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Abstract

The study is to concept, develop and evaluate an all-in-one microsystem with combined
long-term animal cell culturing and real-time chip-level lensless microscopy functions
suitable for applications in cell biology studies, and at the point-of-use. The microsystem
consists of a 5 megapixel CMOS image sensor, a disposable microchip for cell culture,
heating elements and LED illumination. The overall size is only 40 mm x 40 mm x 50 mm.
The disposable microchip for cell culture is composed of a polymer microfluidic interface
and a silicon micro-cavity chip with a 1 um thick 1 mm x 1 mm transparent SisN4 bottom
membrane, which is directly placed onto the image sensor surface. Under the collimated
LED illumination, the optical resolution of the lensless imaging module is only dependent on
the digital resolution of the image sensor, which amounts to 3.5 um (double pixel pitches).
The imaging quality is proven comparable to a 4x optical microscope without image
computation or processing. Both the morphologies of different cell cultures (L929, A549
and T47D) and the single cells with colorimetric staining can be clearly visualized in real
time. With the additional deposition of an interference filter on the image sensor surface,
fluorescence spreading cells in culture are observed on the chip under a common blue LED
illumination. The temperature for the incubating module is controlled at 37+0.2°C in the
room environment. Mammalian cells (L929 and A549) are cultured with conventional
culture medium and monitored under the time-lapse lensless microscopy by the all-in-one
microsystem up to 5 days outside a laboratory incubator. Very fast operational processes,
such as cell loading, passaging and staining, have been readily carried out and monitored in
real-time by the platform. Besides cell cultures in monolayer, the formation of 3D clusters
of L929 cells has also been demonstrated and recorded under time-lapse lensless
microscopy by using the all-in-one microsystem.



Abstract (German)

Das Ziel der vorliegenden Dissertation ist die Konzeption, Entwicklung und Evaluation eines
All-in-One-Mikrosystems mit der Kombination aus Langzeit Kultivierung von Tierzellen und
Echtzeit Linsenloser Mikroskopie Funktionen auf Chip Level, die fiir Anwendungen in
zellbiologischen Studien sowie fiir Point-of-use geeignet sind. Das Mikrosystem besteht aus
einem 5 Megapixel CMOS-Bildsensor, einem Einweg-Mikrochip fir die Zellkultur,
Heizelementen sowie einer LED-Beleuchtung Die GesamtgrofRe betrdagt nur 40 mm x 40 mm
x 50 mm. Der Einweg-Mikrochip fir die Zellkultur besteht aus einer polymeren,
mikrofluidischen Grenzflache und einem Silizium-Mikrohohlraum-Chip mit einer 1 um
dicken und 1 mm x 1 mm transparenten Si3N4-Bodenmembran, die direkt auf die
Bildsensoroberflache aufgesetzt wird. Unter der kollimierten LED-Beleuchtung ist die
optische Auflosung des linsenlosen Abbildungsmoduls nur von der digitalen Auflésung des
Bildsensors abhangig, was 3,5 um betragt (Doppelpixelabstande). Die Bildqualitat ist
vergleichbar mit einem 4x optischen Mikroskop ohne Bildberechnung oder Verarbeitung.
Sowohl die Morphologien verschiedener Zellkulturen (L929, A549 und T47D) als auch die
einzelnen Zellen mit farbmetrischer Farbung kénnen in Echtzeit deutlich sichtbar gemacht
werden. Mit der zusatzlichen Abscheidung eines Interferenzfilters auf der
Bildsensoroberflache werden fluoreszenzverteilende Zellen in Kultur auf dem Chip unter
einer gemeinsamen blauen LED-Beleuchtung beobachtet. Die Temperatur flr das
Inkubationsmodul wird bei 37 £ 0,2 ° C in der Raumumgebung festgelegt. Saugetierzellen
(L929 und A549) werden mit herkémmlichem Kulturmedium kultiviert und unter der
Zeitrafferlinsenmikroskopie durch das All-in-One-Mikrosystem bis zu 5 Tage aulRerhalb
eines Laborinkubators Gberwacht. Sehr schnelle operative Prozesse wie z. B. Zellbeladung,
Durchfluss und Farbung wurden in Echtzeit durch die Plattform durchgefiihrt und
Uberwacht. Neben den Zellkulturen in der Monoschicht wurde auch die Bildung von 3D-
Clustern von L929-Zellen in Zeitraffer bei lichtempfindlicher Mikroskopie unter Verwendung
des All-in-One-Mikrosystems nachgewiesen und aufgezeichnet.
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1. Introduction

1 Introduction

1.1 Problem description

In vitro animal cell culture together with cell-based assays is not only an essential tool in life
science and clinical researches, but has been also increasingly applied in biotechnological
and pharmaceutical industries. For example, mammalian cells are widely used in drug
screening, regenerative medicine. Chicken embryo cells, which are the most frequently
used avian cells, are important in stem cells research and vaccine production [1] [2]. Fish
cells have found potential sensing applications in eco-and food-toxicity tests [3]. Different
cell types require different physiological environments. Mammalian cells need to be
cultured in an incubator with 37°C, more than 95 % humidity and 5—10 % CO, atmosphere.
The optimal temperature for chicken embryo cells is 37—-39°C [4]. Fish cells are usually kept
at 15—21°C (coldwater fishes) or 25—35°C (warmwater fishes) [5]. Insect cell lines grow
best at 26—28 °C [6]. Conventionally, the cell culture is bathed into the “bulky” medium
layer (of several millimeters) and cultured in the same static medium for three to four days
inside a large incubator. The incubator provides a specific temperature and gaseous
condition, usually optimized for mammalian cells. Culture vessels are only taken out for
necessary microscopy inspections, since any environmental changes could interfere with
cell growth or cell activity. Characterization of cells is based on their collective responses,
but individual dynamic cellular responses could not be recorded. Usually, many testing
conditions need to be carried out, each with multiple culture samples, in order to generate
statistically relevant results. Conventional cell culture not only consumes not only large
amounts of reagents and laboratory materials, but also requires a great deal of repeated
laboratory work. With the rapid developments in the life science and pharmaceutics related
fields, there is an increasing need for systems that can provide non-invasive real-time
monitoring of cell cultures which are sustained in more refined and flexible culturing
environments for long-term investigations.

Live cell imaging technique has been developed and commercially available for the real-
time observation and characterization of living cells in culture. This technique is a
combination of the microscopy and the incubating functions. It can be a microscope-based
system equipped with a scaled incubator; or an incubator-based system, inside of which the
optical imaging components are installed. In more advanced fully automatic cell culture
systems based on the sterile bench, robotic arms are further integrated for vessel
transportation and liquid handling. Since the humid acid incubating environment is
detrimental to those mechanical, optical and electronic instruments, the live cell imaging
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systems are practically aimed for recording special fast cellular events with high optical
resolution microscopy and fine temporal resolution, but are not ideal for long-term
investigations. Moreover, these systems are rather bulky, expensive and associated with
high running costs.

Microfabrication technologies provide possibilities of the fabrication of miniaturized cell
culture systems with more refined and controllable microenvironments. There have been
many reports about cells cultured in planar as well as 3D structures by using microchips of
various designs. Additionally, on-chip integrated biosensors can provide on-line monitoring
as well as subsequent cellular analysis by electrochemical or optical methods in a simple
and inexpensive manner. Such systems can be applied in analytical chemistry and biological
related disciplines [7]-[12]. However, besides other periphery supporting parts for a
microchip, the imaging of a microchip still relies on the optical microscope to ensure a
proper sampling, observation and verification of cell responses. Since for building a
standard microscope, expensive optical elements need to be precisely and stably arranged
with certain distances, it will be not easy to scale down an optical microscope to the level
comparable with that of a microchip.

With the rapid advancement of digital imaging technology in semiconductor image sensors,
many works have been focused on the development of compact and low-cost so called
“lensless” or “lensfree” systems for imaging cells and microfluidics without using optical
lens. In brief, the cell sample is placed directly in contact or close to the image sensor
surface [13] [14], and therefore, the best optical resolution of the shadow image will be the
digital resolution (amounts to double pixel pitches) of the image sensor, and the distance
between the object and the image sensor will also have an influence on the resolution due
to the optical diffraction effect [15] [16]. To achieve a better imaging quality, complicated
image acquisition methods, illumination schemes and complicated computational imaging
reconstruction algorithms have been developed. However, the computing algorithms can
vary according to different samples, and the image processing speed is often impossibly
supportive of observing cells and microfluidics operations in real time [13] [17]-[19].
Moreover, the integration of such lensless imaging configuration with miniaturized cell
culture systems has not been well addressed for the long-term investigations where
biocompatibility, disposability and stability issues need to be considered.

Therefore, the goal of this thesis is to concept, develop and evaluate an all-in-one
microsystem with combined long-term animal cell culturing and real-time microscopy
functions suitable for applications in cell biology and point-of-use diagnosis. Cell culture
operations, such as liquid handling, incubating and processing, can be readily carried out
outside a laboratory incubator by this miniaturized cell culture system, and individual cell
activities can be monitored and characterized for long-term investigations.
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1.2 Critical review of the related State-of-the-arts

Before describing the study in detail, the corresponding state-of-the-art will be briefly
introduced and critically reviewed in this chapter. In the following paragraphs, in vitro cell
culture technique, live cell imaging technique and related various instruments,
microsystems applied in cell culture and processing, as well as novel on-chip lensless cell
imaging methods will be addressed respectively. By focusing on practical problems,
technical hurdles and opportunities with cell culture and cell-based assays, the roadmap of
the thesis will gradually become more specific and clear.

1.2.1 In vitro cell culture technique

Compared to direct and specific target-based biochemical measurements, cell-based
models have emerged as a more physiological alternative in recent years. Cell-based
sensors utilize biological cells as the transduction element. External stimuli or changes in
cellular microenvironment can perturb the physiological activities of biological cells. Based
on these cellular phenotypes, it allows for the screening, monitoring, and measurement of
the functionality or toxicity of compounds, and also allows probing the presence of
pathogens or toxins in clinical, environmental, or food samples. Cell based assays have
become an indispensable approach for functional sensing and diagnostics. They represent
approximately half of all screenings currently performed in the pharmaceutical and
biotechnological industries and academic researches. A major focus of cell culture
technology has been in developing cell-based high-throughput screening (HTS) platforms
capable of providing higher value data on potential drug targets and advancing cell biology
[20]-[22].

1.2.1.1 Physiological environment essential for cell culture in vitro

Cell culture needs to be performed in a sterile manner. Cells are usually kept in culturing
media to sustain the essential physiological environment for them. This environment
should be provided with specific and stable physiochemical conditions. Besides
requirements of temperature and osmotic pressure, most animal cells also require the pH
condition in the range of 7.2—7.4 There are two buffering systems available for the medium
pH value regulation: CO,/ HCO3, and HEPES. The former has been very commonly used and
needs to be maintained in an atmosphere of 5-10% CO,. HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) is not required a controlled gaseous atmosphere. But HEPES
is not well accepted by many biologists, because of its potential toxic effects to cells at
higher concentrations [23]. Ambient light could cause the production of H,0, in the HEPES
solution [24]. Generally, the animal cell culture uses bicarbonate/CO, buffering system.
Meanwhile, an incubator is required not only for maintaining a proper atmospheric
condition, but also to provide the optimal temperature and humidity level for the cultured
cells bathed in culture medium. This environment is necessary for cell growth but harsh for
electrical, optical and mechanical instruments.
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1.2.1.2 Optical microscopy for the observation and characterization of cells in culture

The optical microscope is nowadays still the essential tool for the observation and
characterization of cells in both qualitative and quantitative ways. The use of microscopy in
biological research was introduced in the middle 17th century and is today still used on
daily basis in most biological laboratories [25]. Though other electrical monitoring methods
like impedance measurements for both cell layer and single cell have been developed, to
calibrate or verify the results, optical microscopy is still required as a standard
complementary [26] [27]. Light microscopy is often used to provide information such as cell
morphology, proliferation, and motility if with time-lapse image sequence. Plenty of
colorimetric staining reagents are available for on-site diagnosis of cell status such as
necrosis, apoptosis and differentiation. As the great progress in the development of
synthetic fluorescent dyes and fluorescent proteins, the scope of the fluorescence
microscopy has been extended from individual cells to the intracellular molecular level.
Besides end-point assays, transfected fluorescent proteins (FP) with a selection of diverse
colors makes possible the real-time analysis of selectively visualized molecular events (by
expression, redistribution, translocation) with fluorescent reporters’ fusion in living cells
[28]-[30].

Figure 1.2.1 Photographs showing general operations required for cell culture in the
lab: (A) liquid handling, (B) incubating, and (C) microscopy of adherent mammalian cells
culture in a flask. (The photographs were taken in the cell culture lab 1 of Fraunhofer
IBMT, St. Ingbert, Germany, 2011)

1.2.1.3 Cell culture operations

Cell culture and assays so far are still operated manually in most biological and clinical
laboratories. Briefly speaking, cell culture in lab generally requires three kinds of
operations: (A) liquid handling in a sterile laminar flow bench; (B) cells culturing in an
incubator and (C) cell observation under an optical microscope. The operations are shown
in the photographs in Figure 1.2.1. Cells are seeded manually in plastic culture flasks, petri
dishes or multi-well plates (6, 12, 24, and 96- format) with cell culture treated substrate,
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filled with nutrient buffer (about 3-5 mm in depth). For instance, with mammalian cells,
these vessels need to be placed inside a standard CO; incubator (37°C, 95% or more
humidity and 5% CO). After a day or so, cells in culture will be shortly taken out and
observed under a microscope. As to the above described cell culture operations, following
issues should be noticed and improved:

Uncontrollable culturing microenvironment for cells
During the 3 to 4 days of culture there is no medium change. Mass transportation is
mainly aided mainly by convection flow because of the liquid-air interface in macro-
scale culture vessels [31]. The physiochemical environment of culture medium for
cells is degrading along the culture time and not reproducible or predictable in
perspective of single cells. Compared to cells in vivo, the nutrients supply and waste
removal are realized via circulation networks, and the mass transportation for most
cells in tissue is dominated by diffusion around their microenvironments [8].

Inflexible on-line imaging of cells

Observations of cell responses by taking culturing vessels out of the incubator can influence
the experiment and could cause stress to cells. Slight variation in environmental parameters
can have a significant impact on assay performance [32]. Therefore, the times and duration
of the observations should be minimized. This does not allow for the tracking of dynamic
responses of individual cells, and special cellular events could be often missed. The results
are therefore analyzed based on the collective responses of cell populations imaged on
different testing points.

Time and cost inefficiency
To find the end-point of an assay, usually many conditions (dosing concentration,
exposure duration) are needed to be tested, and under each testing condition,
multiple culture samples are required to generate results statistically. Usually the
experiments need to be carried out in several batches to gradually narrow down
the conditional parameters before approaching to the end-point. Therefore,
conventional cell culture and cell-based assays consume not only large quantity of
reagents and laboratory consumable materials, but also a great deal of repeated
labor work and time is required. Cell culture and cell-based assays have never been
an easy and efficient task.
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1.2.2 Live cell imaging technique

Live cell imaging technique has been developed and commercially available for the real-
time observation and characterization of living cells in culture. This technique is a
combination of the microscopy and the incubating functions. Continuous optical
microscopy observation of living cells in culture has been extended to hours or even to
days. The dynamic cell responses and behaviors can be characterized and analysis in real
time. Although there are many commercially available systems with various designs, the
instrumental configurations can be generally characterized here in three types:

1. Microscope-based system
2. Incubator-based system
3. Sterile bench-based fully automatic system.

1.2.2.1 Microscope-based system

This kind of system is based on an automatic microscope fitted with a scaled incubator for
sustaining cells cultured in petri dishes. Some components and accessories of the
microscopy system are motorized. The imaging procedures of cells are programmed
running repeatedly at one or more testing points.

Stage-top incubator

The incubator part can be scaled down to just fit in the translational sample stage of an
automatic microscope. A stage-top incubator is shown in Figure 1.2.2 (A). The physiological
environment is confined to the culture chamber. There are not only products from
microscope manufacturers but also many aftermarkets third party products can be selected
that are designed to fit microscope configurations from those main manufacturers.

In Figure 1.2.2 (B) and (C), the general construction of a stage-top incubator and its cross-
sectional diagraph are illustrated respectively. From top to bottom the incubator chamber
is mainly composed of: (1) Clear glass top heater: at the very top of the incubator comes
the clear glass heater for direct heating of the culturing chamber from above. It could bear
a uniform transparent conductive coating of ITO (Indium tin oxide) material or could be
embedded with very thin metal wires arranged in a tortuous pattern, which are all to
ensure the homogeneous electrical heating field on glass. Meanwhile the glass heater on
top can prevent liquid condensation on top of the chamber unit and thus a clear field of
view is provided for microscopy. The glass heater could be in rectangular or round shaped
according to different culturing vessel configurations. (2) Humidity tank: on this part,
constant CO-air flow is introduced into the chamber from a side port. Sterile water is kept
in the water bath along the inner rim of the tank and is heated while working by another
heater underneath the bath to provide humidified environment around the culturing
chamber. This kind of forced humidification lasts, for example, 2 days with 40 ml water in
the bath unit [33]. The water can be supplied from another side port so that the long-term
incubation over 2 days is possible for continuous imaging under microscopes. Another
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method is to introduce gas mixture into a heated scrubbing bottle filled with DI (De-ionized)
water (Figure 1.2.2 (D)), the bottle standing on the humidifier controller for carrying
humidity with the gas mixer into the chamber. The (1) and (2) parts can be designed into
one unit as shown in Figure 1.2.2 (D) left, a humidity-CO, cover with its controller. (3) Dish
adaptor: the dish adaptor is used to fix the culturing vessel e.g. a petri dish, chamber slide
or microplate in the incubating chamber. A series of dish adaptors are available for
standard culturing vessels of different sizes and shapes. (4) Heating insert: beneath the dish
adaptor is the heating insert for heating the chamber from bottom. The shape and size of
the heating insert varies according to different sample stage configurations. (5) Objective
heater: They are also made of anodized black aluminum. Rings of different diameters are
available to fit different objective sizes. It is used for heating microscope objectives to
reduce loss of temperature in the observation area. The cross-sectional diagram of the
incubator unit can be seen in Figure 1.2.2 (C) for a clearer illustration of its construction.
Each objective heater is equipped with a built-in heating element, including temperature
sensor for the close-loop temperature control. The heating system achieves a resolution of
the 0.1°C PID (Proportional-Integral-Derivative) control algorithm. Generally, 3 to 4
independent channels for heating control can be provided, plus CO, concentration and
humidity feeding and monitoring modules. These help the system sustain proper
temperature, humidity and gaseous conditions for cells enclosed in the chamber.

Besides applications in live cell imaging, such compact stage-top systems are more often
applied in experiments requiring extended temperature range or quick temperature
changes. For example, electrophysiology measurements and fish cells culturing are
generally implemented in lower temperatures; in the characterization of protein folding
mutants, the temperature level is quickly changed automatically by program. Such systems
are not only equipped with heating but also cooling temperature control. The surface
temperature can be raised from ambient up to 45 °C by using a top glass heater. The
cooling system is realized by circulating temperable liquid through the controlled
components to conduct heat away. Constituents of the cooling incubating system are
presented in Figure 1.2.2 (D). CO, and humidity are provided from ambient temperature.
The electrical heating elements in the heating insert and objective heater are replaced by
flowing temperable liquid, and tubes for liquid inlet and outlet are in place of the electrical
cables. Temperature sensors are integrated inside the components for a close-loop control
of the temperature by varying the flow rate of the temperable liquid.



1. Introduction

(B)

Clear Glass top heater

Humidity tank

Gas inlet
Water supply

Water bath

(o]

Inside water bath with Top heater (glass)
heater

Hole for injections

Heating insert
Objective with heater

Heater insert plate

Stage

o35mm dish Heater for objective

(D)

Clear top heater
(ambient up to 45°C)
With humidity and
CO2 cover

Circulating controller
of temperable liquid

Temperable insert with
internal channel for
temperable liquid
(ambient down to 4°C})

Humidifier module

Controller for

Humidity and CO2

cover Temperable objective ring (left)

Objective heater (right)

Figure 1.2.2 (A) A representative stage-top incubator installed on an automatic
microscope and (B) General construction of a stage-top incubator chamber with variable
dish adaptors [http://spectraservices.com/mm5/pdf/INU_catalog.pdf, 2012]; (C) cross-
sectional diagram of the stage-top incubator construction [33]; (D) Stage-top incubating
system with cooling function [https://fcam.uni-frankfurt.de/files/documents/60-4-
0001_e.pdf, 2012].

Large climate chamber incubator

Microscope integrated with a large chamber incubator is a better solution for experiments
conducted at a more stable and uniform temperature. The diagram of a live cell imaging
system composed of an automatic microscope and a large chamber incubator (also as here
called “Environmental control chamber”) is presented in Figure 1.2.3. The optical and
mechanical components along the microscopy optical path are thermally isolated by the
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large chamber. This can effectively prevent fluctuations in the ambient temperature, which
would have effects on focus stability of the microscopy imaging. This kind of setup is the
most popular live cell imaging solution for experiments with mammalian cells cultured at
37°C.

Diagrams of assembled components for such most popular systems are presented in Figure
1.2.3(A). The whole system is based on an automatic microscope. The main opto-
mechanical parts are covered with a large transparent (the sample placing process can be
easily observed when the operator manipulates through the access ports) climate chamber,
inside which proper physiological environment is sustained by bulky peripheral
components. The COz-supplying module, structured as those used for stage-top incubators
but more powerful, can be equipped with a gas flow meter controlling premixed CO./air
bombs, or can be equipped with a digital gas mixer to produce e.g. 5% CO. from 100% CO.
bottle. The in-chamber temperature and CO; sensors continuously monitors the CO;
concentration, according to which the flow rate is adjusted by the controller. The gas is
carried with heated water vapor and introduced into the chamber (Figure 1.2.2 (B)).

Generally, a reduced humidity level (~70%) is recommended to implement in the chamber
for slowing down the corrosion process that can happen on opto-mechanical instruments
emerged in the weak acid gaseous environment. Experiments are limited to hours in such
an environment that is compromised for cell culture and detrimental to enclosed
instruments. The achievable temperature range of the large chamber incubator is from
ambient to 40°C. It normally needs 2 to 3 hours of warm-up period before starting the
experiment to wait until all the incubation values (temperature, humidity and CO;
concentration) have been reached in the large space. The time it takes will differ depending
on the configuration. This complete system with all its many bulky supporting and
controlling subsystems is expensive and takes up much space. Many laboratories are not
able to afford the expensive instrumental price and high running costs. Besides, the system
is not optimized for usage over days considering technical as well as economic reasons. As
for experiments over days, additional stage-top incubator or perfusion chamber is
preferred to confine optimized gaseous and humidity environment only on microscope
stage, while the large chamber incubator provides temperature condition for both cells in
culture and surrounding air space. As shown in Figure 1.2.3 (C), an operator is installing
some culturing pod onto the stage inside a large chamber incubator. The practical
operation with microfluidic cell culture systems with tubing and pumps can be very
hindered by this large chamber with small openings. The “incubator” chamber is also not
easy to be sterilized with microscope components and motorized stage inside.
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Figure 1.2.3 (A) Diagrams of live cell imaging configuration based on an automatic
optical microscope integrated with a large chamber incubator

[left: https://www.microscopyu.com/applications/live-cell-imaging/the-automatic-
microscope, 2012; right: http://zeiss-
campus.magnet.fsu.edu/articles/livecellimaging/imagingsystems.html 2012];

(B) Photograph of a live cell imaging system installed in an exclusively reserved laboratory
(The photograph was taken in the dark room of Fraunhofer IBMT, St. Ingbert, Germany,
2011); (C) Additional on-stage incubator or perfusion chamber is required besides of a
passive humidifier deployed large chamber incubator for preventing culture drying out
over days [https://fcam.uni-frankfurt.de/files/documents/60-4-0001_e.pdf, 2012].

The live cell imaging instrument is constructed based on an automatic microscope, which is
a complicated system including not only optical elements but also mechanical and
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electronical parts. Fast and precise optical and fluorescence microscopy can be carried out
repeatedly for multiple testing points. The automated microscopy procedures, as shown in
Figure 1.2.4, includes: stage positioning (servo motor close loop controlled motorized
stage), auto axial focusing (piezoelectric objective auto focusing), fluorescence filter wheel
shifting (microprocessor controlled), illuminations control, exposure control
(mechanical/digital shutter) and image acquisition (camera control) and storage. The
timescale intervals of the time-lapse imaging can range from milliseconds to tens or
hundreds of minutes. The continuous recording of individual cells can be realized.
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Figure 1.2.4  System architecture of an automatic microscope-based live cell imaging
system from Zeiss Cell Observer: (A) components diagram and hardware interface, and
(B) the corresponding optical and mechanical system configuration [https://fcam.uni-
frankfurt.de/files/documents/60-4-0001_e.pdf, 2012].

The automatic microscope system is very expensive (~100,000 Euros) and along with
considerable running cost. But it is often worth the investment as for the multi-user
services in core facilities. The system is more suitable for recording those fast-cellular
events lasting for several hours with refined time resolution, but is not practical and cost
efficient to apply in the first batch of cell-based screening to find the end-point of the assay.

Desktop time-lapse imaging system

In such desktop time-lapse imaging system, the design is mainly based on a microscope
with on-stage incubator. But to realize an even more compact and professional instrument
dedicated for high content imaging for live cells, the whole system is enclosed, as shown in
Figure 1.2.5, to substitute the requirement of dark room. The ocular part is also removed.
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Instead, the sample is observed using digital imaging application on a desktop monitor on
the outside. The physiological climate for biological sample is confined in a small chamber.
Compared to the automatic microscopy systems integrated with stage-top or large climate
chamber incubators, the system is more flexible and faster in optical imaging and
mechanical scanning operations for high content imaging, like fluorescence and even con-
focal. But usually the microscopy objective to sample moving range is only several
millimeters. So, this system is not suitable to multi-channel observation of cells. The
physical configuration of such a system determines that only one culturing condition can be
monitored. Otherwise, multiple such instruments must be purchased to conduct the
experiment in a high throughput way.
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Figure 1.2.5 (A) Nikon Biostation IM_Q system diagram with peripheral components,
(B) Demonstrated desktop instrument with joystick and monitor, (C) A specially designed
culture vessel with fluidic and humidity ports and (D) Inner operational diagram
presentation [https://www.nikoninstruments.com/Products/Live-Cell-Screening-
Systems/BioStation-IM-Q, 2011]; (E) Olympus FV10i-LIV Live Cell Time-Lapse Confocal
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Imaging Station demonstrated desktop system components, and (F) Small incubator for
cell culture, which is situated inside the system as shown in (G). (H) Inner operational
diagram presentation and the incubator is marked inside the red circle
[https://www.olympus-lifescience.com/en/laser-scanning/fv10i-liv/#!cms[tab]=%2Flaser-
scanning%2Ffv10i-liv%2Ffeatures, 2011].

1.2.2.2 Incubator-based system

Besides the above presented automatic microscopy systems, there are also incubator-
based systems from SANYO [34], Nikon Biostation CT and Olympus LCV110U. Subsystems
for automatic culturing vessel transportation and optical imaging are enclosed. This makes
the overall size of such equipment even larger. Cells grow in conventional or specially
designed petri dishes or flasks that are installed in a rotatable wheel or stack-structured
rackets to facilitate the automatic mechanical and optical operations. This configuration
provides cells with an ideal environment for implementing time-lapse experiments over
days.

However, it brings greater challenges to mechanical and optical systems and the whole
system integration because of the highly humid environment inside the CO;incubator. For
instance, the illuminator, objectives and digital camera of the SANYO system are placed and
protected in a stainless-steel case that used for the moisture isolation. The optical objective
is also protected by an additional glass lid sealed with an O-ring. The observation distance is
thus increased and long working distance optical components are essential for achieving
good image quality [34]. Therefore, much effort in designing and engineering for such
systems is still required.

1.2.2.3 Sterile bench-based fully automatic system

Either the microscope-based or incubator-based system is still semi-automated for the cell
culture operation. To facilitate high throughput pharmaceutical screening, quality
production in the biotechnology industry and a large quantity of cell cultures for tissue
engineering, fully automatic cell culture systems have been developed based on the
configuration of a sterile bench. Besides of the automatic microscopy procedures,
operations of liquid handling and transportation of culturing vessels are made automatically
by robotic arms. On-line monitoring and hands-free operation are aimed to better control
the quality and reproducibility of cell cultures and cell-based screening. Transportation of
culture vessels and even liquid handling operations by robotic arms are integrated into
automatic cell culture systems. The overall and detailed parts of such fully automatic
systems are presented in Figure 1.2.6.

With the increasing system volume and complexity of the integration level, the price and
related running cost and maintenance effort for the live cell imaging system will also greatly
increase. In most cases, it is far beyond the affordability of many biological or biomedical
research groups, so the application area is so far mainly confined in the national research
centers or production lines of pharmaceutics and biomedical industry. However, the
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“combinational method” of live cell imaging technique is with inherent limitation. Because
of the harsh environment required by the incubating function, the stability of the
electronic, mechatronic and optical parts of the system is a problem. Even such advanced
fully automatic systems are not working stable enough, but they can also occasionally break
down.

(B) Tecan Cellerity |

(R 5 @&

Figure 1.2.6 Photographs of automatic cell culture systems. (A) Overview of a running
system placed in the industry production line [http://www.pan-biotech.de/automatisierte-
zellkultur/pansys-4000, 2011]; (B) System in a testing lab environment. Bio-safety cabinet
encloses all parts supporting long-term cell maintenance without contamination
[http://ww3.tecan.com/mandant/files/doc/282/BR_Automating_cell_biology_processes_3
95992 V1-1.pdf, 2011]; (C) Materials exchange from a running system managed by an
operator working in a sterile lab environment [Fraunhofer IBMT Jahresbericht 2010]; (D)
Behind the glass shield in (B), a closer look of the automatic liquid handling operations
(dispensing/aspiration) with cell culture vessels, (E) with a 384-well microplate and (F)
Transportation of a microplate into the optical testing device, the port of which is
protected from outer environment
[http://ww3.tecan.com/mandant/files/doc/282/BR_Automating_cell_biology_processes_3
95992 V1-1.pdf, 2011].

However, disadvantages of these systems are:
e Expensive and bulky: a transparent heating plate can cost several thousand
Euros. The price of solely one automatic microscopy system (with
fluorescence microscopy module) can be as much as ~ 100.000 Euros. The
main part together with its supporting sub-systems is heavy and generally
takes up half of a laboratory room. The high instrumental and running costs
exclude it out of many biological laboratories. Automatic cell culture system
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is generally deployed in core research centers or industries, well-trained
technicians and sterilized rooms are required;

Compromised environment: a reduced humidity level is used to protect
mechanical, optical and electronic instruments. However, the humidity can
still often make the fully automatic culture system unstable. The climate
box is not easily to be sterilized with microscopy parts inside. The
temperature field, especially along the direction of the hot air flow, is not
uniform, and usually is optimized for mammalian cells at 37 °C but not for
other animal cells culturing;

Non-optimal for long-term cell culture: in practice, the live cell imaging
systems are aimed for recording special cellular events with high optical
resolution microscopy and fine temporal resolution. The duration of the
experiment is generally within several hours. Usually, the end-point of the
assay has been already determined in advance by conventional cell culture
and testing operations;

Incompatible with microfluidic chips: like conventional incubators, the
climate box or chamber makes it also very troublesome or impossible to
work with microfluidic cell culture systems with complicated periphery
parts.
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1.2.3 Microsystems for cell culture and cell-based assay

Microsystems technology has opened a new era for cell biology. Micro- and nano-scale
engineered surfaces can be employed to mimic the complex extra-cellular matrix.
Microfluidics can be employed for regulating the transport of fluidics and soluble factors.
The flow patterns around cells, as well as the corresponding spatial and temporal gradients
of soluble factors, are possible to be calculated [35] [36]. “Considerable progress has been
made in the design and use of novel microfluidic devices for culturing cells and for
subsequent treatment and analysis” [8]. Microsystems promise to provide high throughput
testing (e.g. drug screening) with much lower sample consumption [37] and the integration
with other analytical methods into robust and portable diagnostic devices [35] [38].
Microchips have found various applications not only in cell counting, cell detection but also
in cytotoxicity assays, migration assays as well as in stem cell studies [12] and other
biochemical and biomolecular analysis [39]. The microsystem has shown its advantages not
only in 2D but also in 3D cell culture that are used for tissue engineering and regenerative
medicines [11].

Figure 1.2.7 Photos of the complete microfluidic cell culture system. (A) View of the
complete system showing the microscope with a climate chamber, the solenoid valves
that drive the on-chip valves, and the computer that controls all the operations; (B) Close-
up view of a fully-connected microfluidic chip on the microscope stage [40].

1.2.3.1 Microsystem configurations and operations for cell culture

The microsystem for culturing cells usually includes a microchip on which “micro-culture
vessels” and microfluidic channels are connected to outer tubings, pumps and other
controllers. The microchip itself is small but the microsystem is usually large, as shown in
Figure 1.2.7 showing one practical experimental setup of a fully automated microfluidic
system addressing 96 separate micro-chambers fixed onto an automatic microsystem with
a climate box [40]. An incubator or a climate box is usually required for sustaining the
physiological environment of cells inside the microchip, while some microchips were
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integrated with transparent ITO (Indium tin oxide) heating modules and using CO,-
independent medium or by continuously flowing preheated medium for sustaining cell
growth outside the incubator [41]-[44].

Transferring conventional cell culture to microsystem has never been an easy task. There
have been many reported works and products covering microfluidic systems for
mammalian cells culturing. There is, however, a lack of thorough characterizations of the
physiological microenvironment in those microchips. Diverse non-standard protocols for
cell culture in chips of different designs make it difficult to compare and evaluate the
results regarding conventional in vitro experiments. They have not been well accepted and
applied by the biological community. Generally, microsystems of different designs can be
configured into three types with corresponding operational methods for culturing cells:

Type 1: Gas-permeable system + conventional medium + Incubator/Climate box
Most cell culture microsystems are within this category. The microchip is often
made of materials like PDMS (Polydimethylsiloxan). Silicone tubings are often used
for the easy connection between the microchip and the microfluidics Conventional
culture medium with safe CO,/HCOj3 buffering system is preferred. Since silicone
tubings exhibit a high permeability of gas and water, the microchip must be placed
inside an incubator or a climate box, and its periphery supporting parts for running
the microchip are placed outside nearby. If using a conventional incubator, the
microchip should be taken out every time for the observation. If the microchip is
placed onto the stage of an automatic microscope with a climate box, the microchip
itself and periphery parts should be properly fixed inside the narrow and crowded
climate box.

To get rid of incubators and to facilitate the continuous observation of cells on conventional
microscopes that usually do not come with climate chamber, a few stand-alone
microsystems have been reported for cell incubating in the room environment requiring no
standard incubators. Those stand-alone microsystems can be further classified into the
following two types:

Type 2: Gas-permeable system + heating element + CO,-independent medium
The microchip of type 1 is additionally integrated with transparent ITO heating
elements. CO;-independent culture medium containing HEPES buffering system is
employed. The flow rate should be set relatively high in order to prevent the liquid
from evaporation if the microchip material is not provided with good sealing
properties [41] [44].

Type 3: Gas-tight system + heating element + conventional culture medium
Microchips are made of materials such as plastics, silicon, and glass in order to
greatly reduce any gas leakage or water evaporation from the microchip.
Transparent ITO heating elements are integrated with the microchip to provide it
with proper incubating temperature. The conventional culture medium is
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preheated and continuously flowing into the microchip to provide necessary
nutrients for the growth of cells [42] [43]. Most microsystems related to cell culture
still require microscopes and incubators. Microsystems are small but have to adapt
to bulky incubators and microscopes. Transferring conventional cell culture from an
incubator into a microsystem has not been an easy task. Non-standard medium and
non-standard culture protocols described in type 2 and type 3 have not been well
accepted by the biological society, and needs further improvement and
investigation. The optical configuration of a standard microscope is also not easy to
be scaled down to a microchip level. Those are still the bottleneck to fully realize
the compactness, cost efficiency and high throughput manner that the microsystem
has promised.

1.2.3.2 Microchip geometry design optimized for cell culture

The aim of microfluidic cell culture systems is to establish a controllable and reproducible in
vitro cellular microenvironment. As to be called microsystem, at least one dimension of a
microfluidic channel or chamber should be within ~ 100 micrometers. With such small

dimensions comparable with that in vivo, microfluidic behaves quite different from that in
the macro-scale static condition. There are two features pertinent to microfluidics: laminar
flow and diffusion dominant mass transportation, both of which can be controlled and
predicted [45].

The most common design of a microchip is simple channel geometry. This design is easy to
be fabricated and has been well characterized. But a drawback is that the shear stress
experienced by cells adhering to the bottom floor of the micro-channel increases directly
with the flow rate of culture medium. Several studies have already shown that shear stress
can have not only a range of negative effects on cells, but also could lead to biased
information on functional cellular analysis even at low shear stress range of less than 10
dyn/cm? (corresponding to 1.0 Pa) [46]. Inspired by the in vivo microenvironment, soluble
nutrients are supplied by convective flow, while the mass exchange with cells is mainly
realized by diffusion process. One promising method is by using micro-groove or micro-well
structures in the chip design [47]-[49]. This design principle greatly minimizes shear stress
that could be harmful to cells while maintaining adequate medium perfusion supply. By
using this structure, the shear stress values inside all the grooves are greatly reduced
compared to those in the mainstream. Another advantage of a micro-grooved structure is
that the samples inside micro-wells and microfluidic channels are separated in two stacked
layers. This vertical structure simplifies the design and is provided with higher well density
compared to those planer low shear stress designs [50].
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Figure 1.2.8
micro-grooves of different widths, showing higher penetration for grooves of larger
widths. And below are the streamline patterns for grooves of different widths; (B) The
linear relationship between the shear stress and the inlet velocity. The average shear

(A) Velocity profiles in a micro-groove channel. Velocity contours for

stress on the floor was simulated outside and inside the microgrooves of different aspect

ratios [47].
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Figure 1.2.9 Flow analysis in a micro-well. (A) The typical flow pattern in the micro-
well, with shading indicating velocities (light, relatively high velocities; dark, lower
velocities); (B) The calculated shear stress values with different micro-channel depths
from 100 to 750 um with the same inlet velocity [48].

The simulation results of Manbachi in 2008 as shown in Figure 1.2.8 (A) indicate that
turbulence can occur in rectangular shaped micro-grooves with high aspect ratio [47]. In
contrast, there is no dead corner of a microchip design by using funnel-shaped micro-well

Average inlet velocity (x10“ m sec’”)

structures [48], which is easier and cost effective to be fabricated. Inside the well, as shown

in Figure 1.2.9, laminar flow can be obtained [48]. By the simulation result as shown in
Figure 1.2.8 (B), the shear stress on the bottom of the grooves increases linearly with the
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inlet velocity, but the shear stress values have been greatly reduced compared to those
outside the grooves [47]. Similarly, by the simulation result of the micro-well structure, as
shown in Figure 1.2.9 (B), the flow velocity at the bottom side becomes very small
compared with the upper layer. As the height of the upper microfluidic channel increases,
the shear stress by simulation exerted on cells at bottom side decreases [48].

Microsystem technology has provided new possibilities for cell culture and for subsequent
cellular treatment and analysis. Continuous medium micro-flow and properly designed
micro-scale geometries, of which micro-grooved/well structure is a simple and optimized
example, have better represented the in vivo cellular microenvironment. Microsystem
provides a more controllable and stable microenvironment than conventional cell culture in
flasks or petri dishes. However, transferring conventional cell culture to microsystem is not
an easy task. Microscopes and incubator are very inconvenient and inflexible for the
operation of complicated microfluidic systems. Compared to using controversial CO»-
independent medium, the scheme of getting rid of incubators by using a gas- and vapor-
tight microchip with conventional culture medium should be more easily accepted by the
biological society. However, to realize a stand-alone microsystem for cell culture, the
system configuration and operational protocol still need to be carefully investigated.
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1.2.4 On-chip lensless imaging methods

Besides of standard microscopes, recently reported lensless imaging methods or lensless
microscopy such as contact/shadow imaging and computational image reconstruction
methods have presented the possibility that cells and microfluidics will be imaged in a very
compact and cost-efficient way. In the following paragraphs, those lensless on-chip imaging
methods as well as on-chip fluorescence imaging methods will be briefly introduced and
reviewed.

1.2.4.1 Contact/Shadow imaging

A simple approach to construct a miniaturized imaging system with micro-scale resolution
is by integrating an image sensor array under the sample of interest directly [51][52]. The
image is acquired under collimated illumination through objects or by capturing light
emitted from luminous objects using a CCD or CMOS image sensor array. This kind of
approach is referred to as “contact imaging” [16] or “shadow imaging” [52]. In contrast to
conventional imaging methods, a contact/shadow imaging system is by placing the object
very close to the image sensor plane without using any image-forming optical lens.
Therefore, artifacts of the contact/shadow images come from the diffraction effect raised
by the distance of the object from the sensor surface, as well as the pixelation effect raised
by the digital sensor array [16] [52].
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Figure 1.2.10 (A) Photographs of an integrated micro-electrophoretic chip on a
packaged photo sensor array chip. The acrylic microfluidic chip is fabricated by stereo-
lithographic process. The distance between the bottom of the micro-channel and the
photo sensor surface is 500 um [53]; (B) The CMOS image sensor is coupled onto the
microfluidic glass chip by using solder reflow flip-chip bonding. The glass chip bottom
plate is 100 um in thickness [54].
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To realize shadow imaging, the samples need to be brought into a very close distance from
the sensor surface. Integration of the microchip with a packaged image sensor with
electronic connections needs careful design and a lot of engineering effort. Examples of
microchip and image sensor integration are presented in Figure 1.2.10. Because of the
physical confinement of image sensor package and the thickness of microchip substrate,
samples still have a distance of 500 um (Figure 1.2.10 (A)) and 100 um (Figure 1.2.10 (B))
respectively from the image sensor surface [53] [54]. In an earlier report, a gas permeable
membrane (Opticell™) of 300 um thickness is glued as both the cover and substrate of the
microchip, which leads to the sample having a distance of 300 um from the image sensor
[52]. Furthermore, the time course of signals from active pixels of the image sensor have
been analyzed to generate information such as moving speed, moving direction and
concentration of testing samples in microfluidics. [53]-[56] [52]

Figure 1.2.11 (A) Photograph of the contact imaging device based on a packaged image
sensor. The bonded wires of the electronic connection and the image sensor surface are
protected by vulcanizing silicone sealant in room temperature. A glass culture chamber
wall is glued on top surface; (B) Contact imaging of 45 um polystyrene microbeads. Pixel
size of the image sensor is 7 um [57].

It would be preferable if the contact imager can be applied in lab-on-chip systems for
samples preparation, manipulation and single cells monitoring [58]. Practically, “in order to
test the contact imager with cultured cells directly coupled to the chip surface, the chip
must be further packaged both to protect the bond pads and wires from being corroded
and shorted by cell culture medium and to protect cells from toxic materials in the chip
packaging” [59]. In the case presented in Figure 1.2.11 (A), silicone sealant is applied with a
syringe on the sensor surface and electronic connections. The thickness of the sealant on
the surface is unknown. Polystyrene microbeads with a diameter of 45 um are imaged in
solution and the image acquired from the image sensor array (pixel size is 7 um) is shown in
Figure 1.2.11 (B). The transparent microbead is intuitively visualized as a dark circular
outlined with a bright center. It is stated that this bright center is due to the optical effect
of the sphere, which causes light to be focused directly below the bead [57]. The
contact/shadowing imaging method is simple and is preferable to monitor the operations
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and sample activities inside the microfluidics without complicated computational
reconstruction process, i.e. “what you see is what you get” in real time.

However, the imaging potential of this method has not yet been well developed. It has
been demonstrated by Fischer and Zingsheim in 1981 that the resolution of the contact
imaging is determined not by the wavelength of the illumination but by the distance
between the sample plane and the image plane. Under visible illumination, the contact
imaging resolution of a planer metal pattern onto the photoresist or a film of dye layer has
been achieved down to 100 nm [60] [61]. However, in general conditions, ideal “contact”
by vacuum is not possible. Once the sample leaves the recording surface and as the
distance increases, the projection will become more blurred and distorted by the optical
diffraction effect. As the pixel size of high resolution CMOS image sensors (for instance,
Aptina AR1335 1/3.2-inch CMOS active-pixel digital image sensor with a pixel array of 4208
x 3120) has been fabricated down to 1.1 um, the practical question for the further
development of shadow imaging comes to: how close has the sample to be brought to the
image sensor surface that the diffraction effect will become insignificant compared to t