection module (b) of the microfluidic
cytometer (not to scale), and (c) the photograph of the PDMS chip.
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200-μm-long, and 9.6-μm-high narrow channel for cell deformability analysis, and
another chip had a narrow channel with a width of 12 μm, a height of 9.6 μm and a
length of 250 μm for cell size analysis. The channel inlet was cut into a cone shape to
serve as a sampling probe. Then the PDMS chip was placed on a microscope slide with
its sampling probe extending out. The outlet of the channel was connected with a waste
reservoir via a Tygon tubing to provide the driving force for cells. A slotted-vial array
(SVA) system was used to sequentially introduce buffer solution and different cell
suspensions into the chip channel. The SVA system was made as previously described
elsewhere [34,35]. The system setup is shown in Figure 5.1. For cell detection, a red
beam from a laser diode (AD6320 PFG, 10 mW, A-Laser Technology Co., Guangzhou,
China) was focused below the center of the channel through an objective lens (25,
Mic Opto-electronics Technology Co., Shenzhen, China). Two photodiodes (OPT301,
Texas Instrument Co., Texas, USA) were fixed 28 cm above the chip with a mutual
distance of 5 cm to detect the transmission intensity variations when the cells pass
through the narrow channel. An inverted microscope coupled with a CCD camera
(UMD200, Superimage Digital Technology Exploitation Co., Hangzhou, China) was
used to observe cells in the channel, as well as the laser’s focal point before
experiments.
5.2.3 Cell culture
Human promyelocytic leukemia cells (HL60 cells) were obtained from the Cell Bank of
the Chinese Academy of Science (Shanghai, China). The cells were grown in complete
RPMI culture medium, maintained in a 5% CO2, 95% humidified atmosphere at 37 ˚C
with cell density kept from 105 to 106 cells/mL. The RPMI culture medium was
refreshed every 2 to 3 days. Before use, red blood cells (RBC) were collected from a
healthy adult female volunteer aged 24 after obtaining her permission. Both of the cells
were diluted to an optimized, relatively low concentration around 1×105 cells/mL with
complete culture medium before experiments – at this concentration, clogging of the
device by the cells or the possibility of two or more cells entering the narrow channel at
the same time, could mostly be avoided.
In the experiments of section 5.4.3, the HL60 cells were pretreated by adding 2 µM
CytoD in the complete culture medium for 1 h to disrupt actin structures in the cells.
After that, the cells were centrifuged and re-suspended by PBS.

88

Chapter 5. Cell cytometer device

5.2.4 Procedures
Before the actual experiment, the chip channel was flushed with 20 mg/mL BSA
solution for 20 min to eliminate non-specific cell adhesion to the surface of the channel.
The slotted vials were filled with cell suspensions and PBS, respectively. The driving
force for fluids in the channel was provided by the pressure from an adjustable
difference in liquid levels between the PDMS chip and the waste reservoir, as illustrated
in Figure 5.1b. Hence the cell suspension was introduced into and flown through the
chip channel by a constant pressure produced by the liquid level difference between the
PDMS chip and the waste reservoir. Transmission intensity was measured by the two
photodiodes via a data acquisition card with 5,000 Hz (USB-6008, National
Instruments, Austin, USA). Between two cell samples, the chip channel was flushed
with PBS to wash away any remaining cells from the previous measurement.
5.2.5 Data analysis
A typical transmission intensity recording in an HL60 cell experiment is shown in
Figure 5.2. Two negative peaks were recorded for each individual cell by the prior and
posterior photodiodes, respectively. The negative peak corresponding to a decrease of
transmission intensity was caused by the reflection and scattering of the detection light
beam by the cell. A home-made MATLAB program (http://www.billauer.co.il/
peakdet.html) was used to detect the negative peaks. The transit time of cell passing
through the detection region in the channel, which is related to cell deformability, was
measured by calculating the time difference between the negative peak pair (N2-N1).
The data was smoothed by averaging using a window of 50 points.
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Figure 5.2. Typical recordings of transmission intensity in a cell experiment. (a) Signals generated by a
number of HL60 cells passing through the narrow channel. (b) Typical signals detected by two
photodiodes of one HL60 cell in (a).

5.3 Results and discussion
5.3.1 System design
In many of the previously reported microfluidic cytometer systems, cells are detected
using highly sensitive photomultiplier tubes or high-speed CCD imaging chips [36-38].
In this work, to simplify the system and reduce system expense, one laser light source
and two low-cost photodiodes were used instead. The transmission intensity was
measured by locating the laser focal point below the narrow channel as illustrated in
Figure 5.1. A narrow channel design was used to induce cell deformation when cells
pass through the channel and achieve distinguishing of cell deformability [25-27,30-32].
We investigated the effect of the position of the laser focal point from 500 μm below to
300 μm above the narrow channel on the cytometer performance using a PDMS chip
with 6-μm-wide and 200-μm-long narrow channel. Typical recordings for HL60 cells
with an average diameter of about 10 μm are as shown in Figure 5.3. The transit time
obtained from the negative peak pair was mainly determined by two obvious
parameters, namely the speed of the cell passing through the detection region and the
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length of detection region. On one hand, the cell deformability and the driving force
affected the speed of the cell passing through the detection region. A larger driving
force increases the passing speed of cells. The cell deformability was changed by
treating the cells by drugs (i.e. CytoD). On the other hand, the length of the detection
region was influenced by the relative position of laser focal point to the chip channel.
When the laser beam was focused inside the channel, the two negative peaks were
entirely overlapping as the two photodiodes measured the light beam from the same
position (Figure 5.3f). The detection region was enlarged when the laser focusing point
was located away from the chip channel. The larger the region covered by the laser
beam, the longer the cell transit time that could be measured, increasing the accuracy of
measurement. However, with the laser beam focused away from the channel too far,
the beam covers a larger channel region, and the probability of two consecutive cells
passing through the channel interfering with the time measurement also increases.
Compromising between the accuracy and interference between adjacent cells, we chose
the position of laser focusing point at 400 μm below the chip channel.

Figure 5.3. Typical signals obtained by the two photodiodes when one HL60 passing through the
narrow channel with different distances between the laser focal point and the chip channel of (a) -500
μm, (b) -400 μm, (c) -300 μm, (d) -200 μm, (e) -100 μm, (f) 0 μm, (g) +100 μm, (h) +200 μm, and (i)
+300 μm.
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5.3.2 Position of the waste reservoir
In most of the previous microfluidic cytometers for study of cell mechanical properties,
the measurements for cell deformation were carried out under constant flow rate mode
using syringe pumps [25,26,39]. In the present system, the measurement of cell
deformation was performed by measuring the transit time for a cell passing through the
narrow channel. In such a system, the constant flow rate mode would produce a
sudden change in pressure applied to each cell when passing through the narrow
channel, since the presence of the cell changes the effective resistance of the system;
this may affect the consistency of measured transit time [40]. Therefore, a constant
pressure mode was employed in the present system. We used Tygon tubing to connect
the chip channel with the horizontal waste reservoir, and generate a liquid-level
difference between them to provide a constant driving pressure for the flow of the cell
suspension. A similar method was used in a high-throughput microchip-based
flow-injection analysis system [34].
We tested the effect of the liquid-level difference between the chip channel and waste
reservoir using HL60 cells as a model sample. The histograms of normal distributions
of the cell transit time with the change of liquid-level difference were determined, and
the results are as shown in Figure 5.4. The peak value of the transit time at liquid-level
difference of 10 cm, 15 cm and 20 cm was 72.4 ms, 35.5 ms, and 26.6 ms, respectively.
A spread in transit times is observed for each liquid-level difference, and can be
attributed to the spread in cell size. For a smaller liquid-level difference, the distribution
of the transit time showed more spread, thus the difference of cell transit times could
be better identified. However, we observed that the probability of cell blocking the
narrow channel also increased with the decrease of the liquid-level difference.
Therefore, a liquid-level difference of 15 cm between the chip channel and waste
reservoir was employed in the present system, corresponding to an estimated pressure
for cell sample introduction of 1,470 Pa. The flow rate inside the channel, measured
using the video recorded by the CCD camera when cells passed through the
microchannel, was 2 mm s-1.
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Figure 5.4. Histogram of the transit time of HL60 cells at different liquid-level differences of 10 cm, 15
cm and 20 cm, obtained from ~50 cells for each condition.

5.3.3 Performance of the cytometer
CytoD is known to be an agent that degrades the actin network in the cytoskeleton, so
that the cell’s elastic modulus reduces while maintaining the cell shape [41]. To evaluate
the performance of the cytometer in distinguishing cell mechanical properties, the
transit times of HL60 cells treated with and without CytoD were determined. A typical
throughput of 33 cells min-1 in the cytometer was obtained (Figure 5.2). As shown in
Figure 5.5, an obvious left shift of cell transit time distribution is observed when HL60
cells are treated by 2 μM CytoD. The cell sample for each group consisted of more than
100 cells. In the transit times distribution of the treated cells, shifted towards shorter
transit time, more than 20% of the cells have a transit time of less than 35 ms. The
maximum peak of transit time distribution appears around 55 ms. The transit times of
normal HL60 cells shows a Gaussian distribution and the maximum peak is around 65
ms. This indicates that the present system can probe the variation of the elastic
modulus of cells by measuring the transit time variation.
To distinguish between cells with clearly different sizes, the height of negative peaks
caused by the cells passing through the microchannel was measured. Figure 5.6 shows
results for HL60 cells and RBC – these two types of cells have different mechanical
properties, but their main distinguishing feature is their difference in cells size, i.e. 10
μm for HL60 cells and 5 μm for RBC. The transmission intensity significantly changes
when cells with different size pass through a narrow channel with a width of 12 μm and
a length of 250 μm. As shown in Figure 5.6, there is significant difference between the
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transmission intensity distribution of RBC and HL60 cells. The transmission intensities
of more than 90% of RBC are around 300 mV. However, under the same experimental
condition, the transmission intensity distribution of HL60 cells is mainly around 800
mV.

Figure 5.5. Histograms of the transit times of HL60 cells (blue bars) and CytoD treated HL60 cells (red
bars). Each histogram includes data from ~100 cells.

Figure 5.6. Histograms of the transmission intensity distribution of HL60 cells (blue bars) and RBC
(red bars). Each histogram contains data from ~600 cells.

5.4 Conclusion
We developed a microfluidic cytometer with a micro-channel to study cellular
mechanical properties and distinguish between cells with different sizes, based on a
simple and low cost optical setup consisting of a low-cost laser and two basic
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photodiodes for detection. On the basis of the optical structure, a portable cytometer
can be developed, which may eventually find application in miniaturized instruments
for home-use.
Although the throughput of the system is lower than for commercial cytometers, it
could be applied in screening of some diseases that are known to affect cell mechanical
properties or cell size. The throughput of the present system is expected to be
improved by using a more sensitive data acquisition card and photodiodes, or using
multi-channel microchips.
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CHAPTER 6
Cell‐based drug combination screening with a microfluidic
droplet array system4
In this chapter, we report cell-based drug combination screening using an integrated
droplet-based microfluidic system based on the sequential operation droplet array
(SODA) technique. In the system, a tapered capillary connected with a syringe pump
was used for multi-step droplet manipulations. An oil-covered two-dimensional droplet
array chip fixed in an x-y-z translation stage was used as the platform for cell culture
and analysis. Complex multi-step operations for drug combination screening involving
long-term cell culture, medium changing, schedule-dependent drug dosage and
stimulation, and cell viability testing were achieved in parallel in the semi-open droplet
array, using multiple droplet manipulations including liquid metering, aspirating,
depositing, mixing, and transferring. Long-term cell culture as long as 11 days was
performed in oil-covered 500-nL droplets by changing the culture medium in each
droplet every 24 h. The present system was applied in parallel schedule-dependent drug
combination screening for A549 non-small lung cancer cells with cell cycle dependent
drug flavopiridol and the two anti-cancer drugs paclitaxel and 5-fluorouracil. The
highest inhibition efficiency was obtained with a schedule combination of 200 nM
flavopiridol followed by 100 μM 5-fluorouracil. The drug consumption for each
screening test was substantially decreased to 5 ng−5 μg, corresponding to
10−1,000-fold reductions compared with traditional drug screening systems with
96-well or 384-well plates. The present work provides a novel and flexible
droplet-based microfluidic approach for performing cell-based screening with complex
This chapter is based on: Du, G., Pan, J., Zhao, S., Zhu, Y., Toonder, J.M.J. den & Fang, Q. (2013).
Cell-based drug combination screening with a microfluidic droplet array system. Analytical Chemistry,
85, 6740-6747.
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6.1 Introduction
As a main method for disease therapy, chemical drugs are widely used in hospitals.
Currently, the process of developing a new chemical drug is very time consuming and
has a high cost. The combination of two or more existing drugs, administered either
simultaneously or sequentially, can improve therapeutic efficacy, enhance the efficiency
of drug R&D, as well as reduce drug toxicity and drug resistance in clinical treatment
due to its multi-target treatment mechanisms. It has become the leading approach for
some types of cancer and infectious diseases, such as non-Hodgkin’s lymphoma [1] and
HIV infection [2]. Furthermore, since most drug combination screenings are carried
out using existing and approved drugs which have passed through the strict clinical and
safety examinations, the risk and cost for drug development could be reduced
significantly [3].
The screening for potential drug combinations presents significant challenges to current
high-throughput screening systems, as it requires to perform activity and toxicity tests
for massive combinations of drugs with different types, concentrations, and schedules,
which poses challenging requirements for sample/reagent consumption, liquid handling
and screening throughput. These requirements include: (I) low consumption of sample
and reagents are required to reduce the screening cost since the number of combination
screening experiments is much larger than for single drug screening; (II) the drug
combination screening should be performed not only at the molecule level but also at
the cell level to be relevant for in vivo behavior [4]; (III) multi-step liquid handling
operation, including liquid metering, adding, mixing, transferring and removing should
be achieved, especially for screenings with a complicated procedure, such as
schedule-dependent combination screening. Currently, most of the conventional
cell-based drug combination screening systems are built on the basis of multi-well (e.g.
96-well or 384-well) plates and large-scale robotics for liquid handling, in which the
liquid handling volumes are commonly in the microliter range, and the sample and
reagent consumption are usually in the range of 100−200 μL (96-well plate), or 25−50
μL (384-well plate) [5].
Microfluidic systems have shown outstanding advantages in high-throughput screening
due to their ability in reducing sample and reagent consumption to the nanoliter range
and achieving miniaturization, integration and automation of analytical systems [6].
Several groups have used cell-based microfluidic platforms under continuous flow
mode to perform drug combination screening simultaneously [7,8] as well as in
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sequential schedules [8]. However, such methods have relatively large sample and
reagent consumption, and they make it difficult to flexibly generate drug combinations
with different drug concentrations (requirement I, mentioned earlier). Droplet based
microfluidic systems have also shown their potential in combination assays to test
antibiotic toxicity, by generating droplets in microchannels, containing reagents with
controlled variations of concentrations between droplets. [9-11] Their further
application in drug combination screening has not been realized probably due to the
fact that they are continuous-flow droplet systems: this operation mode results in
difficulties to meet requirement II mentioned above: performing long-term cell culture
in oil-enclosed droplets, as well as requirement III: certain complicated operations are
difficult to realize using flowing droplets, such as the addition of reagents or the
replacement of liquids. To our knowledge there is no published work presenting an
approach that enables to satisfy all the requirements for drug combination screening,
especially in schedule dependent drug combination, though it has shown its importance
in drug discovery [3,11].
In this chapter we present an integrated microfluidic system for cell-based drug
combination screening based on the sequential operation droplet array (SODA)
technique [12]. The complex multi-step operations for drug combination screening
involving cell culture, medium changing, schedule-dependent drug dosage and
stimulation, and cell viability testing were achieved in the system by using multiple
droplet manipulations including liquid metering, aspirating, depositing, mixing, and
transferring. The present system was applied in parallel schedule-dependent drug
screening for A549 non-small lung cancer cells with combinations of cyclin-dependent
kinases inhibitor flavopiridol and two widely applied anti-cancer chemotherapy drugs,
namely paclitaxel and 5-fluorouracil. The highest inhibition efficiency was obtained
with a schedule combination of 200 nM flavopiridol followed by 100 μM 5-fluorouracil.
The drug consumption for each screening test was substantially decreased to 5 ng−5 μg,
leading to a 10−1,000 fold reduction compared with traditional drug screening systems.

6.2 Experimental section
6.2.1 Reagents and chemicals
All solvents and chemicals used were of reagent grade unless otherwise stated.
Deionized water was used throughout. Phosphate buffered saline (PBS), fetal bovine
serum (FBS), and Kaighn's modification of Ham's F12K medium with 1% L-glutamine,
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5% penicillin/streptomycin, and trypsin (0.25% in ethylenediaminetetraacetic acid) were
obtained from Genom Biological Medicine Co. (Hangzhou, China). The complete
culture medium was prepared by supplemental 10% FBS in F12K medium. Fused-silica
capillaries with 530 μm i.d. and 690 μm o.d. were purchased from Reafine
Chromatography Co. (Yongnian, China). Microliter syringes (7000 series, 500 μL) were
purchased from Hamilton Co. (Reno, NV, USA). Fluorinert FC-40 was purchased from
3M (St. Paul, MN, USA). Flavopiridol, paclitaxel, 5-fluorouracil, and dimethylsulfoxide
(DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Poly(dimethylsiloxane) (PDMS) base and cross-linker (Sylgard 184) were obtained from
Dow Chemical Co. (Midland, TX, USA). Human non-small lung carcinoma cell line
(A549) was obtained from the Cell Bank of Chinese Academy of Science (Shanghai,
China). Live/dead viability assays kit, including calcein AM and ethidium homodimer-1
(EthD-1) was obtained from Life Technologies (Carlsbad, CA, USA).
6.2.2 Setup of the system
The droplet array system is shown in Figure 6.1. A fused-silica capillary with a tapered
tip (tip size: ~120 i.d. and ~150 μm o.d.) was used for liquid handling and manipulation,
including liquid metering, droplet assembling, reagent addition, and liquid transferring
[13]. The inner and outer surfaces of the tapered capillary were silanized with 1%
1H,1H,2H,2H-perfluoroclecyltrichlorosilane (Alfa Aesar, Ward Hill, MA, USA) in
isooctane (v/v) before use. The capillary was connected with a syringe pump
(PHD2000, Harvard Apparatus, Holliston, MA, USA). The nanowell array chip and
reagent reservoirs were fixed on an x-y-z stage under control of a home-made
LabVIEW program (National Instruments, Austin, TX, USA).
The nanowell array chip consists of a poly(dimethylsiloxane) (PDMS) substrate with a
nanowell array and a PDMS holding layer for containment of oil, which were fabricated
by a mixture of PDMS base and cross-linker with the ratio of 10:1 as described
previously [14]. The substrate with a thickness of ~0.5 mm was molded on a 6 cm × 6
cm glass plate with a mold of AZ P4620 photoresist (AZ Electronic Materials, London,
UK). The configuration design of mold is shown in Figure 6.2 with a diameter of 1.3
mm and a height of 10 μm for each spot. The holding layer was produced by cutting a
5-mm thick PDMS slab fabricated using a similar soft lithography method. The
substrate and the holding layer were bonded after exposure to oxygen plasma for ~30 s.
Before the cell culture experiments, the chip was sterilized in an autoclave at 120 ˚C for
35 min and dried at 60 ˚C for 4 h.
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Figure 6.1. Photograph of the semi-closed droplet array system.

Figure 6.2. Schematic diagrams of configuration design of the mold for the nanowell array chip (a) and
the dimensions of spots (b). Each spot has a diameter of 1.3 mm and a height of 10 m.

6.2.3 Cell culture and cell seeding
Before use, the cells were cultured in complete F12K medium, and incubated in a 100%
humidified incubator (Heracell 150, Thermo Electron, Waltham, MA, USA) with 5%
CO2 at 37 ˚C. The cell density was 105−106 cells/mL during cell growth. The F12K
culture medium was refreshed every 2 to 3 days.
Before the drug dosage experiments, the A549 cell concentration was diluted to ~5 ×
105 cells/mL. The nanowell chip was first placed in a petri dish and covered by FC-40
oil. Then, 500 nL A549 cell suspension was aspirated into the tapered capillary and
deposited into the nanowell of the chip to form a droplet. After preliminary
experiments with various angles between the capillary and the PDMS chip, this angle
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was set at 45° for improving the reliability of droplet depositing (Figure 6.3). The
average cell number in each droplet was 80 ± 20 cells/well. This number turned out to
be sufficiently high to reach cell viability consistency, and low enough to support cell
growth by sufficient nutrient and space. After all of the droplets containing A549 cells
were generated, the nanowell chip with the petri dish was placed in the incubator for 24
h for cell seeding on the PDMS surface.

Figure 6.3. Schematic diagrams of droplet deposition processes with angles between the capillary and
the PDMS chip of (a) 45º and (b) 90º. The droplets tend to float away if they do not touch the nanowell
bottom during the droplet deposition process. (a) With the angle of 45º, the deposited droplet is more
likely to locate in the wedge space between the capillary and the nanowell bottom, which leading to an
improved success rate of 99% for droplet deposition. (b) With an angle of 90º between the capillary and
the PDMS chip, the droplet is easy to float and adheres to the capillary wall because the oil used in the
present system, FC40, has a higher density than the aqueous droplet, resulting a poor success rate of
~50% for droplet deposition.

6.2.4 Process of drug assay
The process of drug combination screening experiment in schedule dependent mode is
shown in Figure 6.4, for the case in which the cells in the droplets were sequentially
stimulated by two drugs. The capillary was washed once in the PBS reservoir between
the adjacent sample reservoirs to avoid cross-contamination. The stock solutions for
flavopiridol, paclitaxel, and 5-fluorouracil were prepared with concentrations of 10 μM,
10 μM, and 100 mM in DMSO, respectively. The oil-covered chip with cells seeded on
the nanowell surface of each droplet was used in the experiment. First, the old medium
of the cell droplets was replaced by new medium containing varying concentrations of
the first drug. The droplet solution was removed by moving the x-y-z stage to allow the
tapered capillary to first insert into the droplet, aspirate the droplet solution into the
capillary, and then push it out into a waste reservoir. Adding new solution to droplet
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was performed by moving the x-y-z stage to allow the capillary to first aspirate the new
solution into the capillary from the reagent reservoir, and then deposit it into the
oil-covered droplet. Since the capillary was inserted into the droplet down to a distance
of ~50 μm above the nanowell bottom, to which most of cells in the droplet adhered,
the liquid replacement operation did not impose obvious damage to these cells. This
distance can also ensure that the ~90% liquid in the nanowells was uniquely removed
every time. The droplet array chip with the first drug dosage was placed in the
incubator for 24 h. After the stimulation of the first drug, the medium in the droplet
was replaced with a fresh medium containing the second drug. The drug concentrations
for stimulations of single drug and drug combination are listed in Table 6.1 and 6.2.
After 24 h of incubation and stimulation with the second drug, the drug medium in the
droplet was replaced with fresh culture medium, and the chip was incubated for
another 24 h to induce cell apoptosis [15,16]. When changing the medium, the nanowell
was washed by PBS twice to reduce the carryover of liquid in the nanowells. We stained
the cells in the droplets with two fluorescent dyes, 2 μM calcein AM and 4 μM EthD-1
in PBS from the live/dead cell kit. The fluorescence images were captured by a cooled
CCD camera (X-3382, Andor Technology, Belfast, Northern Ireland) and a
fluorescence microscope (Nikon Eclipse Ti-S, Nikon, Tokyo, Japan). In the resulting
fluorescence images, calcein AM is shown in green (Ex/Em: 494 nm/517 nm), and
EthD-1 is shown in red (Ex/Em: 528 nm/617 nm). The number of cells with different
fluorescence dye in each droplet was counted. The cell viability was determined by ratio
of the number of living cell to the total number of cells in each droplet.
Table 6.1. Concentrations of drugs used in the single drug experiments.
Flavopiridol (nM)

Paclitaxel (nM)

5-fluorouracil (μM)

2000
1000
500
200
100
10
1

2000
1000
500
100
50
10
1
0.1
0.01

2000
1000
500
100
50
10
1
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Table 6.2. Combinations of concentrations of drugs used in the schedule dependent drug combination
screening; the combinations form 6 groups.
Combination group

Flavopiridol (nM)

Paclitaxel (nM)

5-fluorouracil (μM)

1
2
3
4
5
6

2000
1000
500
200
100
10

1000
500
100
10
1
0.1

2000
1000
500
100
50
10

Figure 6.4. Illustration of a drug combination assay in the droplet array system. (a) Cell seeding: (1) cells
were added on the PDMS chip covered by FC-40. (b) Addition of the 1st drug: (2) removal of culture
medium; (3) washing 2 times with PBS; (4) addition of the 1st drug. (c) Addition of the 2nd drug (these
steps were not performed in the single drug assay): (5) removal of the 1st drug; (6) washing by PBS 2
times; (7) addition of the 2nd drug. (d) Cell culture: (8) removal of the 2nd drug; (9) washing 2 times with
PBS; (10) addition of culture medium. (e) Addition of the fluorescent dye: (11) removal of culture
medium; (12) washing 2 times with PBS; (13) addition of fluorescence dye.

6.2.5 Calculation of the cell viability curve and drug combination index (CI)
We used combination index (CI) to quantitatively describe the efficiency of drug
combination, as has been widely used in conventional drug combination studies [17].
First, the experimental data of cell viability vs. dose concentration for a definite single
drug was fitted to the median-effect equation [18]:
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fa 

1
D
1   m 
D


m

(6.1)

where D is the concentration of the drug, Dm is the EC50 value for the drug, m is the
coefficient describing the shape of the curve cell viability vs. concentration, and fa is the
normalized cell viability at drug concentration D. On the basis of Equation 6.1, the Dm
(EC50) and m values can be obtained by fitting the data of cell viability vs. dose
concentration. With the calculated Dm and m, a curve of cell viability vs. dose
concentration was obtained by Equation 6.1. With the Dm and m values for the three
single drugs, the value of the combination index CI for different drug combinations can
be expressed as [19]:
CI 

D1 '

 Dm 1  f a' / 1  f a' 

1/ m1



D2 '

 Dm 2  f a' / 1  f a' 

1/ m2

(6.2)

where D1’ and D2’ are the concentration of the first and second drugs used in the drug
combination, fa’ is the normalized cell viability at the drug combination experiment of
concentration D1’ and D2’. A MATLAB program was used to calculate the CI value
automatically.

6.3 Results and discussion
6.3.1 Long-term cell culture in droplets
In drug combination screenings, it is always necessary to maintain cells alive for more
than 3 days. In the previously reported microfluidic droplet systems for cytotoxicity
assays, cells were encapsulated into aqueous droplets in a continuously-flowing
segmented flow in a microchannel [20-23]. Under such conditions, the long-term
growing of cells is difficult to realize due to the lack of nutrition supply and the
accumulation of toxic metabolites in the droplets. Medium replacement for providing
new nutrition and removing toxic metabolites is necessary to keep the cells in droplets
alive and growing. However, this operation is still a challenge for droplet-based systems
operating in the continuous flow mode, since it is difficult to flexibly change the
mediums of a series of droplets flowing in a closed microchannel. For droplet systems
working in batch mode [24-28], the liquid handling operation could be performed more
flexibly than for the continuous flow systems.
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Benefiting from the flexible liquid handling ability of the SODA system [12], we used it
to perform long-term cell culture in oil-covered droplet array by replacing the medium
of each droplet by a fresh culture medium every 24 h. The time for medium replacing
of each droplet was ~10 s, and the total operation time for an assay to process all 342
wells was ~2 h, including all the steps of liquid metering, aspirating, depositing, mixing,
washing and transferring. The standard deviation of the droplet volume was 3.5% (n =
8). Figure 6.5 shows typical images of A549 cells (stained by live/dead fluorescence

Figure 6.5. Fluorescence images of an on-chip array of 342 droplets with A549 cells.

Figure 6.6. Typical images of A549 cells growing (a) in a 500-nL droplet covered by oil layer and (b) in a
96-well plate without oil cover. The control experiment without oil cover was performed using a
96-well plate with relatively larger medium volume of 100 μL in each well to culture cells, due to the
serious liquid evaporation in droplets without oil cover layer. The cells were stained by calcein AM
(Ex/Em: 494 nm/517 nm, staining living cells) and EthD-1 (Ex/Em: 528 nm/617 nm, staining dead
cells) to determine the cell viability.
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dyes) in an array shows typical images of A549 cells (stained by live/dead fluorescence
dyes) in an array of 500 nL droplets after 24 h culture. The cells covered by an oil layer
showed similar morphology and viability characteristics to the cells grown in 96-well
plate (Figure 6.6).
We carried out a comparison experiment by performing long-term cell culture in
droplets with and without medium replacement. The results are shown in Figure 6.7.
Without the medium replacement step, the average cell number in droplets slowly
increased from ~80 cells/droplet to ~200 cells/droplet during the first three days, then
decreased to ~100 cells/droplet on the fourth day, and finally almost no living cell
could be observed in droplets after the fifth day. The cell viability in droplets remained
at ~90% in the first three days, and rapidly decreased to <10% after the fourth day.
With the medium replacement step, the average cell number in droplets kept an
increasing trend in the first five days with a maximum number of ~600 cells/droplet
and with cell viabilities higher than 90%. After the fifth day, the average cell number in

Figure 6.7. Histogram of (a) cell numbers and (b) cell viability in droplets after different incubation time
in the in-droplet cell culture experiments with and without medium replacement. Each point is
calculated from the data of four separately droplets.
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droplets fell down slowly due to the high cell density (~1.2 × 106 cell/mL) in droplets.
Although the cell viability also showed a gradual reduction after the fifth day, still the
cell viability remained higher than 80% in the following six days, which is sufficient for
cell-based drug combination screening. The above results demonstrate the validity of
the medium replacement method in performing cell culture in droplets as long as 11
days.
6.3.2 Screening of drug combination.
Usually, there are two methods to apply drug combination therapies, namely
simultaneous administration and sequential administration using a particular schedule.
The simultaneous administration method is used in most of the current drug
combination studies due to its relatively simple operation (3 steps) and shorter
experimental time (~48 h). Compared with the simultaneous mode, the combination of
multiple drugs in a scheduled mode can produce different toxicity profiles and
antitumor activities, which have proved benefit in cell-cycle dependent treatment [11].
More variables should be considered in the schedule dependent drug combination
treatment, including drug dose, dosage sequence, and sometimes the time gap between
different drug dosages. As a result, the studies into schedule dependent drug
combination treatment using conventional methods are still limited, since complex
multi-step operations in liquid handling are usually required in these studies.
Microfluidic droplet systems have shown outstanding performance in high-throughput
screening, however its application in the schedule dependent drug combination
screening is still restricted by the ability to perform flexible liquid manipulation and
long-term cell culture. With the system we propose here, cell-based schedule dependent
drug combination screening was achieved in a droplet-based microfluidic system for the
first time.
Lung cancer causes one third of all cancer related deaths in the United States in the year
2012 [29]. However, monochemotherapy for advanced non-small-cell lung cancer,
which is the most common type of lung cancer with low survival rate, is considered to
be ineffective or excessively toxic and results in a small improvement in survival in
patients. Schedule dependent drug combination has been proven to have higher
efficiency in the clinical therapy of non-small-cell lung cancer [30]. The drug
flavopiridol strongly inhibits the cyclin-dependent kinases, in which potentially blocks
the cell cycle progression at the gap 1 (G1) and synthesis (S) phase boundary, or at the
gap 2 (G2) and mitosis (M) phase boundary [31].
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Furthermore, preclinical studies show that flavopiridol has capacity to induce
programmed cell apoptosis for specific cells, such as non-small lung cancer cell [32,33].
However, flavopiridol as a single agent has been reported to be unsatisfactory, while the
results from phase I clinical trials indicate that flavopiridol may work better as an
anticancer agent when combined with other drugs that have been widely used for
cancer treatment, such as 5-fluorouracil [34] or paclitaxel [35]. Therefore, we chose
flavopiridol, paclitaxel and 5-fluorouracil as the sample drugs, and the A549 cell as a cell
model since it is frequently used in the study of non-small-cell lung cancer [36]. The
effect of four different sequence dependent drug combination treatments on the
viability of A549 non-small lung cancer cells was investigated, including flavopiridol +
paclitaxel, paclitaxel + flavopiridol, flavopiridol + 5-fluorouracil, and 5-fluorouracil +
flavopiridol.
Before assessing the drug combination effect, we evaluated the apoptosis effect of the
single drugs flavopiridol, paclitaxel and 5-fluorouracil on A549 cells. The experiments
were performed using the droplet array system with the range of concentrations as
shown in Table 6.1. The experiment for each drug concentration was repeated four
times using four cell droplets. Figure 6.8 shows that the three single drugs exhibit
evident dose dependent decreases in cell viability. We measured the concentration of
each drug required for inducing normalized 50% population of cell death (EC50) to
evaluate the cell viability. The EC50 value for flavopiridol, paclitaxel and 5-fluorouracil
was 210.7 nM, 4.57 nM, and 57.8 μM, respectively. These values were consistent with
those obtained using a 96-well plate method previously reported in the literature [37-39].
In the experiments, the sample consumption for each drug was in the range of 5 ng−5
μg for each drug combination screening experiment, which is ~10−1,000 fold
reduction compared with conventional multi-well plate based systems.
The sequential drug combination experiments were carried out according to the
procedure shown in Figure 6.4. The doses of flavopiridol (Fla), paclitaxel (Pac) and
5-fluorouracil (5-flu) in the combination screening experiments (Table 6.2) were chosen
on the basis of the EC50 values obtained in the single drug stimulation experiments. We
studied the effect of four drug combinations, namely Fla (first drug) + Pac (second
drug), Pac (first) + Fla (second), Fla (first) + 5-flu (second), and 5-flu (first) + Fla
(second). The cell viability in the droplets was measured as described in the
experimental section. As shown in Figure 6.9 the curves of cell viability vs. stimulating
drug concentration for the four drug combinations show a similar behavior in
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concentration-dependent decrease and lower cell viabilities compared with the results
of the single drug stimulation. The combinations of flavopiridol and 5-fluorouracil
show an enhanced effect of decreasing the cell viability (Figure 6.9c and 6.9d). The cell
viability is decreased with approximately 50% when exposed to the combination of 200
nM flavopiridol and 100 μM 5-fluorouracil compared with the values of two single drug
dosages. The combinations of flavopiridol and 5-fluorouracil exhibit less sequencedependent effects compared with the combinations of flavopiridol and paclitaxel. In
the latter situation, the cell viability is 67% when exposed to 200 nM flavopiridol
followed by 10 nM paclitaxel, while it is 45% when the treatment sequence is reversed
(Figure 6.9a and 6.9b). We obtain similar trends from the measured EC50 values as
listed in Table 6.3.

Figure 6.8. Cell viability vs. drug concentration curves for (a1) flavopiridol (fla), (b1) paclitaxel (pac), and
(c1) 5-fluorouracil (5-flu) in the experiments of single drug stimulation. Typical fluorescent images of
A549 cells after drug dosage with (a2) flavopiridol, (b2) paclitaxel, and (c2) 5-fluorouracil are also
shown as a function of drug concentration.
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Table 6.3. EC50 values of the single drug treatments and the combination drug treatments.
Sequence treatment

Drug concentration

Single drug
treatment

Fla+Pac

Pac+Fla

Fla+5-flu

5-flu+Fla

Fla (nM)
Pac (nM)
5-flu (μM)

210.7
4.57
57.8

173.4
5.47
N/A

105.4
0.739
N/A

103.6
N/A
51.8

91.5
N/A
45.8

Figure 6.9. Comparison of the curves of cell viability when treated with single and combined drugs.
A549 were exposed to (a) single flavopiridol (Fla), and two combinations of flavopiridol and paclitaxel;
for the Fla + Pac data, flavopiridol is applied first and then paclitaxel; for Pac + Fla it is the reverse
order; (b) single paclitaxel (Pac), and two combinations of flavopiridol and paclitaxel; for the Fla + Pac
data, flavopiridol is applied first and then paclitaxel; for Pac + Fla it is the reverse order; (c) single
flavopiridol (Fla), and combinations of flavopiridol (Fla) and 5-fluorouracil (5-flu); for the Fla + 5-flu
data, flavopiridol is applied first and then 5-fluorouracil; for 5-flu + Fla it is the reverse order; (d) single
5-fluorouracil (5-flu), and two combinations of 5-fluorouracil and flavopiridol; for the Fla + 5-flu
data, flavopiridol is applied first and then 5-fluorouracil; for 5-flu + Fla it is the reverse order. The
combinations of concentrations of the drugs used in these experiments are shown in Table 6.2.

6.3.3 Quantitative evaluation of combination effects.
On the basis of the above results, we further calculated the drug combination index (CI)
to quantitatively evaluate the combination effects of the four drug combinations at
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different concentration levels as shown in the Table 6.3. The results are as shown in
Figure 6.10. The combinations with CI values < 1, = 1, and > 1 exhibit the synergism,
additive, and antagonism effects, respectively [17]. The results clearly show the dosage
and sequence dependent effect of the drug combinations. The CI values of the
combinations of flavopiridol and 5-fluorouracil in most of the tested concentrations are
lower than 1, which indicates that these combinations have evident synergism effects.
The drug combination effect is enhanced when the dose concentration approaches the
EC50 value. The maximum synergism effect was obtained when the cells were exposed
to 200 nM flavopiridol followed by 100 μM 5-fluorouracil. However, the CI values of
the combination flavopiridol/paclitaxel show antagonism effects, even though the cell
viability exhibits a decreasing trend in the combination experiments. Furthermore, an
evident sequence dependent effect can be observed in the results of the combinations
of flavopiridol and paclitaxel, especially for the combinations with flavopiridol
concentration of 100 nM and paclitaxel concentration of 1 nM (i.e. the Group 5 results
in Figure 6.9). Under these concentration conditions, when the dosage sequence is
reversed from flavopiridol-paclitaxel to paclitaxel-flavopiridol, the CI values of
combination significantly reduce from 5.7 to 0.65, thus the combination effect is
changed from an antagonism effect to a synergism effect. These results demonstrate
that the drug combinations of flavopiridol with 5-fluorouracil/paclitaxel show dosage

Figure 6.10. Combination indexes of schedule-dependent drug combinations of flavopiridol +
paclitaxel, paclitaxel + flavopiridol, flavopiridol + 5-fluoroucil, and 5-fluoroucil + flavopiridol at
different concentration groups. The six groups correspond to those in Table 6.2, indicating different
combinations of drug concentrations.
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dependent as well as sequence dependent effects, and therefore both of the factors
should be considered in the schedule-dependent drug combination treatment. The
results obtained in the present work are consistent with those reported previously using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [32].

6.4 Conclusion
In conclusion, using the SODA system, we achieved long-term cell culture in a droplet
array with medium changing, multi-step operations of drug additions for stimulation,
drug replacement, and cell staining in droplets for schedule-dependent drug screening.
Compared with traditional drug screening systems based on multi-well plates, the drug
and reagent consumption are substantially decreased by two to three orders of
magnitude. This work also provided a novel droplet-based microfluidics approach for
performing cell-based assays and screening. Since the present system has substantial
abilities in flexible liquid handling and long-term in-droplet cell culture, it can perform
drug screening with complex combinations of multiple drugs. The combination of
these features is difficult to achieve in most of the droplet-based microfluidic systems
operating in continuous flow mode. The application of the present system could be
extended to other cell-based experiments now using traditional multi-well plate systems,
especially for those with scarce and expensive cells or reagents, such as in stem cell
research.
Furthermore, by using multiple capillaries to manipulate droplet arrays in parallel and
using high-speed translation stages, the throughput of the present system can be further
increased, which would be helpful in applying the system in drug screening with
extensive compound libraries.
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CHAPTER 7
Conclusions and perspectives
In this chapter, a short summary is presented of the main results and conclusions of the
previous chapters. Moreover, an outlook to future perspectives of this work is
discussed.
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7.1 Main conclusions
In this thesis, we have introduced several microfluidic devices for cell analysis aiming at
studying of cell mechanics as well as cell-based high-throughput drug screening. As a
label-free biomarker, cell mechanics can be potentially used for disease diagnosis, such
as for cancer diagnosis or for blood related diseases. Cell-based high-throughput
screening is mainly used for drug discovery, which is a main method for disease therapy
development.
We have introduced current approaches to the study of cell mechanics and cell-based
high-throughput screening based on microfluidics in Chapter 2 and 3. In the next
chapters, Chapter 4 to Chapter 6, we have proposed three different microfluidic devices
to analyze cell mechanics and cell-based high-throughput screening for drug discovery.
Most of traditional techniques to study cell mechanics are tedious and slow (i.e. several
cells per hour) and difficult to control the micro-environment around the cells.
Microfluidics offer opportunities to study mechanical properties of single, non-isolated
cells in a controlled micro-environment. In Chapter 4, we proposed a microfluidic
device based on the actuation of a flexible membrane to characterize the cell’s
viscoelastic properties by the analysis of cell recovery curves after mechanical
compression. As a first proof-of-concept, cells with different cytoskeletal structure
could be distinguished in this microfluidic device. Two different cell types known to
have a different cytoskeletal structure, 3T3 fibroblasts and HL60 neutrophilic
promyelocytes, were characterized. We also characterized the effect of breaking down
the actin network, which is the main mechanical component of the cytoskeleton, by a
treatment with Cytochalasin D (CytoD), which resulted in a dramatic increase of the
measured characteristic recovery time constant. Experimental variations in loading
force, loading time, and surface treatment of the device also turned out to influence the
measured characteristic recovery time constant significantly.
To further increase the throughput for the analysis of cell mechanics, we introduced a
microfluidic cytometer system to study cellular mechanical properties in Chapter 5. This
microfluidic cytometer was based on a simple and low cost optical setup consisting of a
low-cost laser as light source and two basic photodiodes for the detection of light
intensity. Within a microchannel chip, cells were squeezed through a narrow channel
and their transit times were recorded by the resulting change in light intensity detected
by the photodiodes. In this way, we developed a cytometer which was proven to be
able to distinguish cell mechanical properties between cells with same size: HL60 cells
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and HL60 cells treated by CytoD, as well as between cells with different sizes: HL60
cells and red blood cells. A typical throughput of the cytometer was 33 cells per minute.
Although the fast development of high-throughput screening technologies in recent
years has been proven successful, R&D productivity (in terms of approvals per R&D
spent) in drug discovery has dropped. The use of appropriate cell-based assays in an
early, preclinical stage of drug discovery is expected to provide a more efficient way to
eliminate possible false leads, due to low drug efficacy or high toxicity. However, this
strategy is difficult to be widely used for current high-throughput screening because
cell-based assays are more expensive and require more complex liquid handling
compared with cell-free assays. On the other hand, drug combination can improve
therapeutic efficacy and enhance the efficiency of drug development, as well as reduce
drug toxicity and drug resistance in clinical treatment due to its multi-target treatment
mechanisms. Therefore, drug combination screening has been an important branch of
high-throughput screening for drug discovery. Based on this idea, in Chapter 6, we
developed a cell-based drug combination screening method based on a microfluidic
droplet system. Long-term cell culture in droplets with medium changing, multi-step
operations of drug additions for stimulation, drug replacement, and cell staining in
droplets were achieved in this system. The drug and reagent consumption were
decreased by two to three orders of magnitude compared with traditional drug
screening systems based on multi-well plates. The present system was applied in parallel
schedule-dependent drug screening for A549 non-small lung cancer cells with
combinations of cyclin-dependent kinases inhibitor flavopiridol and two widely applied
anticancer chemotherapy drugs, namely paclitaxel and 5-fluorouracil. The highest
inhibition efficiency was obtained with a schedule combination of 200 nM flavopiridol
followed by 100 μM 5-fluorouracil.

7.2 Perspectives
In Chapter 4, we developed and used a simple microfluidic system to distinguish cell
mechanics based on the cell’s recovery time, however the exact force generated by the
cells during the compression could not be detected. Knowing the exact force during the
process of cell deformation, would result in a quantitative measurement of cell
mechanical properties in this device. Therefore, the device can be extended with a
pressure or force sensor and/or a direct measurement of pressure in the pressure
channel, which would allow for the quantitative determination of elastic moduli, though
at the expense of an increased complexity. Furthermore, in this system, the
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microenvironment around cell can be easily controlled. Therefore, it is possible to study
the relationship between cell mechanics under different conditions of the direct
mirco-environment, e.g. temperature, or the stimulation by specific drugs.
In Chapter 5, we developed a microfluidic cytometer to study the cell mechanics by
measuring light intensity when cells pass through a narrow microchannel. But with only
light intensity, the information obtained in the cytometer is limited. Future work might
use fluorescence dyes to stain the cells to get more information.
In Chapter 6, we achieved a microfluidic system based on the sequential operation
droplet array (SODA) technique for long-term cell culture in nanoliter droplets and
multi-step operations of this low-volume liquid. For the SODA system, the throughput
can be increased by using parallel capillaries. To further reduce cross-talk between the
capillaries, disposable capillaries could be used in the system. Furthermore, the cells in
this system were growing in a 2D environment, which is known to provide only limited
information for drug discovery. Cell culture in a 3D environment will provide more
complexity and, generally, better mimic the in vivo microenvironment for cells than a
standard monolayer culture environment [1]. For this purpose, a gel like agarose could
for example be used to support cells growing in a 3D microenvironment.
Obviously, the application of the system presented in Chapter 6 is not limited to
schedule-dependent drug screening. It could be extended to other cell-based
experiments using traditional multi-well plate systems, especially for those using scarce
and expensive cells or reagents, such as in single cell genome sequencing. A more
delicate analysis could be obtained by single cell genome sequencing, e.g. for circulating
tumor cell (CTC) analysis [2] and copy number variation analysis of lung cancer patients
[3]. Currently, high-throughput single cell sequencing is limited by the multi-step
processing and contamination from the outside environment. Single cell sequencing
normally requires one step cell lysis and two step PCR amplification, including reagent
adding between each step. Also, the amplification process before sequencing is sensitive
to contamination from exogenous DNA fragments and pre-existed genetic materials [4].
These obstacles lead to high rate of failure and low throughput in single cell sequencing,
but these obstacles could be overcome in the SODA system.
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Summary
Microfluidics is a technology that deals with the control of small volumes of fluids in
flow structures with dimensions of micrometers up to millimeters. In recent years, with
the rapid development of technologies for fluid handling and cell culture in microfluidic
systems, the latter have become important platforms for disease diagnosis and
treatment. One promising approach is to use microfluidics to probe cell mechanics as a
biomarker for early diagnosis of diseases. However, current microfluidic devices for
analyzing cell mechanics usually have complicated structures. Another application of
microfluidics is cell-based high-throughput screening, which is the primary way for
drug discovery. However, it is difficult for most of the current cell-based microfluidic
high-throughput screening systems to achieve long time cell culture and flexible liquid
handling with low drug consumption. Various microfluidic techniques for cell
mechanics analysis have been introduced, aimed at either comparative or quantitative
analysis of mechanical properties of cells – these existing approaches are reviewed in
this thesis. Also, various cell-based microfluidic high-throughput drug screening
approaches have been proposed, under continuous flow, in droplets, and in a
microarray mode. These approaches are reviewed in this thesis as well.
Then, we introduce three novel microfluidic devices, either for the study of cell
mechanics, or for cell-based high-throughput drug screening.
Most of traditional techniques to study cell mechanics are tedious and slow (i.e. several
cells per hour) and difficult to control the micro-environment around the cells.
Microfluidics offer opportunities to study mechanical properties of single, non-isolated
cells in a controlled micro-environment. First, we introduce a simple microfluidic
device for the analysis of cell mechanics. The device can be used to distinguish between
cells with different mechanical properties in a quantitative way, and makes it possible to
study changes in the mechanical response with low cell consumption. By using a
poly(dimethylsiloxane) (PDMS) chip with an integrated flexible membrane that can be
actuated to apply a controlled deformation of cells present within the device, we
demonstrate the feasibility of this system by using 3T3 fibroblasts and HL60 cells as
model cells. The device can be used to distinguish between cells with a different
mechanical structure, and makes it possible to study changes in the mechanical
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response due to cell treatments, changes in the cell’s micro-environment, and
mechanical loading conditions.
Secondly, to obtain a higher throughput for the analysis of cell mechanics, a convenient
and low-cost microfluidic cytometer is introduced. This device is used to study the
difference in cell mechanical properties between untreated HL60 cells and the same
cells treated with Cytochalasin D (CytoD), which disrupts the actin cytoskeletal
network. Furthermore, it is applied to distinguish between cells with different diameters,
namely HL60 cells and red blood cells, by measuring the optical transmission intensity.
This device has the potential to be translated into a portable cytometer for cancer
diagnosis on the basis of a simple optical structure.
Thirdly, to improve therapeutic efficacy and enhance efficiency of drug development,
an integrated microfluidic system is presented for cell-based drug combination
screening based on a sequential operation droplet array technique. In this device, drug
consumption can be decreased down to only 5 μg per drug screening experiment,
which is 100-fold lower than in conventional drug screening. This device can flexibly
realize various droplet manipulations for drug combination screening, including liquid
metering, depositing, mixing, transferring, and removing. Parallel screening with 342
addressable and different drug combination conditions can be achieved in a single
PDMS chip with a size of 6 cm × 6 cm. This system is applied in schedule-dependent
drug screening for A549 non-small lung cancer cells with combinations of
cyclin-dependent kinases inhibitor flavopiridol and two widely applied anti-cancer
chemotherapy drugs, namely paclitaxel and 5-fluorouracil.
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