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Abstract

Stroke affects nearly 20 million people around the world every year. Clinically, stroke is
a result of brain damage due to the shortage of oxygen delivered to the nerve cells. To
minimize suffering and costs related to the disease, extensive research is performed on
different levels. The focus of our research is to achieve fundamental understanding on
how the lack of oxygen in brain tissue activates intrinsic biomolecular defense mechanisms
that may reduce brain damage. More knowledge may hopefully lead to new therapeutic
and preventive strategies on the molecular level for individuals in the risk zone for stroke
or those who have just suffered a stroke.

The area of study is based on the discovery of a hemoprotein called neuroglobin
(Ngb), which is found in various regions in the brain, in the islets of Langerhans, and
in the retina. Several studies have shown that Ngb seems to have a protective function
against hypoxia-related damage. However, until now, it has not been understood how
Ngb affects the nerve system and protects neurons from damage.

The well-established patch-clamp technique is routinely used to measure and analyze
the electrophysiological activity of individual biological cells. To perform accurate patch-
clamp experiments, it is important to create well-controlled physiological conditions, i.e.
different oxygen levels and fast changes of nutrients and other biochemical substances.
A promising approach is to apply lab on a chip technologies combined with optical
manipulation techniques. These give optimal control over fast changing environmental
conditions and enable multiple readouts.

The conventional open patch-clamp configuration cannot provide adequate control of
the oxygen content. Therefore, the aim of the thesis was to design and test a multi-
functional microfluidic system, lab on a chip (LOC), that can achieve normoxic, anoxic
and hypoxic conditions. The conventional patch clamp configuration was substituted by
a gas-tight LOC system with an integrated patch-clamp micropipette. The system was
combined with optical tweezers, optical sensor and optical spectroscopy.

Optical tweezers were used to trap and guide single cells through the LOC microchan-
nels towards the fixed micropipette. Optical spectroscopy was essential to investigate the
biochemical composition of the biological samples. The developed, gas-tight LOC acted
as a multifunctional system for simultaneous electrophysiological and spectroscopic ex-
periments with good control over the oxygen content in the liquid perifusing the cells.

The system was tested in series of experiments: optically trapped cells (red blood cells
from human and chicken and nerve cells) were steered to the fixed patch-clamp pipette
within the LOC system. The oxygen content within the microfluidic channels was mea-
sured to ∼ 1% compared to the usual 4-7% found in open system. The trapping dynamics
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were monitored in real-time while the spectroscopic measurements were performed simul-
taneously to acquire absorption spectra of the trapped cell under varying environments.
To measure the effect of the laser tweezers on the sample, neurons from rats in a Petri
dish were optically trapped and steered towards the patch-clamp micropipette where
electrophysiological investigations were performed. The optical tweezers had no effect on
the electrophysiological measurements.

The future aim is to perform complete protocols of patch-clamp electrophysiological
investigations while simultaneously monitoring the biochemical composition of the sample
by optical spectroscopy. The straightforwardness and stability of the microfluidic chip
have shown excellent potential to be applied for various biomedical applications. The
subsequent ambition is to use this system as a mini laboratory that has benefits in cell
sorting, patch-clamp and fertilization experiments where the gaseous and the biochemical
content is of importance.

The long-term goal is to study the response of individual neurons and defense mecha-
nisms under hypoxic conditions that may establish new ways to understand cell behavior
related to Ngb for various diseases such as stroke, Alzheimer’s and Parkinson’s.
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(III) Alrifaiy, A., Lindahl, O. and Ramser, K. Ett mikroflödessystem med optisk pincett
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Chapter 3

Introduction

3.1 General Background

3.1.1 Stroke

The brain is a major organ in the human body with 100 billion neurons. It contributes to
2% of the body’s weight and consumes about 20% of the body’s total oxygen supply. It is
considered to be the highest structural and functional control unit within the body, and
the primary responsibility of the brain is to control the performance of all the functions
and actions of the body [1]. Any type of brain damage will consequentially affect the
functionality of the nervous system. Stroke is a brain damage due to a disturbance in the
blood circulation that causes hypoxia (a condition in which the body or a region of the
body is deprived of adequate oxygen supply), classified as the second most common cause
of death and disability around the world [2-3]. Stroke affects 15 million people yearly,
causing the death of 5 million people and permanent disability in another 5 million [3].
Statistically, strokes affect people of all ages, but people older than 60 years that are
clinically associated with high blood pressure (hypertension), heart disease, and diabetes
are at a higher risk. Hypoxia can also occur as secondary damage following a traumatic
brain injury [3].

To moderate the convalescence of survivors, regular, long-term hospital care and
support are required from society. The health care cost is predicted to be significantly
higher over the next two decades due to the rapid increase in the elderly population.
Although health professionals have made great efforts to improve the quality of life for the
patients through treatment and rehabilitation, more effective strategies are still needed
to prevent strokes [2-3]. More knowledge about the brain system and related damages
is essential, including aspects that identify and support research activities that could
potentially result in major advances in the areas of stroke prevention. Such research
priorities may address the most urgent scientific and clinical results in the stroke field.
The challenge is to establish research priorities that significantly focus on reducing stroke
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8 Introduction

cases based on understanding of the brain’s reaction during stroke and consequently
introducing pre-stroke medications. Physiologically, the interruption of the blood supply
to brain tissue leads to either hemorrhagic or Ischemic stroke [4].

Hemorrhagic stroke, bleeding, is caused by a break in the wall of a blood vessel
that results in blood leakage, stopping the delivery of oxygen and nutrients to the brain
(Figure 3.1A). A number of disorders affect the blood vessels, including long-standing
high blood pressure and cerebral aneurysms [4].

Ischemic stroke [4,5] occurs due to rapid functional failures of the brain that disturb
the oxygen supply to the brain (Figure 3.1B). This type of stroke is caused by clots
blocking the blood flow, and contributes to about 88% of all strokes. Ischemic strokes are
further classified as either thrombotic or embolic, each representing an equal proportion
of cases.

Thrombotic stroke (cerebral thrombosis or infarction) is caused by formed blood clots
that block the arteries in the brain. Large-vessel thrombosis refers to the blockage in
one or more of the brain’s larger blood-supplying arteries such as the carotid or middle
cerebral arteries. Small-vessel thrombosis (lacuner stroke), on the other hand, is the
blockage of smaller arteries that penetrate deeply into the brain.

Embolic stroke is caused by a blood clot (embolus) that forms within an artery that
is usually outside of the brain, e.g. in the heart. The clot moves with the blood flow and
becomes lodged within the brain. Both types of strokes restrict the natural flow of blood
to the brain and result in immediate physical and neurological deficits.

3.1.2 Biological Cells

Nerve Cell and Neuroglobin

Neurons in the nervous system are specialized to carry and transmit electrical signals
”action potentials” through an electrochemical process. There are wide-ranging types of
neurons within the brain that differ in shape, location, chemical structure and functional-
ity. The neuron, like most of cells in the body, has a cell membrane, a nucleus containing
genes, cytoplasm, mitochondria and other organelles that carry out fundamental cellular
processes such as protein synthesis and energy production [6].

In 2000, an oxygen-binding hemoprotein called neuroglobin (Ngb) [7] was identified,
and it was mainly found to be in some types of neurons, in the islets of Langerhans and in
the retina [8]. The abundance, localization and 3D chemical structure of the protein have
been studied and determined [9-13]. Studies have shown a protective role of Ngb against
hypoxic or ischemic brain injury [14-15]. However, the exact function of the protein is
still uncertain [16].

The medial preoptic nucleus (MPN), in the brain, is the largest nucleus of the medial
preoptic area (MPOA) within the hypothalamus. The MPN plays an important role
in the regulation of physiological functions such as thermo-regulation [17-18], arterial
pressure [19], sleep [20], sexual behavior [21] and energy regulation [22]. The MPN
within the (MPOA) contains a high amount of Ngb [23]. The high concentration of Ngb
is thought to protect the brain against the effect of ischemic stroke [24-25].
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Figure 3.1: (A) Hemorrhagic stroke caused by either internal or external bleeding due to the
breaking of the blood vessels (B) Ischemic stroke caused by a clot blocking the blood flow in the
arteries.

Red Blood Cell (RBC) and Hemoglobin

RBCs, erythrocytes, are the type of cells in the body that commonly transport oxygen
(O2) to the tissues through the blood circulatory system [26]. The O2 molecules are
taken up by the RBCs in the lungs to be released while RBCs squeezing through the
blood capillaries of the body. The high amount of hemoglobin within the cytoplasm of
RBCs is responsible for oxygen binding as well as the red color of the blood. The oval-
biconcave disk-shaped structure of the RBC provides essential physiological functions
such as deformability, flexibility and stability. This is essential to allow the RBCs to pass
through the circulatory system and, specifically, the capillary network.

In humans, mature RBCs contribute to about 25% of the cells in the body [27-28].
Every second, 2.4 million new erythrocytes are produced in the bone marrow to be
circulated (one circulation=20 seconds) for about 100-120 days in the body before they
are recycled by macrophages [29]. A significant property of human RBCs is the lack of
nucleus and most organelles, which is supposed to leave maximum space for hemoglobin.
In comparison with the human RBCs, RBCs from chickens contain nuclei, are bigger in
size, and have a lower affinity for oxygen binding.

Hemoglobin (Hb) present in RBCs is the O2- and CO2-transporter within the body
and is carried in the blood flow between the tissues and the lungs [30]. Each subunit of
hemoglobin is a globular unit with an embedded heme group, which contains an oxygen-
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binding iron atom. The breathing mechanism initiates the diffusion of O2 found in the air
sacs (alveoli) of the lungs: O2 passes through the walls of thin-walled alveoli and blood
vessels and into the RBCs to bind to the hemoglobin (oxy-hemoglobin). The oxygen-
rich blood is then circulated within the body until it reaches tissues and cells with high
concentration of CO2 and waste products of cellular processes. The weakly-bound O2

will be replaced by CO2 to form carbaminohemoglobin, which then travels in the blood
back to the lungs where it is again displaced by oxygen [31].

3.1.3 Investigations of Functional Single Biological Cells under
Environmental Control

The investigations of functional living biological cells under hypoxic conditions require
well-controlled physiological conditions, i.e. control during different oxygen levels and
controlled procedures of addition/removal of biochemical substances or nutrients. One
routinely used method is the patch-clamp technique that records the electrophysiological
activity of biological cells in variable environments [32]. This method has been used for
recording the response of neurons to hypoxia in reduced-oxygen environments [33].

While this technique is well established in the field of electrophysiology due to its ex-
cellent functionality, some technical issues are still challenging, like attaching the record-
ing pipette to the cells, successfully forming gigaohm (GΩ) seals to measure picoampere
(pA) currents, and achieving low-noise recordings. New patch-clamp approaches were in-
troduced during the last decades to improve the experimental effectiveness and to enhance
the throughput. However, in order to introduce a newly developed system successfully,
the conditions of functionality of the system should be tested, compared and verified
with traditional patch-clamp configurations [34].

Planar patch-clamp investigations [35] have emerged as an innovative approach to in-
corporate the traditional patch-clamp technique with microfluidic systems, μTAS (Micro
Total Analysis Systems) or lab on a chip (LOC) technologies. The traditional patch-
clamp micropipette is replaced by a conic micro-sized hole as a planar micropipette in
a silicon-based LOC chamber. This technique was developed to improve the noise per-
formance by using low-loss dielectric materials and to achieve cost effectiveness and high
throughput screening [36].

Optical spectroscopy is used to study and analyze the interaction of light with an
object. Absorption spectroscopy is based on identifying which wavelengths of light a
substance absorbs by measuring the photons it allows to pass through. Absorption spec-
troscopy is useful for identifying chemicals and to differentiate elements or compounds in a
mixture and to quantify the cellular components, characteristic parameters of functional
bimolecular interactions and binding states. Ultraviolet-visible (UV-Vis) spectroscopy
refers to absorption or reflectance spectroscopy of light sources in the UV-Vis spectral
range.

In multiple fields of cell biology, LOC technologies have been established as essential
tools for the analysis of living cells, where the unique features provide a potential to con-
sume minimal amounts of reagents and analytes, function as portable clinical diagnostic
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devices and thus reduce expensive and time-consuming laboratory analysis procedures.
Other significant benefits are the control of cell transport, immobilization, manipulation
of biological molecules and cells, and mixing of chemical reagents [37-38]. This approach
enables advanced analysis of intracellular investigations on the single-cell level in an
environment-controlled analytical system [39-40].

LOC devices consist typically of micro-sized channels of 10-1000 μm diameters, which
allow for fluid flow rates down to a few pl/s. They are usually manufactured using
materials such as Poly-DiMethyl Siloxane (PDMS), Poly-Methyl MethAcrylate (PMMA),
or glass for their optical transparency and the ease of implementation onto microscopes
in combination with suitable read-out techniques [41].

Nowadays, PMMA-based microchips have emerged as popular options in various bio-
logical and medical applications [42]. They are less expensive than glass microchips [43]
and simple to fabricate compared to lithographical microchips [44]. The main advantage
of using PMMA is its impermeability to air and gases as well as its other important prop-
erties like low toxicity, optical transparency, thermal stability and easy manufacturing
[45]. The use of PMMA-based devices has been shown to be very useful for manufac-
turing process of micro-mixers [46], polymerase chain-reaction microchips (PCR) [47],
microfluidic reactors [48] and capillary electrophoresis microchips (CE) [49]. Investiga-
tions of biological cells carried out using microscopes usually require the ability to be
combined with various optical techniques such as optical spectroscopy or time-resolved
techniques.

Recently, much attention has been paid to experimental setups based on a combina-
tion of optical manipulation techniques like optical tweezers [50] with LOC devices [51].
These setups have led to innovative approaches for basic and applied research for diverse
biological studies of single biological cells [52].

Optical tweezers have appeared as important experimental tools in biophysics and
cell biology. They utilize light radiation to trap and manipulate small particles in three
dimensions (3D). Stable traps are formed optically by a strongly focused laser beam on
the samples. The unique approach of using light radiation to manipulate small objects
was theoretically explained and experimentally demonstrated on atoms [53] and later for
manipulation of biological cells using near infrared lasers (NIR) [54]. Optical tweezers
have found useful applications in many research areas such as cell transport and separa-
tion [55], manipulation of biological cells [56], sample cell analysis by mass spectrometry
[57], DNA analysis [58] and other applications for clinical diagnostics [59].

Combinations of LOC technologies with optical manipulation techniques had a strong
impact on the ongoing revolution in cell biology and biotechnology [60-61]. As a result,
several studies related to single-cell manipulation in environment-controlled LOC sys-
tems for biological cell analysis have been published during the past few years [62-65].
Consequently, it is also valuable to apply this system for advanced electrophysiological
investigations of single biological objects with precise environmental control.
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3.2 Aim of the Research

The main aim of the research was to develop, test and verify experimental tools to repro-
duce hypoxia on a chip used for multiple investigations of biological cells. The intent of
the the designed functional system was to enable electrophysiological and spectroscopic
measurements on single cells during well-controlled environmental conditions, e.g. for
different oxygen levels. The particular aims were the following:

(I) To design a prototype of gas-tight (LOC) system with an integrated patch-clamp
micropipette.

(II) To use the developed LOC system as multifunctional system with optical tweezers,
optical spectroscopy, oxygen sensor and patch clamp for electrophysiological investiga-
tions on single biological cells under controlled environments.

(III) To review LOC technologies in life science with focus on pharmacology, biology,
tissue engineering and biocompatibility.



Chapter 4

Theory

The chapter will provide basic theories behind methods and materials used in the
experimental work.

4.1 Lab on a Chip (LOC)

This field deals with designs of microfluidic devices to enable precise control of the fluid
flow through micro-sized channels connected by reservoirs or sealed inlets and outlets.

4.1.1 Characterization of the Fluid Flow

The behavior of the fluid flow in most microfluidic applications is expressed as laminar
or turbulent flow. The laminar flow, also called streamline flow, indicates that the fluidic
properties, such as velocity and pressure, are time-independent at each point within the
fluid. Thus, the fluid flow behaves smoothly in regular paths under constant boundary
conditions [66] with convective mass transfer in the direction of the flow. The fluid flow
in microchannels can be represented by the Reynolds number (Re), which describes the
tendency of fluids to develop turbulence. A quantitative estimation of Re is represented
by the ratio of inertial and viscous forces on the fluid [67]:

Re = Dh · ν
μ

(4.1)

Where μ is the kinematic fluidic viscosity, ν is the average velocity of the fluid, and
Dh is the hydraulic diameter, a characteristic number of the volume-to-area ratio of the
channel [68]. The laminar flow is achieved by designing small microfluidic channels with
slow fluid flow and relativity high viscosity. The phenomenon is distinguished by the
laminar flow of the blood through capillaries in the human body [69].

13
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For Re > 2000, the fluid flow experiences turbulent behavior, where the fluid un-
dergoes irregular fluctuations and mixing, and convective mass transport occurs in all
directions [70]. Since the length of microfluidic channels is small, typically < 500 μm,
the Reynolds number is low, i.e. typically Re < 10, and the fluid flow is laminar. The
liquids behave as laminae (layers) of uniform thickness moving between fixed boundaries,
and the mixing of the streams only occurs by diffusion across the liquid-liquid interfaces
[71].

4.1.2 Fluid Transport

The most critical issue is to optimize the fluid flow within the microfluidic channels.
Experimentally, the flow can be generated in rates pl/s ranging from high volumes used
for cytometry [72] to low volumes in applications demanding nano- and micro-scaled
channels [73]. In some applications, the fluid transport can be controlled by the fluidic
mass transport due to diffusion [74]. This can be explained by the thermal energy when
particles spread in the fluid due to the Brownian motion.

In most applications, the control of the fluid transport is achieved by external pump
systems. The pump systems are chosen depending on the range of quantities trans-
ported. The properties and behaviors that the transported fluids contribute strongly to
influence the measurements. The main methods used for fluid transport are pressure-
driven flow [75], electro-kinetic flow [76] and fluid transport by using motor proteins [77].
Electro-kinetic flow within the channels is based on the transport of charged molecules
in an electric field. This is performed by capillary electrophoresis (CE), which transports
charged samples relative to stationary fluid, by electro-osmosis (EOF), which transports
the ionized fluids relative to stationary charged surfaces, or by combining both techniques.

Pressure-Driven Flow

This common method uses either embedded micro-pumps within the microfluidic chip or
external pump systems to generate external pressure flow such as the positive displace-
ment pumping [78] and the ultra-precise syringe pump systems [76]. The advantage is the

Figure 4.1: The fluid flow profile within the microfluidic channels; a pseudo-parabolic profile in
pressure-driven flow.
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capability to control the exact amount and location of the pumped fluid. The limitations
are the difficulty to achieve smooth fluid flows at very low rates within small channels
and the non-uniform velocity profile of the flow [66] as shown in Figure 4.1 above. The
pseudo-parabolic profile shows that the maximal velocity of the fluid is in the center of
the channel, which decreases to zero on the walls. The phenomenon can be investigated
with software simulations using Naiver Stokes equations with proper boundary conditions
[79].

4.1.3 Fabrications of LOC Systems

Microfluidic devices were initially fabricated from non-polymeric materials such as sil-
icon or glass, using well-established integrated circuit (IC) production techniques [44].
The most common techniques are photolithography and surface micro-matching, chosen
mostly because of the equipment availability and the possibility to integrate microfluidics
with electronics.

While fabrication techniques for silicon and glass microfluidic devices are well estab-
lished, the present research and commercialization has shifted the focus to micro devices
made completely from polymeric materials. The main benefits are low cost, durability,
and the many mechanical and chemical properties achievable based on chemical changes
in the polymer formulations. Since each device requires considerable resources to de-
velop and produce, efforts have been made to reduce the optimization time through
the use of rapid prototyping techniques, where device geometries are quickly evaluated
[80]. Until now, the most promising techniques for fabrication of polymeric micro devices
have utilized silicon rubber (PDMS) replication techniques such as soft lithography [44],
thermoplastic replication methods such as hot embossing and microinjection molding, mi-
crofluidic Tectonics [81] and micromachining techniques based on drilling and Computer
Numerical Control (CNC) machining using transparent thermoplastics (PMMA).

Photolithography

This method is based on the transfer of the energy of certain wavelengths of light to
specific photoactive materials on the substrate. The micro structure is transferred to the
liquid-form reactive upon light exposure through a patterned photomask. The photoac-
tive material undergoes a chemical reaction of liquid-solid transition due to the exposure
to the light. After removing the unconverted reactive liquid and baking, a positive or
negative structure of solid material will remain on the substrate. The benefits of this
method are mainly the possibility to control light spatially and the ability to fabricate
micro-sized structures directly through feature patterning or indirectly through fabrica-
tion of structured molds.

The basic components of a photolithographic system are UV light source of 254-365
nm, a spin coater and a suitable substrate with related photoresist [82]. As shown in Fig-
ure 4.2, a solid substrate (glass or silicon) is spin-coated to apply a thin photoresist layer
of 1-500 μm using centrifugal force. After evaporation of the solvents in the photoresist
via soft baking, the substrate is exposed to UV light through a high-resolution mask on
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plastic or glass film with the desired microfluidic pattern. After baking, depending on
which photoresist is used, the unexposed or exposed layer of the photoresist is removed
using chemical bath development, and the desired pattern remains on the substrate, thus
forming a positive or negative mold. Traditionally, the solubility of a positive photore-
sist is increased in the light-exposed areas, while a negative photoresist is insoluble in
the exposed areas, thus negative photoresists are more common, in many microfluidic
applications, to be used as negative molds for LOC devices constructed from different
materials.

The limitations of this technique are the poorer sealing quality, the invariable surface
chemistry and the limitations of finding high functional photoresists that can be used
with other substrates than silicon [83].

Figure 4.2: A) A photoresist is spin-coated on a silicon substrate, B) The substrate with the
spin-coated layer of photoresist is exposed to UV light through a high-resolution mask C) After
baking and chemical developments, and the non-crosslinked material is removed, resulting in
either a negative or a positive mold.
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Soft Lithography

Soft lithographic technique is used to construct microstructures from (PDMS) [44]. Typ-
ically, PDMS structures are formed by molding against a negative image of the desired
structure. The mold can be fabricated in many different ways depending on the desired
resolution and the number of replications that the mold must withstand. In applications
with short prototyping series or variable designs, the molds are usually fabricated using
photolithography. A typical production process is schematically described in Figure 4.3.
The resulting devices have many attractive properties, such as chemical inertness and

Figure 4.3: A) The needles are placed according to the channels prior to the pouring of PDMS
into the mold, B) The needles are removed and the finished microfluidic system is released from
the mold after thermal curing, C) The microfluidic system is placed on a cover glass.

facile bonding to glass or other layers of PDMS, i.e. these devices are multilayered which
enable efficient fluid flow pumping schemes [84]. The surfaces can be modified more eas-
ily compared to other materials to achieve hydrophobic to hydrophilic transformations
through oxygen plasma treatment. However, plasma-treated surfaces can maintain the
hydrophilicity only for short-time laboratory experiments and device verification. The
limitation of the quick hydrophobic recovery of PDMS surfaces has been addressed either
by attaching larger molecules to the surface for increasable durability of the surface or
by network forming modification to increase the surface stability [85]. The main disad-
vantages of soft lithography are gas-permeability, invariability, and incompatibility with
non-polar solvents that may block the channels or cause cross-contamination of adjacent
fluidic streams. Furthermore, PDMS is usually thermally cured and patterned through
material exclusion against a negative image mold. The connections, such as channels
and reservoirs within the layer are often manually fabricated with needles placed before
pouring the PDMS, as seen in Figure 4.3, or by hole-punching in the finished microfluidic
device which may reduce the precision and repeatability.
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CNC Micromachining

Conventional CNC micromachining techniques [86] are used for the fabrication of PMMA-
based microchips. Most analytical microchips require features with dimensions on the
order of 10-200 μm. Such tolerances can be possible with CNC milling as a standard
fabrication technique. The CNC milling is used to fabricate prototypes of microchips
for direct use or to create molds of harder materials for rapid generation of analytical
microchip platforms via PDMS casting or hot embossing. The unique property of various
milling techniques that has contributed to their wide usage today is the ability to combine
bench-top microscopes to yield microchips with accurate tolerances on the order of 2-10
μm [86].

Prior to any milling, drilling, or cutting the desired tolerances of the vertical and
horizontal positions of the mill related to the surface of the block of PMMA or other
materials should be adjusted. For accurate aspect ratio features, the depth of the feature,
z-axis, is pre-calibrated to absolute zero for control. The size and shape of the desired
micro channels are achieved by using cutter drills with different tips related to the desired
features. To achieve the best tolerances, test modules are pre-fabricated and investigated
under commercial microscopes to monitor the desired sizes and features.

Many studies have reviewed experimental and modeling aspects of micromachin-
ing processes, specifically micro milling [87-89]. Micro factories and micro- and ultra-
precision machine tools have been designed and developed for micromachining applica-
tions [88-89]. Numerical and analytical modelings of different aspects of micro milling
have been investigated extensively [89]. The advantages of this method are the low cost
of materials, the ease of creating milled designs quickly, and the availability of CNC
machines at universities or at commercial workshops. The disadvantages are the poor
surface quality, low yield strength, substrate hardness, and poor tolerances [86]. In ad-
dition, the inability to assemble the tolerances required for analytical microchips with
features <10 μm is one of the most significant limiting factors of CNC milling for LOC
devices.

4.1.4 Applications of LOC systems

The main applications of microfluidic systems related to biological investigations are
shown in DNA analysis including (PCR) [90-97], sample preparation [98], highly sensi-
tive enzyme analyses [99-104], high-throughput screening (HTS) (i.e., mixing, reaction,
and separation) [105-110], cellular analysis such as micro-flow cytometry devices to sort,
analyze, and count cells [111-115], cell-based microchips for high-throughput analysis
[116-117], cell-based biosensors for multiple physiological responses of cells to environ-
ments [118-120], and culturing systems including cell-cell, cell-substrate, and cell-medium
interactions with a high degree of precision [121-122].
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4.2 Optical Tweezers

The theory behind the optical tweezers [123] is based on the transfer of momentum
between light radiation and a dielectric particle due to refraction or scattering of light.
Newton’s second law of momentum conservation states that the transfer of momentum
from light to a refracting particle suspended in media of lower refractive index gives rise
to forces acting on the particle in 3D.

The phenomenon of optical trapping is generated from 3D steep gradients using a
laser beam, which is focused to a diffraction-limited spot in the specimen plane of a
microscope. Thus, small dielectric objects such as biological cells near the focus of light
will experience radiation pressure forces. A gradient force pushes the cell towards the
central region with the highest intensity of the Gaussian beam, and a scattering force
pushes the cell in the direction of the light. Stable optical trapping occurs when the
gradient force is sufficiently large to overcome the scattering force [124].

Experimentally, the steepest gradients in light are obtained by focusing a laser beam
through a high numerical aperture (NA) microscope objective. The numerical aperture
is defined as the ratio of the indices of refraction of the particle (np) and the surrounding
media (nm) (air, water, or oil), multiplied by the sine of the half-angle of opening of
the focused light, NA = (np/nm) · sinα [125]. A typical value for a high-NA objective is
1.00-1.40 when np > nm and the full angle of opening is about 140◦ [126]. The theoretical
approach of the trapping forces is generally represented by two configurations related to
the size of the trapped particle. Rayleigh theory is valid when the wavelength of the
trapping laser is greater than the diameter of the trapped object λ > d, while Mie theory
is valid when λ < d [130]. Most biological cells are of sizes that fall between the Mie and
Rayleigh regimes, where the trapping forces are estimated numerically.

The Rayleigh theory explains the trapping of an object considered to be a dielectric
dipole in a non-homogeneous electromagnetic field [127]. The gradient of the electromag-
netic field, related proportionally to the gradient of intensity of the light, gives rise to
a 3D gradient force Fg towards the center of the higher intensity, as expressed in the
following equation:

Fg = −r3n3
m

2

(
m2 − 1

m2 − 2

)
∇E2 (4.2)

The scattering force Fsc for the dielectric dipole in the electric field is defined as:

Fsc =
128π5r6nm

3cλ4

(
m2 − 1

m2 + 2

)2

I (4.3)

Where, c is the velocity of light, λ is the wavelength , r is the radius of the particle,
m = np/nm is the effective index of refraction for the particle np to the medium nm

and I is the intensity of the light. Equations 4.2 and 4.3 show that the forces Fg and
Fsc are both proportional to the radius (r) of the particle and the intensity (I) of the light.
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The Mie theory uses ray optics configuration to explain the optical forces acting on
a particle represented by a spherical bead [128]. The rays of light with various intensities
are symbolized by straight lines and follow Snell’s law of refraction and Fresnel’s equations
for reflection and transmission. The scattering and gradient forces for a single ray in the
Mie regime are calculated as:

Fsc = p
nm

c

(
1 +R cos 2β − T 2

(
cos (2β − 2α) +R cos 2β

1 +R2 + 2R cos 2α

))
(4.4)

Fg = p
nm

c

(
R sin 2β − T 2

(
cos (2β − 2α) +R cos 2β

1 +R2 + 2R sin 2α

))
(4.5)

Where R and T are the Fresnel coefficients for reflection and transmission respectively,
β and α are the angles of the incident and reflected light, and p(nm/c) is the momentum
transferred by the ray light. The total forces induced by a laser beam on the particle are
the total contributions of all rays using Equations 4.4 and 4.5 by numerical integration
for all angles [129].

4.2.1 Experimental Considerations

Successful optical trapping of particles spatially in 3D requires a sufficiently steep inten-
sity gradient of light in both the lateral (x-y plane) and axial (z) directions [130]. The
force components acting on the trapped particle are shown in Figure 4.4 below, where
the axial and lateral trapping have been separated for simplicity.

The interaction of the dielectric particle with laser light will produce net lateral
forces acting towards the high-intensity region of the beam. The intensity gradient in
the x-y plane pushes the particle to the center (trapping in the x-y direction) due to the
symmetry of the Gaussian laser beam. The scattering force component from the radiation
pressure pushes the particle in the direction of the laser beam source (z-direction). For
complete 3D trapping, the scattering force must be canceled out by a force induced by
the steep intensity gradient in the z-direction, towards the focal point of the objective
and opposite from the scattering force. Figure 4.4 shows the two rays, Fa (representing
the more intense ray) and Fb, in the directions of propagation that result in a scattering
force Fsc pushing the particle away from the laser. Fg represents the force due to the
larger gradient in the Fb direction, which results in the movement of the particle towards
the center of the beam [127]. The axial trapping in the direction of propagation of the
focused beam arises due to the gradient forces, Fa and Fb,which result in a force Fg in
the opposite direction of the force Fsc.

4.2.2 Basic Design of Optical Tweezers

Figure 4.5 shows the basic design of a functional optical trap in the specimen (x-y)
plane and in the axial (z-) direction, which can be adapted to work with most inverted
research microscopes. By additional modifications, the setup can be used with other
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Figure 4.4: Axial and lateral trapping of a dielectric particle in a Gaussian laser beam, trapped
in laser light focused by a high numerical aperture objective. A) Axial trapping arises through the
compensation of the scattering force (which pushes the bead in the direction of beam propagation)
by the gradient force (which acts towards the focal spot). B) Lateral trapping arises from the
gradient force, which acts towards the higher intensity region of the Gaussian beam profile.

imaging modes such as bright-field, dark-field, phase contrast, and differential interference
contrast [131].

The setup is built on an inverted microscope mounted on a vibration-free optical
table with optional controlled conditions of temperature, noise and air turbulences. The
system includes a trapping laser, a beam expander, optical lenses and mirrors to steer
the beam position in the sample plane, and optionally, a position detector (such as a
quadrant photodiode) to measure beam displacements and trap stiffness.

The microscope is equipped with a port for introducing the trapping laser, a CCD
camera for high-resolution real-time imaging and position monitoring of the trapped
object, an illumination source, a high numerical aperture (NA) microscope objective,
and a condenser to generate the optical trap in the sample plane.

In practice, the trapping lasers are in either the lowest-order mode TEM00, or they
are single-mode diode lasers to achieve the steepest light gradient [132]. The laser power
varies from 10 mW to 1 W. Typically, lasers of 785-1064 nm are used for trapping due
to the low absorption coefficient of the aqueous solution at these wavelengths, which
minimizes the effect of heating or damaging the samples [133]. The high NA-aperture
objective is essential in obtaining the stable trap by generating a gradient force that is
greater than the scattering force.

The alignment of optical tweezers starts, according to Figure 4.5, by directing the
laser beam through mirror M1 to the beam expander. The two lenses, L1 and L2, have
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Figure 4.5: A schematic design of optical tweezers built on an inverted microscope with a
CCD imaging camera, including laser, beam expander (L1 and L2), beam steering (L3 and L4),
dichroic mirror, DM, steering mirrors (M1, M2 and M3), and a high-NA microscope objective.

suitable focal lengths to obtain a magnified parallel beam, filling the back aperture of
the objective to obtain a tight diffraction-limited spot [134]. The beam is then guided by
another mirror, M2, mounted on a (x-y-z) translation stage or gimbal mounted mirrors
(GMM) through a beam-steering system into the microscope. The laser beam is steered
using a dichroic mirror and a microscope objective to the sample plane. The visualization
of the trapping dynamics on the sample plane is usually accomplished using a microscope
light source that passes the optical path in the direction opposite of the direction of the
trapping laser. The light is then transmitted through the dichroic mirror and reaches
a CCD camera protected by a laser block filter and connected to an external monitor.
The 3D position of the trapped particle is usually controlled either by adjusting the focal
point and angle of the input beam or by moving the sample.

4.2.3 3D Trapping

With conventional optical tweezers, the laser spot is steered simply by using the two
identical planoconvex lenses, L3 and L4, placed at a distance equal to the sum of their
focal lengths. L4 is mounted on the xyz translation stage or micromanipulator, where
the movement of this lens in 3D corresponds equivalently to the movement of the laser
trap in 3D.

As shown in Figure 4.6A, the axial direction of the trap is easily controlled by changing
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the divergence or the convergence of the laser beam by moving L4 small displacements,
Δd34, between L3 and L4, to produce the consequent axial displacement of the focus
Δz [135]. The lateral translation of the trap relative to the sample is, in many designs,

Figure 4.6: (A) Axial trapping obtained by axial translation of lens L4 in the beam steering, (B)
lateral translation of lens L4 in the lateral plane (x-y plane), perpendicular to the optical axis
results in a proportional lateral translation in the sample plane, (C) lateral translation using
(GMM) to move the laser beam instead of moving L4 in the x-y plane.

accomplished by the translation of the microscope stage. However, it is valuable to use
a beam-steering system for an extra degree of translational freedom. As shown in Figure
4.6B, the translation of the lens L4 in the lateral plane (x-y plane), perpendicular to the
optical axis, provides a lateral deflection of the laser beam that results in a proportional
lateral translation in the sample plane. In some designs, gimbal mounted mirrors (GMM)
are used to perform the lateral translation by moving the laser beam instead of moving
L4 in the x-y plane (Figure 4.6C).

4.2.4 Applications of Optical Tweezers

The main applications of this technique are the manipulation of microscopic objects and
the sensitive estimation of trapping forces. Optical tweezers have been widely used for
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biological cell sorting [136], active modification of polymer structures (DNA melting,
membrane deformation strength and separating of protein polymers), characterization
of molecular motors such as myosin and kinesin, and accurate measurements of binding
forces in the biological and medical fields [137-143].

In addition, in vitro optical manipulation, as a sterile method, causes less growth
inhibition of biological cells [144-145]. For pathological application, optical tweezers
have been used as contact-free micro dissection tools, so-called ”laser scalpels” [146].
The technique is considered to be an inexpensive tool for various applications due to the
easy intergradations with most commercial microscopes.

4.3 Patch-Clamp Technique

The living biological cell is surrounded by a plasma membrane that functions as an
insulator and a diffusion barrier for the movement of ions between the intracellular and
extracellular spaces. Ion transporters and pump proteins within the trans-membrane
actively drive ions through ion channels by diffusion to establish concentration gradients
across the membrane. Ion pumps and ion channels are electrically equivalent to a set
of batteries and resistors within the membrane and therefore create a voltage difference
between the two sides of the membrane.

All cells maintain a non-zero resting trans-membrane potential, usually with a nega-
tive voltage inside the cell compared to the extracellular space. In electrically excitable
cells such as neurons and muscle cells, the membrane potential is useful to transmit
signals as ionic currents across the membrane. The signals are regulated by opening
or closing the ion channels at one point in the membrane to produce a local change in
the membrane potential. This change can quickly activate other ion channels in the
membrane to reproduce the signal. The resting membrane potential for a neuron is typ-
ically -70 to -80 mV. The opening and closing of ion channels will change the resting
potential to either membrane depolarization (interior voltage becomes more positive) or
hyper-polarization (interior voltage becomes more negative) [35,147].

In an excitable cell, depolarization can induce an action potential generated by the
activation of certain voltage-gated ion channels. Exposing a cell membrane to either
electrical or chemical stimuli will change the membrane potential, which is then rapidly
counteracted by activations of voltage-dependent ion channels to restore the membrane
to the resting potential levels.

The well-known patch-clamp technique [35] is used to measure the cellular electro-
physiological activity during variations in the environment surrounding the cell. The
experimental setup is usually built on a vibration-free table and incorporated with an
optical microscope for visualizing the patch dynamics between the pipette and the cell.
The principle is based on electrical isolation of a patch of the cell membrane from the
external solution to record signals as small as pA currents flowing through the patch
[147]. The electrical signals are consequently registered through a recording electrode
inside a solution-filled micropipette and a reference electrode in contact with the cell’s
immediate environment, which is experimentally changed by perfusion of different solu-
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tions (Figure 4.7). The patch-clamp micropipette is manually or electronically steered in
3D by a micro-precision tool to attach the membrane of a cell located in a Petri dish. For
very small cells, fine movement is achieved easily by using remote-controlled micro ma-
nipulators such as piezoelectric or hydraulic manipulators. The micropipettes are pulled

Figure 4.7: A schematic setup of a traditional patch-clamp configuration including a mi-
cropipette mounted on a pipette holder on a head stage, a signal amplifier, a perfusion system
and a computer with a software program for signal analysis and recording. The dashed inset
(headstage) represents a simplified diagram of a patch-clamp amplifier. Rf : feedback resistor,
Vcom: command voltage, Vp: pipette potential, Vout: output voltage proportional to the current.
The circuit of the amplifier represents a so-called current-to-voltage converter, which is installed
in a little box (headstage) near the pipette.

of glass capillary by commercial pipette pullers using gravitational or mechanical forces.
The pipettes are usually pulled in two steps: heating the center of the capillary to produce
thinner and steeper taper (to minimize the resistance and capacitance of the pipette) fol-
lowed by re-centering the thinner part at the heating element at a lower temperature to
produce two similar pipettes with defined tips. The shape, material and pulling mecha-
nism of the pipettes greatly impact the solution-filling, forming seal resistance, reducing
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noise and allowing lower access resistances.

The recording and reference electrodes, non-polarizable Ag/AgCl, are prepared using
silver wires dipped in chloride medium for a few minutes. This is essential to reduce the
junction potential between the recording electrodes and the pipette solution, which arises
due to the flux of ions within solutions of various ionic compositions or concentrations.
As a consequence of the sensitivity, patch-clamp recording electronics are placed inside
a grounded Faraday cage to shield from external electromagnetic radiation, primarily
pick-up frequencies ∼ 50Hz. Signal ground of the patch-clamp amplifier is connected
to the point of common ground on the vibration isolation table. The complexity of the
technique may limit the possibility of exploiting all the information from one cell during
an investigation and has low experimental throughput, i.e., few cells are measured per
day by one operator [148].

Prior to running the patch-clamp protocols, a GΩ seal must be established between
the cell membrane and the tip of the pipette. The procedure starts by inserting the
pipette into the bath solution, followed by setting the voltage output to zero to subtract
the junction potential. The pipette resistance is usually measured by applying a test
voltage pulse of 1-10 mV for a 5 ms duration to the pipette. When the tip of the pipette
approaches the cell membrane, a negative pressure (gentle suction) and a negative voltage
(-50 to -60mV) are applied in the pipette [149].

The voltage-clamp mode is used to alter the membrane potential, i.e., the chemical
composition on both sides of the cell membrane, to record currents across one or more
ion channels. Current clamp is achieved by using, most often, an amplifier to inject cur-
rents into the cell to record voltages, as is usually the case in studying action potentials
of small excitable cells, a study that was impossible until the development of the GΩ
seal. The membrane potential (Vm) of the investigated cell is controlled by the compen-
sation of currents flowing through the cell membrane (negative feedback mechanism).
Therefore, Vm is measured and compared with command potential (Vcom). If there are
differences between the command voltage and the measuring membrane potential, a cur-
rent will be injected into the cell. This very small compensation current is measured and
registered in the voltage-clamp of patch-clamp experiments. Finally, this current allows
conclusions about the membrane conductance, which are determined by ion channels, ion
transportations or other factors.

The current-to-voltage conversion and the control of Vm is performed by a sensitive
feedback amplifier called headstage (see the dashed area in figure 4.7). The amplifier
monitors the pipette current (Ip) through a voltage drop (VRf ) across a feedback resistor
(Rf ) [150]. The amplifier receives positive input from a user-defined command potential
(Vcom) from the output source, i.e., the main amplifier, and a negative input from the
pipette potential (Vp). The current flows from the output of the amplifier due to the
different voltages in those two inputs. When Vp is equal to Vcom, the output potential
approaches zero value. If Vp �= Vcom, the amplifier will force Vp to follow Vcom by passing
feedback current across Rf to drive the inside of the cell to the command (Vcom) poten-
tial. This supplied current is equal in amplitude but opposite to the current carried by
ions flowing across the membrane. Thus, the flow (Ip) to clamp the cell membrane is
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proportional to the voltage drop (Vout − Vp) across the resistor, Rf , defined as:

Ip =
Vout − Vp

Rf

(4.6)

Since the feedback amplifier clamps Vp at Vcom, the Ip can be expressed as:

Ip =
Vout − Vcom

Rf

(4.7)

In practice, Ip is monitored by the differential amplifier that continuously measures
the difference between Vout and Vcom. Equation 4.7 shows that higher resistance (Rf ) gives
higher amplification gain and, hence, sensitive small current measurements. However, the
drawback of a higher Rf is the thermal noise (Johnson noise) that has an effect on the
current recording signals. Additionally, for high-resolution and low-noise recordings, Rf

must be as high as 50 GΩ, which requires high voltages that are unachievable by the
amplifier, limited by a power supply of around +12V. For this reason, large currents in
whole-cell configuration are usually measured with a lower feedback resistor ∼ 500 MΩ.
This is achieved either by coupling the resistive headstage to correction and compensation
circuits or by using capacitive headstages [151-152] to integrate the differentiated Ip
that produce noise. Today, commercial headstages are equipped with both resistive
and capacitive feedback amplifications that are available for both whole-cell and single
channel recordings respectively.

4.3.1 Patch-Clamp Configurations

As seen in Figure 4.8, cell-attached mode is obtained when the pipette is tightly sealed
to the membrane to allow recording single-channel currents from the patch [150].

The inside-out mode is achieved by pulling the pipette away to break off a membrane
patch and, hence, expose the inside of the plasma membrane to the external (bath)
solution. This is used to investigate single channel activity by exposing the intracellular
surface to a used-modified solution. One disadvantage of this method is the drop of some
important cytoplasmic components that modulate the behavior of ion channel proteins
[150].

Whole-cell mode is based on breaking the membrane patch by applying stronger
negative pressure and optionally voltage [150]. The pipette solution becomes continuous
with the cell cytoplasm [153] and, thus, enables the recording of the electrical potentials
and currents from the entire cell. The weakness is the dialysis effect, i.e., the washout
of diffusible but important cytosolic parts of the cellular compounds into the pipette
[154]. This effect may damage the properties and functions of ion channels, decreasing
the passing ionic currents over time and resulting in inaccurate measurements [155-160].

The outside-out mode is performed by slowly withdrawing the pipette during the
whole-cell configuration, causing stretching, rupturing and rearrangement of the mem-
brane. The membrane is resealed to form a patch with its intracellular face in contact
with the pipette solution; the outside of the membrane faces the bath solution. This
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configuration is most suitable when using pipettes with sub micrometer tips to allow
studying the extracellular ligand-gated ion channels and the effects of extracellular agents
on single-channel activity, despite the complexity to perform the experiments [161].

In perforated patch recordings [160], pore-forming substances are added to the pipette
solution to perforate a membrane patch (Figure 4.8B). This overcomes the challenge with
the dialysis effect associated with whole-cell recordings. Using polyene antibiotics such
as nystatin [156] or amphotericin B [162] as pore formers showed comparable access resis-
tances to those in the standard whole-cell technique [163]. The tip of the pipette is first
dipped into intracellular solution (ICs) for a few seconds before filling with antibiotics,
since antibiotics slow down GΩ seal formation. Thus, virtually voltage-independent ionic
channels, used for studies on voltage-dependent channels, will develop after 5-30 minutes
[164-166].

Figure 4.8: Recording methods for patch-clamp: (A) Cell-attached: The pipette is sealed tightly
on the cell membrane by applying mild suction. Whole-cell: By creating another brief but strong
suction, the cell membrane is ruptured and the pipette gains access to the cytoplasm. Inside-
out: In the cell-attached mode, the pipette is withdrawn and the patch is separated from the
rest of the membrane and exposed to air. The cytosolic surface of the membrane is exposed.
Outside-out: In the whole-cell mode, the pipette is retracted, resulting in two small pieces of
membrane that reconnect and form a small vesicular structure with the cytosolic side facing the
pipette solution. (B) Perforated patch recordings: the pipette solution contains a pore-forming
substance (e.g. nystatin), which perforates the membrane-patch under the pipette. A similar
whole-cell configuration is achieved without cell damage while the parallel opening of more pores
decreases electrical resistance.

Planar patch-clamp is a chip-based system in which the patch pipette is replaced by a
micro-sized pore in the bottom of a chamber (Figure 4.9). Negative pressure is applied to
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capture a cell, and ionic connectivity is established. However, this technological progress
for automation of the time-consuming traditional patch-clamp is currently only used
for whole-cell configuration on cultured or dissociated cells. The planar chips are made
either from quartz [167-168] or hydrophilic (PDMS) to improve GΩ resistance seals. The
planar approach is beneficial for the high-resolution, low-noise recordings due to the small
diameter of the aperture and the possibility to fabricate many apertures on the same chip
to enable multiple experiments simultaneously.

Figure 4.9: Schematic figure of typical planar patch-clamp device. An aperture of micrometer
dimensions is produced on the bottom of the chip, where the back cavity of the chip is filled with
EC solution. Cells in suspension are positioned and sealed onto the aperture using brief suction.
Further suction establishes electrical contact between the cell and the aperture.

4.3.2 Applications of Patch-Clamp Technique

Single ion channel patch-clamps were used for testing and for explaining the action of
a variety of agents such as NMDA, GABA, and opiate receptors [169-171]. Whole-cell
clamp [176] was used for studies on second messenger and G-protein mediation or regu-
lation of GABA, opiate, catecholamine, and somatostatin. The technique has been also
used to get information about neuronal and synaptic mechanisms and their responses to
drugs by obtaining the extracellular or intracellular application of ion-sensitive microelec-
trodes [172]. Voltage clamp recordings in vitro were used for analysis of the M-current
(a voltage-dependent conductance) by activation under slight depolarization, followed by
a hyperpolarizing step to develop inward current to study the enhancing effects of the
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opioid peptide dynorphin A on the current in the hippocampus [173].

4.4 Optical Spectroscopy

Optical spectroscopic techniques measure the spectral response of the interaction of light
with substances as a function of wavelength or frequency. The techniques are classified
according to the used light source and the nature of the interaction between the light
energy and the material [174].

4.4.1 Absorption Spectroscopy

UV-Vis absorption spectroscopy is often used to measure the absorption of light in a
material. Absorption occurs when the energy of the absorbed light matches the energy
required for a specific molecule to undergo an electronic transition from the ground state
to one or more higher excited states (Figure 4.10B) [175].

Figure 4.10: (A) The incident light, Io, and the transmitted light, I, through the sample, (B)
Electronic transitions for light absorbed by a molecule.

The Beer-Lambert law is commonly used in absorbance spectroscopy to determine
quantitatively the transmittance T = I/Io or the absorbance A = − lg(T ) from the
incident light Io on the sample and the transmitted light I through the sample. The
absorbance of a solution in low states is directly proportional to the concentration of the
absorbing species within the solution and the path length of light, defined as:
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A = lg10
I

Io
= εcL (4.8)

where A is the absorbance, Io and I are the intensity of the incident and transmitted light
respectively, L is the path length of the light through the sample, c the concentration of
the absorbing species in the solution, and ε is the constant molar absorptivity, which is
defined for specific species and wavelengths in a given solvent, at a particular temperature
and pressure (Figure 4.10A).

However, for a few complex molecules such as organic dyes (Xylenol Orange or Neu-
tral Red), a second-order polynomial relationship between absorption and concentration
applies instead of the Beer-Lambert law [176].

4.4.2 Experimental Setup

Conventionally, spectrophotometers are designed with a single beam, measuring the in-
tensity Io by removing the sample and then measuring the intensity I through the sample,
placed in the light beam. For dual beam configurations, this is achieved by splitting the
light into two beams where both I and Io are measured simultaneously.

Figure 4.11: A schematic setup of typical dual beam spectrometer with the following components;
UV-Vis light source,diffraction gratting or prism, pin hole (slit), filters, sample holders (cuvette)
and detectors connected to a computer for spectra analysis and imaging.

As seen in Figure 4.11, the light beam is first split into a bundle of monochromatic
wavelengths by a prism or a diffraction grating. A half-mirrored device splits a single
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monochromatic beam into two beams with equal intensities. A sample beam passes
through a transparent cuvette with a sample and another reference beam passes through
an identical cuvette without sample. The intensity of the light beams are then measured
and compared by the detector. The absorption spectra are then, after analysis, shown
on the monitor.

4.4.3 Applications of UV-Vis Spectroscopy

UV-Vis spectroscopic methods have benn used widely in both research and industry
for their simplicity, versatility, speed, accuracy and cost-effectiveness. The innovative
development of creating small, portable, and low power-consuming optical devices has
facilitated rapid measurements associate with short time and less risky clinical analyses.

In industry, the technique was used to analyze the dyes and pigments in individual
textile fibers [177], to study the microscopic paint chips [178], to study the color of glass
fragments, to determine the energy content of coal and petroleum-source rock by mea-
suring the vitrinite reflectance and to monitor colorimetric investigations, for industrial
quality control, for environmental monitoring [179], and for quality control of the thick-
ness of the deposited thin films in the semiconductor and in micro-optics industries [180].
In analytical chemistry, this method was essential, for example, to achieve quantitative
determinations of highly conjugated organic compounds such as transition metal ions
[181]. The use of miniature spectrometers in microbiology allows for the detection of
pathogens in the environment.

The technique has been successful for research applications in both microbiology and
biochemistry such as protein level resolving in solution, testing of pharmaceutical drugs,
determination of enzyme kinetics and microbial characterization and identification.

In clinical applications and diagnosis, this method has been well suited for monitoring
and isolating blood cells by spectrometers arranged at different angles [182]. In another
clinical application, the method was applied for patients with premalignant skin disease
to detect the malignant cells by measuring changes in tissue fluorescence associated with
the presence of sensitizers retained at the site of the malignancy [183].

Miniature spectrometers were used for reflectance and auto-fluorescence measure-
ments of the skin [184] to collect spectral data from different skin lesion types including
cancer. A miniature spectrometer was designed by mounting a micromachined diffraction
grating directly over a CCD detector imager to reduce the size of DNA sequencing in-
strumentation [185]. An innovative construction of sensor-based devices with dendrimer
thin film and miniature fiber optic spectrometer [186], that was suitable to acquire data
from dendrimer films prepared on simple, disposable plastic coupons or optical fibers.

The real-time, portable, and inexpensive detection of bacteria in the environment and
food samples also has important implications for the rapid detection of biological warfare
agents as well as for the real-time detection of live bacteria in environmental, food, and
process control samples. Related to our research,the method was used for hemoprotein
analysis [187-189] and protein assays for molecular biology [190-192].
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4.5 Oxygen Sensor System

The oxygen level in biological systems has a huge effect on the activity and viability of
cells. While LOC devices offer promising possibilities to control the gaseous environ-
ments, oxygen sensors (OS) are important tools to be integrated within LOC devices
to quantify the environmental and gaseous variations. The variations of OS types are
usually based on their functionality, sensitivity and the ease of function within the LOC
systems designed for various applications [193-197]. Most optical oxygen sensors (OOS)
operate on the principle of reversible luminescence, reducing of the intensity or excited-
state lifetime [198] of a luminescent indicator dye or luminophore. This process occurs
when the excited state energy of a fluorescent or phosphorescent indicator molecule is
transferred to another molecule such as oxygen rather than being emitted in the form
of a luminescence photon [199]. The quenching behavior can be explained by the Stern-
Volmer equation [200]:

τo
τ

=
Io
I

= 1 +KQ · τo · pO2 (4.9)

Where pO2 is the partial pressure of oxygen, KQ is the quenching rate constant, τo and
Io are the excited-state lifetime and luminescence intensity in the absence of oxygen,
respectively, and τ and I are the excited state lifetime and luminescence intensity at
the pressure of interest, respectively. The Stern-Volmer equation is even applicable when
using the dissolved oxygen concentration [O2] rather than O2, requiring different units for
KQ. This equation is used to measure oxygen concentrations or pressures with lumines-
cent probes. The detection of the luminescence intensity is generally easier to implement
than lifetime-based detection methods.

The typical setup for optical sensor detection is shown in Figure 4.12. The lu-
minophore is excited by light from an excitation source, which passes through an ex-
citation filter to select the best matched wavelengths for the excitation spectrum of the
luminophore. The emitted luminescence intensity is detected after passing through an
emission filter to remove any extraneous light not part of the emission spectrum. A
detector array such as a charge-coupled device (CCD) is used to detect the emitted lu-
minescence, allowing 2D oxygen concentration gradients to be determined. Simplified
setups without imaging optics ,except lenses, were designed for complete fluorescence
microscopy setups integrated with intensity imaging setups [201-204].

Lifetime-based oxygen sensing is based on the excitation light modulation and the
corresponding emission waveforms. The sinusoidal excitation modulation waveform likely
corresponds to a phase-based detection method, wherein the fluorescence lifetime affects
the phase shift between excitation and emission sinusoids. Conversely, the square-wave
excitation modulation waveform corresponds to a time-domain detection mechanism.
The most common time-domain lifetime detection scheme is the ”pulse-and-gate” method
[205-206], where the excitation light is modulated (generally by a square-wave pulse), and
the detector is gated so that it acquires windows of emission intensity data, generally
during the luminescence decay period.

The sensitivity of optical oxygen sensors is dependent on the luminophore, or lumi-
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Figure 4.12: Schematic figure showing the principle of oxygen sensors.

nescent indicator, which tells how readily its emission is quenched by oxygen [207] and its
stability against photobleaching and leaching into the tested sample. There are two main
groups of indicator compounds: ruthenium-based molecules or metallo-porphyrin-type
molecules. Other less commonly used oxygen-sensitive compounds include fluorescein
compounds [208], polycyclic aromatic hydrocarbons [205], and other organic compounds
[196].

4.5.1 Optical Fiber Oxygen Sensors

Fiber-based Optical oxygen sensors are commonly used, where the oxygen-sensitive dye
and encapsulation matrix are attached to the end of an optical fiber. The optical fiber can
provide the excitation light, carry the emitted luminescence to the detector, or both [202,
209-212]. In another study, layers of black silicone have been used to optically isolate the
sensor film from its surroundings in an array of sensors to obtain oxygen concentration
gradients [213]. Optical fibers with tip diameters of 5-10 μm could be produced even
though larger tips of 10-40 μm diameters are still used commonly for high signal strength
[208, 213]. Another approach was aimed to use the optical fibers for coupling the light
into and from a sensor film, fabricated on different substrates [214].

The fiber optic platforms have shown potential for coupling light to and from the
sensor and could be easily integrated with LOC for cell culturing by coating the ends
of on-chip waveguides with a special compound encapsulated in sol-gel to sense gaseous
oxygen concentrations [215].
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4.5.2 Application of Optical Oxygen Sensors

Optical oxygen sensors have been used widely for diagnostic measurements of oxygen
content in blood, in bioreactors or in cell cultivation, imaging intra- or extracellular oxy-
gen distribution, marine biology, and measurements of photosynthetic and respirometric
activity [216]. Optical oxygen sensors were also developed for the screening of aerobic
cell activities and biological degradation of pollutants and for toxicity tests [217].

Portable luminescent oxygen sensors have been applied in medical diagnostics for in
vitro test blood analysis [218], control of wound healing processes [219], measurement of
transcutaneous pO2 [220], and tumor hypoxia [221] as well as for continuous measure-
ments of dissolved oxygen during cell culturing to control cellular differentiation, viability,
and proliferation [44, 222-224].

Oxygen probes were tested for high-resolution microscopic in vivo microscopy of vas-
cular pO2 in rat brains [225]. Another approach consists of the encapsulation of an
indicator inside an inert nanoparticle [226] with a size of 10 nm, with the advantage of a
relative negligible mechanical perturbation. Nanosensors have been successfully used to
monitor dissolved oxygen in human plasma [227], to monitor cellular respiration [228],
and to measure the real-time oxygen concentration inside tumor cells under normal and
hypoxic conditions [229]. Another important measurement characteristic is to possess an
absorption band in the NIR region since the excitation light needs to penetrate the depths
of tissue [225]. Two-dimensional pO2 distributions were measured for the cross-section
of cultivated tissues which were immobilized on top of an optical sensor foil [230].
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Chapter 5

Methods and Materials

This chapter gives a review of the methods used in the experimental setups to create
a multifunctional system.

5.1 Preparations of Biological Samples and Solutions

5.1.1 The Biological Cells

In papers A and C, the neurons were prepared from slices taken from the brains of
male Sprague Dawley rats (3-6 weeks old), that were decapitated without anesthetics,
according to the ethical approval of procedures determined by the regional ethics com-
mittees for animal research (Ume̊a djurförsöksetiska nämnd, approval No. A13-08 and
A18-11). The brain was rapidly detached and placed in pre-oxygenated ice-cold (≤ 4

◦
C)

incubation solution containing (in mM) 150 NaCl, 5 KCl, 2 CaCl2 (×2H2O), 10 HEPES,
10 glucose, and 4.93 Trizma-base, pH 7.4, which was also used throughout the entire
slicing procedure. A vibratome (Vibroslicer 752 M, Campden Instruments, Leicester-
shire, UK) was used to cut 200-300 μm-thick coronal brain slices, which were allowed
to recover for at least 45 minutes in incubation solution at temperatures in the range
of 27-28

◦
C. The acute dissociation of the nerve cells from the slices was performed by a

glass rod (tip diameter of 0.5 mm) mounted on a piezo-electric bimorph crystal to apply
mechanical vibration at sites on slices composed mainly of a specific area (grey matter)
[231]. Dissociated cells were then inserted into a gravity-fed perfusion system with very
short tubing connected to the anoxic chamber to reduce mechanical damage to the cells
during the loading.

Fresh human RBCs were prepared from blood taken from a healthy volunteer (Papers
A and B). An amount of 0.05 ml blood was diluted in a 2 ml solution of phosphate-
buffered saline (PBS), pH 7.4, temperature 23

◦
C.

In paper D, RBCs from chickens (Fitzgerald Industries International, USA) were
pre-treated by washing, brief exposure to glutaraldehyde buffer solution and exhaustive
washing in saline solution before suspending in saline solution with 0.1% sodium azide.

37
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The RBCs were then incubated at 4
o
C to ensure a steady state of ion and water contents

before experimental treatment. The sample consisted of 0.05 ml RBCs diluted in 2 ml
ECs at pH 7.0, 22

◦
C.

5.1.2 Physiological Buffer Solutions

The physiological extracellular recording solutions (ECs) (papers A-D) were prepared
to match the fluid properties outside of the brain cells. The ECs were used as bath
medium and to expose the cells to different environments. The chemical compositions of
the ECs included 150 mM KCl, 10 mM CaCl2, 5 mM MgCl2, and 1 mM MES, titrated
to pH 7.0 with Tris base (Sigma Aldrich, Germany).

The intracellular solution (ICs) (papers A-D) was prepared to match the fluid prop-
erties within the cell. The solution was prepared using 195 mM KCl, 1 mM EGTA, 0.15
mM CaCl2, 4 mM MgCl2, and 4 mM ATP, titrated to pH 7.0 with KOH. The solution
was filtered using a 0.22 μm pore seal before adding as a pipette-filling solution.

The deoxygenated EC buffer solutions used in papers A and B were prepared
chemically by adding 20mg Natriumdithionit, Na2O4S2 (Sigma-Aldrich, USA) in 4 ml of
either PBS or ECs.

The deoxygenated EC buffer solutions used in paper C and D were physiologically
prepared one hour prior to the experiment by purging the solution with nitrogen N2

gas (AGA AB, Sweden) within a gas-tight glass container. The flow rate of N2 was
controlled while the oxygen levels were measured continuously by using an optical oxygen
sensor of a fiber optic probe (FOXY, AL3000, Ocean Optics, USA) connected through a
MultiFrequency Phase Fluorometer (MFPF, Ocean Optics, USA).

All solutions were prepared in sterilized bottles and sucked into the syringes of a
peristaltic pump system (HPLC, K-501, Germany) and a programmable pump system
(neMESYS, Cetoni, Germany).

5.2 Experimental Setups

5.2.1 Microfluidic Systems

In paper A, the concept of a PDMS-based microfluidic system with an integrated patch-
clamp micropipette was initiated, tested and evaluated. A pipette-like metal needle was
placed through tubing, in contact with the microfluidic channel, before pouring PDMS.
After finishing the microchip, the needle was removed and the micropipette was inserted
while avoiding sealing or damaging the tip of the pipette. To position the micropipette in
a desired channel on the mold (silicon wafer), the needle were inserted in contact with the
desired microfluidic channel on the silicon wafer by a lab-made designed cylinder-shaped
holder. This holder ensured a stable positioning of the pipette and operated as a mold for
the fabrication of the PDMS-based chip. The holder was designed with holes placed over
the external cylindrical area. The holes pointed to different positions on the rotatable
silicon wafer, corresponding to the different mold depths. This special holder enabled
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a precise positioning of the needle tip on a desired point, i.e., the channel in the LOC
where the biological cell was supposed to be investigated (Figure 5.1). After pouring and
curing the PDMS, the resulted microfluidic chip was sealed with a cover glass, equipped
with inlets and outlet and placed under the inverted microscope.

Figure 5.1: A) PDMS-based microfluidic chamber with a pipette-like needle for integration of a
patch-clamp micropipette. B) Schematic figure of the pipette integration within a PDMS-based
microchip.

The injection of the biological cells and the variations in the environment were gen-
erated by a pressure-driven flow generated by the pump system.

In paper B, a new model of the closed LOC made of PMMA material was designed
and fabricated using CNC micromatching technique. The CNC machined microchannels
were structured on the PMMA block (100×70×20mm) and sealed with a cover glass
using high-quality adhesive epoxy. The CNC drilling method was used to create holes
for the integration of the micropipette within the microchip, reservoirs, and in- and
outlets connected to the microchannels (Figure 5.2).

In paper C, the concept of the LOC system presented in papers A and B was
customized for patch-clamp electrophysiological investigations on single nerve cells. The
experimental setup was built on an inverted microscope (Axiovert 25 CFL, Carl Zeiss,
Germany), mounted on an optical table. The microfluidic channels were constructed with
approximately 100 μm depth and 100 μm width, connected to inlets and outlet adjacent
to the channels through gas-tight tubing and attached to two external pump systems
for inserting the cells and infusion of different buffer solutions. For integration of the
patch-clamp technique, the LOC was fitted on a lab-designed stage on the microscope,
as shown in Figure 5.3.

The lab-designed stage was made with CNC techniques using PMMA material. First,
the patch-clamp pipette holder, the headstage and 1D micromanipulator were aligned on
the PMMA platform (A) (Figure 5.3). This PMMA-based platform was fitted on and
aligned with the platform (B) to allow 3D movements and, thus, allow the pipette to
point diagonally onto the LOC. Platforms A and B were fitted together with the LOC
device on a stage made to fit on the microscope. This assembly allowed precise entrance
of the pipette into the chip. The micropipette was initially fitted into the specified
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Figure 5.2: PMMA-based microfluidic chamber including integrated patch-clamp pipette.

Figure 5.3: The lab-designed stage included (A) platform included patch-clamp pipette holder,
headstage and 1D micromanipulator, (B) platform with 3D movement’s possibility. A, B and
the LOC device (C) were fitted on the microscope by platform (D).

position inside the microfluidic channel using a novel design of sealed, hollowed and
screwed adapter. Thereafter, the pipette was connected to the patch-clamp amplifier
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using a pipette holder and a headstage, and it was moved towards the cell within the
channel. The experimental setup is seen in Figure 5.4. The experimental setup in paper

Figure 5.4: The experimental setup built on an inverted microscope, including patch-clamp,
microfluidic chip and optical tweezers.

D was based on further developments using combination of the systems from papers A,
B and C in a multifunctional experimental system as seen in Figure 5.5.

The PMMA-based LOC device was manufactured using CNC machining and manual
drilling. The CNC-machined microchannels of 150 × 40 μm in width and height at
the center of the chip were linked to manually drilled side-holes of 1.0 mm diameter to
function as four inlets and one outlet. A special diagonal hole for inserting the patch-
clamp pipette was drilled, to point toward the interaction zone of the channels. The
external ends of the drilled holes, as outlet and inlets, were threaded internally to enable
gastight connections of the channel system, through tubing, screws and fittings, to the
pump systems.

The microfluidic channels were sealed with a cover glass of 24 × 36 × 0.055 mm (Ger-
hard Menzal, Germany) using UV-curable adhesive material (EPO-TEK OG603, Epoxy
Technology, USA). The four inlets and the waste outlet of the final chip were connected to
two pump systems using gas-tight PEEK tubing (ScanTec, Sweden) for an independent
infusion of RBCs and EC buffer solutions. An inlet was designed especially for inserting
an oxygen sensing probe close to the interaction zone of the channels. The patch-clamp
micropipette was positioned and steered using an attached single-axel micrometer differ-
ential drive and fitted into the microfluidic chip, where the tip of the pipette was located
in the desired patching position within the channels.
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Figure 5.5: Experimental setup consisting of (1) LOC: gas-tight lab on a chip with an integrated
micropipette, combined with (2) optical tweezers consisting of a near infrared laser (NIRL),
mirrors (M), dichroic mirror (DM) and an infra-red blocking filter (IRBF) (to block the IR
laser, protecting the CCD), (3) UV-Vis spectrometer (UVVS) including an integrated optical
fiber (OF), (4) CCD camera of the microscope (to monitor the trapping dynamics and the pipette
cell patch), (5) oxygen sensor unit (OSU) connected to optical FOXY probe (OFP) inserted
into the inlet of the LOC), (6) patch-clamp set-up consisting of a micromanipulator (MDD)
connected to a patch-clamp headstage (HS) with a pipette holder (PH) for insertion of the patch-
clamp pipette (PCP) through an adapter into the chip, recording electrode (RE) connected to a
patch-clamp amplifier (PCA) through the HS and the reference electrode connected between an
inlet of the LOC and the HS.

The good quality sealing of the LOC due to the capillary effect was achieved by
attaching the rectangular cover glass to the LOC with the UV-curable adhesive material,
characterized by low viscosity, high optical transparency and higher biocompatibility
(USP Class VI). As seen in Figure 5.6, the etched side of the LOC was placed face-up.
A clean cover glass was positioned to cover the etched channel pattern and to enclose
the channels. The adhesive epoxy was carefully applied drop-by-drop to the edges of the
cover glass. The adhesive was then spread slowly by capillary action to form a micro-
sized thin layer between the two surfaces. After four minutes of full adhesive coverage,
a negative pressure was applied through the inlets of the LOC using the pump system.
This guaranteed that the cover glass was well-attached and it was possible to remove
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Figure 5.6: The CNC-machined microfluidic channels on PMMA material were connected to
the pump systems by manually drilled holes that extended to the side faces of the microfluidic
chip. The sealing was performed by (1) a cover glass placed on the channel surface, (2) drops
of adhesive epoxy placed on the corners of the attached cover glass and (3) negative pressure
applied through the side-holes joined to the channels.

Figure 5.7: UV light curing of the epoxy while applying negative pressure into the channels. The
figure shows (1) interaction (patching) zone, (2) microfluidic channels, (3) inlet for normoxic
EC solution, (4) inlets for the biological cells, (5) inlet for the anoxic EC solution, (6) inlet for
the probe of the oxygen sensor, (7) outlet and (8) the diagonal hole to insert the patch-clamp
pipette through the gas-tight adapter.

epoxy that might have run into the channels. The final step was to cure the adhesive
epoxy by applying UV light while keeping the negative pressure (Figure 5.7).
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5.2.2 Optical Tweezers

In Papers A, the optical tweezers were built on an NIR-diode laser (Lasiris, StockerYale,
USA), operating at 830 nm with a power of 150 mW. In this design, the steering and
expansion of the laser beam were made possible using a beam expander of two positive
lenses, mounted on two XYZ-translation stages (Thorlabs, USA), operated by adjusting
the optical path between the lenses. In papers B and C, the experimental setup
presented earlier (paper A) was modified by using an NIR-diode laser (IQ1A, Power
Technology, USA), operating at 808 nm with an average power of 200 mW.

In Paper D, the optical tweezers were built upon an NIR-diode laser (Renishaw,
UK) with a square beam profile of 5mm in size, operating at 830nm ± 1nm with an
average power of 300 mW ± 30mW (the trapping laser power was about 148mW). All
equipment was mounted on a XYZ-translation stage (Thorlabs, USA) to ensure precise
alignment. The trapping laser was steered through a system of mirrors (Thorlabs, USA)
into the microscope objective (100×, 1.4 NA, Olympus, Japan) through a dichroic mirror
(Chroma Technology, USA). In this design, the beam expansion was not necessary since
the intensity profile of the laser overfilled the back focal plane of the objective. The trap
situated at the focal distance of the microscope objective was aligned to the center of
the field of view of the charge coupled device (CCD) camera of the microscope. Laser
radiation affects mainly eyesight and skin.

Some safety procedures were taken to avoid the significant threat of used lasers on
vision, i.e., when the beam or a reflection of it enters the eye. This was achieved by
knowing the path of the beam, keeping body parts and reflective items out of the beam
path and wearing the correct safety goggles when the laser was on. For safe and ac-
curate alignment of the optical tweezers, an IR laser detecting card was used for beam
visualization.

5.2.3 UV-Vis Spectroscopy

In Papers A, B and D, the UV-Vis spectrometer (Ocean Optics, HR4000, USA),
equipped with an optical fiber, was integrated into the inverted microscope. The visible
light from the microscope passing through the sample, the objective and the dichroic
mirror (Chroma Technology Corp., USA), was split by a beam splitter; 20% of the light
was guided to the camera on the left-hand side of the microscope, and 80% was guided to
the right-hand side port of the microscope to the spectrometer (Figure 5.5). The optical
fiber, with a core size diameter of 50 μm, was aligned precisely onto the center of the
right-hand side-port of the microscope to collect the transmitted light.

5.2.4 Patch-Clamp

In Paper C, electric signal recordings were made between a reference electrode placed in
the outlet of the LOC mounted on an inverted microscope (Axiovert 25 CFL,Carl Zeiss,
Germany) and a recording electrode placed in the micropipette. Signals were recorded us-
ing an Axopatch 200A amplifier, a Digidata 1200 interface and analysis software program
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pClamp 7 (Axon Instruments, Union City, CA, USA). In Paper D, The electrophysio-
logical recordings were made between the reference electrode placed in one inlet of the
LOC, mounted on an inverted microscope (IX71, Olympus, USA), and a recording elec-
trode placed within the micropipette. The experimental setup was based on an amplifier
(EPC-7, HEKA elektronik, Germany), a Digidata 1200 interface and Data Acquisition
and Analysis software program, pClamp 7 (Axon Instruments, Union City, CA, USA).

Patch-clamp pipettes were pulled from borosilicate glass capillaries of 1.5mm OD,
1.16mm ID (PG150T-10, Harvard apparatus, USA) by two different pipette pullers. In
Paper C, the pipettes from borosilicate glass (GC150, Harvard Apparatus Ltd., UK)
were pulled horizontally using a pipette puller (Shutter P-97, Germany). First, the ends
of the glass capillary were clamped into the two arms of the device to align the middle
of the capillary with the heating filament. After adjusting values for the parameters in
the pulling sequence, heating, melting and electronically pulling, two micropipettes were
produced with the desired shapes.

In Paper D, the pipettes were pulled in two steps using a vertical Needle Pipette
Puller (David Kopf Instruments, Tujunga, CA, USA, Model 750). First, the capillary
was thinned over a length of 7-10 mm to obtain a minimum diameter of 150 μm. The
capillary was then re-centered according to the heating filament of the puller. In the
second step the thinned pipette was pulled until it broke to produce two pipettes with
tips of about 1-2 μm. For our experimental purpose, the puller was adjusted to produce
pipettes of good quality to fill out the required properties, i.e., the tip’s diameter and
taper’s length to be used for experimentation.

5.2.5 Oxygen Sensor

The oxygen content, within the LOC systems, (Papers A, C and D) was controlled
with a fiber optic oxygen sensor probe (FOXY probe, Ocean Optics, USA), connected
to the MultiFrequency Phase Fluorometer (Ocean Optics, Florida, USA). The oxygen
sensor was calibrated using calibration curves generated from standards concentration
values of O2 dissolved in anoxic and normoxic solutions. The second order Polynomial
algorithm was used for better curve fitting and accurate oxygen measurements in a broad
oxygen concentration range. The continuous visibility of the O2 concentration values was
achieved using a software program (OOISensors Oxygen Measurement Software) installed
on PC connected to the oxygen sensor system (Figure 5.5).

5.3 Methods of Review on LOC Technologies

A review article on LOC technologies in pharmacology, biology, tissue engineering and
biomedical engineering was presented (Paper E). The topic of this review was defined to
include LOC devices with emphasis on applications, designs, materials, commercialization
and manufacturing aspects related to specific biological issues such as biocompatibility
and cell viability. In particular, the recent developments of LOC system used for genetic
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analysis, cell culture, cell manipulation, biosensors, pathogen detection systems, diag-
nostic devices, HTS and biomaterial synthesis for tissue engineering were evaluated. The
increase of LOC devices in life sciences as innovative, accessible and cost-effective tools
was critically evaluated in terms of commercialization, research trends and opportunities
for future research on LOC systems.

Databases such as Scopus, Web of Science, Google Scholar, and Pubmed were most
used to select valuable reference items. The used keywords in searching were specified
by microfluidic, LOC, tissue engineering, biomedical engineering, polymers, biocompat-
ibility, cell sorting, analysis, manipulation and cell biology. The search was performed
either by using one keyword or a combination of two or more keywords.
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Results

This chapter reviews the experimental results presented in Papers A-D, including a
comprehensive discussion about the significance of the multifunctional setup to facilitate
the electrophysiological investigations of single biological cells under optimal control of
the surrounding. Furthermore, the chapter includes an overview of the literature study on
LOC technologies (Paper E) with emphasis on applications in the fields of pharmacology,
biology, and tissue engineering.

6.1 Experimental Results

The first model of a closed LOC device made of PDMS with an integrated patch-clamp
micropipette was designed, manufactured and tested (Figure 6.1). The experimental
results published in Paper A showed the possibility of the LOC system to be con-
nected, through macro-micro tubing, to a high-precision pump system for the insertion
of biological cells and for variation of environments using different solutions at different
flow rates. Measurements were performed on optically manipulated single human RBCs
within the microfluidic channel that were brought in contact with the integrated patch-
clamp pipette. A single RBC was selected, trapped and steered within the channels
towards the integrated pipette. The optical trapping dynamics were monitored by the
CCD camera in the inverted microscope while the absorption spectrum of the trapped
RBC was measured using a UV-Vis spectrometer under varying oxygen contents.

In the same paper, preliminary electrophysiological measurements on MPN neurons
were performed with the conventional patch-clamp in an open system, i.e., without using
microfluidic system or optical tweezers. The results showed that neurons transported by
a gravity-fed perfusion system react similarly to hypoxia compared to neurons dissociated
on the bottom of the Petri dish.

The fabrication procedures and the material of the LOC were modified as shown in
Paper B. The new microchip was designed with channel diameters of 900 μm for larger
types of biological cells such as neurons.

The CNC-designed microfluidic channels were created on PMMA. The micropipette,
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Figure 6.1: PDMS-based LOC system with an integrated patch-clamp pipette, connected to a
pump system and fitted on an inverted microscope.

integrated within the new functional design of the closed microchip, could be steered
carefully by a hollow screw into the LOC while the tip of the pipette was monitored
while entering the intersection zone within the T-shaped microfluidic channels. The
microfluidic channels were connected through gas-tight tubing to the pump system for
cell insertion and for environmental variations.

Single RBCs were introduced into the microchip at a low flow rate, optically manip-
ulated through the microfluidic channels to the tip of the micropipette and monitored
simultaneously. The micropipette was then precisely adjusted, using the hollow screw,
to attach the membrane of the trapped cell; and the process was monitored in real time.

Spectroscopic measurements were performed on the optically trapped cell, and the
absorption spectra were measured in a variety of the oxygenation contents by exposing
the cell to hypoxic and anoxic solutions using the pump system (Figure 6.1).

Three absorption spectra in the oxygenated, deoxygenated and re-oxygenated states
were measured (Figure 6.2). At time (t = 0), the absorption spectrum of the oxygenated
state showed typical spectral peaks of RBC at 540 nm and 576 nm [232]. The RBC
was exposed for 1 minute to the oxygen-free solution, showing a slow transformation to
the deoxygenated state with the typical peak at 560nm [239]. The spectrum was then
transformed back to the oxygenated state after 21 minutes.

A number of improvements were made on the first PMMA-based prototype to be used
for patch-clamp electrophysiological investigations of single neurons, as shown in (Paper
C).

The microfluidic channels were experimentally minimized to 100 μm in depth and
width. The channels were sealed by a cover glass with a new UV-curable epoxy to
create an optical transparency similar to glass microchips. The fine hollow screw was
replaced with a lab-designed 3D micromanipulation system. The microchip included
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Figure 6.2: Absorption spectra of a single optically trapped RBC, in contact with the mi-
cropipette in the microfluidic system in (A) oxygenated state (B) deoxygenated state and (C)
re-oxygenated state spectra.

the micropipette that was attached to the patch-clamp headstage. Together, they were
all mounted onto the lab-made platform that was designed to fit on the microscope.
This design provided more degrees of freedom to position the pipette in 3D within the
microfluidic channel (See Figure 5.3 in Chapter 5).

Additionally, an oxygen sensor was integrated to monitor the oxygen content within
the LOC device. The tip of the oxygen sensor probe was fitted into the channel where
the cells were investigated, through one inlet of the LOC.

The system was evaluated by series of experiments. The oxygen content within the
LOC was measured by the oxygen sensor, showing that in the normoxic state the O2

content was about 19-21%, while in the anoxic state, achieved by N2 purging of oxygen-
free solution, the O2 content was about 1±0.5%.

In another experiment, electrophysiological measurements of an optically trapped
nerve cell in the open system were performed successfully, showing no remarkable in-
fluence of laser radiation on the patch-clamp measurements (Paper C). The nerve cell
was trapped by optical tweezers steered to the recording micropipette of the patch-clamp
setup. After a successful patch was achieved, several recordings were made. A protocol
of 12 voltage steps from -74 mV to +56 mV with a delta level of 10 mV was applied to
create voltage gated currents. Figure 6.3 shows the protocol applied to a nerve cell in
the optical trap and to a nerve cell using conventional patch-clamp experiments.

No voltage-gated components could be observed in any of these cells. Magnified parts
of both recordings displayed to show that the noise level of the signal does not increase
when measuring cells within an optical trap. Gap-free measurements were recorded
in voltage-clamp and current-clamp modes (Figure 6.4). No synaptic events could be
detected in any of these recordings. The lack of voltage-gated components and synaptic
events implied that the nerve cell was not a neuron but a glial cell.

Finally, the gas-tight LOC system with the integrated micropipette was placed on the
microscope stage and connected to the pump systems for the insertion of cells and for
varying the oxygenation state of the solution. The micropipette was carefully inserted
with the micromanipulator through the hollow screw into the intersection zone within the
microfluidic channel and monitored visually. The cells were introduced to the microfluidic
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Figure 6.3: Experiments testing if the infrared laser of the optical trap influenced the electro-
physiological patch-clamp recording. The top figure shows the recording of a nerve cell patched
while in the optical trap, and the bottom figure shows the same protocol applied to another nerve
cell without the laser beam of the optical tweezers. Comparison of magnification from both
registrations shows no increase in the noise level from the nerve cell within the laser beam.

channel system at a low flow rate to enable the selection of a healthy cell. Several nerve
cells were brought in contact with the micropipette, and seal resistances up to 90 MΩ
were achieved. However, the viability of the cells was weak, and no GΩ seals could be
produced.

In Paper D, a new form of gas-tight LOC was developed, tested and verified for
patch-clamp investigations on single RBCs under precise control of hypoxic and anoxic
conditions. The oxygenating states of the cell were monitored by an UV-Vis spectrom-
eter. At the same time, the oxygen content was monitored by an oxygen sensor. The
LOC, combined with other techniques, i.e. optical tweezers, optical sensor and UV-Vis
spectrometer and patch-clamp, was built as a multifunctional platform to fit onto an
inverted microscope. The pump systems enabled the best infusion of RBCs and buffer
solutions into the microfluidic channels with flow rates lower than 0.5 μl/s.
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Figure 6.4: A nerve cell in the optical trap showed no synaptic events. Neither the gap-free
voltage-clamp recording (left) nor the current-clamp (right) recording displayed any sign of
synaptic activity.

The gas-tight LOC including the micropipette was positioned on the microscope stage
and connected to the pump systems for the insertion of RBCs and for the infusion of the
solutions of different oxygen contents at a low flow rate (0.1 μl/s). The micropipette was
carefully inserted into the microfluidic channel and monitored visually. A total of 3-4
RBCs were trapped by optical tweezers and manipulated within the microfluidic channels
towards the interaction zone, where the tip of the micropipette was located. The trapping
dynamics were recorded in real time using the CCD camera of the microscope. The LOC,
including the integrated micropipette, was precisely moved in 3D related to the fixed trap.
The micropipette was moved precisely to place the tip onto the membrane of the cell.

To verify the gas-tight functionality of the LOC system, measurements of the oxygen
content within the chip were recorded with the oxygen sensor. The viability of the RBCs
was tested and verified with UV-Vis spectroscopy. The values measured by the oxygen
sensor were registered as 0 - 0.5% O2 within the channel when a 0% buffer solution was
purged into the microchannel system. The UV-Vis spectroscopic measurements were
taken by first measuring and monitoring the absorption spectra of the trapped cells in
real time during exposure to a normoxic ECs with 18% O2. The environment was then
changed to a 0% O2 level using the oxygen-free ECs. The absorption spectra of the RBCs
transformed from the oxygenated to the deoxygenated state according to the time series,
as seen in Figure 6.5A.

At the beginning of the experiment (t=0), the absorption spectrum was measured
in the oxygenated state. The spectrum showed peaks at 540 nm and 575 nm, which is
equivalent to the reported spectra of RBCs from chickens [233]. The trapped RBCs were
then deoxygenated using a flow of 0 - 0.5% O2 buffer solution, and a time series of spec-
tra showed the gradual transformation from the oxygenated to the deoxygenated state
(Figure 6.5). The fully developed absorption spectrum of the RBC at the deoxygenated
state showed a typical peak at 553 nm [233]. To prove the gas-tight efficiency of the
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Figure 6.5: (A)Absorption spectra from approximately four optically trapped chicken RBCs.
Peaks at the straight lines indicate oxygenated state and at the dotted line, deoxygenated state.
At t=0 we see the oxygenated state. After 289s of flow with 0% O2, the deoxygenated state
was reached. After that the flow was stopped to see whether oxygen could diffuse into the LOC.
After 5400 s the deoxy state was still measured, and a flow with 18% O2 was started. After 428s
the oxygenated state was reached again. The figure shows the measured oxygen content values
within the channel in relation to time in the spectra. (B) Shows tabled values of the spectral
transformation in time and the related measurement of [O2].

LOC, the flow of 0% O2 buffer solution was stopped to examine the eventual diffusion of
the atmosfair O2 into the microfluidic channel. The related absorption spectra showed no
remarkable change of the deoxygenating state during 5400s. This ensured the viability of
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the RBCs under long-term measuring as well as the gas-tight functionality of the LOC.
Finally, the cells were exposed to normoxic ECs (18% O2), showing a gradual return of
the spectra to the oxygenating state. The percentage values of O2 within the channels
were measured by the oxygen sensor and monitored related to the absorption spectra
under oxy-deoxy-oxy transformation, as included in Figure 6.5.

A further experiment (Paper D) was conducted to evaluate the LOC system for
experimental conditions to perform electrophysiological measurements on the trapped
cell. The results showed that the chip was capable of being used for electrophysiological
measurements on the trapped cell. Patch-clamp pipettes with open-tip resistances of
8 - 10 MΩ were moved slowly towards the trapped cell to ensure contact between the
tip of the pipette and the cell membrane to form high-seal resistance. The changes
in pipette and access resistances were measured with the EPC-7 patch-clamp amplifier
prior creating the seal. Negative pressure was applied gently on the solution within the
pipette to create a seal. After a successful patching, the values of the whole-cell access
(Ra) and the membrane (Rm) resistances were measured directly to be 5.1 MΩ and 890
MΩ, respectively.

6.2 Review of LOC Technologies

In Paper E, an amount of 978 articles were collected to produce an up-to-date review on
polymer-based LOC devices with a comparative overview of the materials used and their
properties, including advantages and disadvantages related to different LOC fabrication
techniques and biological cell-based applications. About 398 well-cited articles were
selected to be included in the review, mainly based on the relevance to the topic of LOC
devices within the fields of biology, pharmacology and tissue engineering. The result
of this review article included a brief explanation of the most common custom designs
of LOC systems that fulfill the requirements of each single biological application. The
complexities of the systems were reviewed, showing LOC devices as fundamental tools
to facilitate both advanced applications and basic research into the biology of cells and
tissues.
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Chapter 7

Discussion

This research reviews the new approach of combining a gas-tight LOC system with
optical tweezers, optical spectroscopy, optical sensor and patch-clamp technique in an
experimental system to allow electrophysiological and spectroscopic investigations on
single biological cells in controllable environments. The concept of moving a patch-
clamp pipette against the investigated biological cells was replaced by moving the cells
in 3D to a fixed pipette within the LOC system.

The challenge with the patch-clamp technique is the limited physiological control of
the gaseous surroundings of the investigated cells. The reported transformation from
hypoxic to anoxic conditions, related to the concentration levels of O2 was found to
be between 1-4% (10-30 mm Hg) [234]. Earlier electrophysiological studies on oxygen
deprivation, e.g. stroke, produced hypoxic conditions either by inducing chemical oxygen-
free environments or by exposing cells or tissue to oxygen-free buffer solutions in open
systems. In both cases, the effective oxygen content in situ could not be sufficiently
controlled due to the diffusion of ambient oxygen, and often the oxygen content is close
to the one present in vivo (about 6%) [235]. Furthermore, those estimations are far
from providing a precise value of the oxygenation states of the investigated cells. This is
understandable since the traditional patch-clamp technique works by exposing the cells
to ambient oxygen solutions in open system.

In our preliminary experiment using traditional patch-clamp on neurons lying in an
open Petri dish, the lowest oxygen content achieved by the oxygen sensor was about
4.5%.

This insufficient control of O2 in open system was evaluated by a new concept of
oxygen control introduced in (Papers B and C). The idea was to perform patch-clamp
experiments with full control of environments by replacing the open system with a closed
chamber developed using LOC technologies. The designed, tested and validated LOC
system (Paper B) could offer complete control of changes in oxygen and ion concentra-
tion in the fluid that surrounded the investigated nerve cells. This gas-tight functionality
of the LOC enabled electrophysiological investigations (Paper C and D).

Additionally, LOC combined with other techniques could be used to perform multiple
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investigations on single cells under controlled environmental conditions.

Using optical UV-Vis absorption spectroscopy was useful to monitor the oxygenation
state and viability of the investigated cells in real time. The oxygen content within
the LOC chamber was measured by the integration of an (OOS) system. The probe
of the oxygen sensor was included in close contact near the investigated cell to ensure
accurate oxygen measurements. Thus, by taking continuous spectroscopic measurements
and watching the O2 - concentration values, the hypoxic and anoxic conditions could be
defined precisely.

In Paper A, the microfluidic chips were designed with soft lithography using PDMS
material to demonstrate, as proof-of-principle, the integration of the patch-clamp pipette.
The chip as a core of the multipurpose system was combined primarily with optical tweez-
ers and optical spectroscopy. Experiments were performed successfully to insert the RBCs
into the microfluidic chip as well as to select, trap and steer single RBC optically through
the microchannels towards the tip of the integrated pipette. Spectroscopic investigations
were performed to measure the absorption spectra in a variety of the oxygen contents.

Experimentally, the fabrication procedures of the LOC device using soft lithography
and the integration of the patch-clamp pipette were complicated and time-consuming.
Additionally, PDMS material has a higher permeability to air compared to other materi-
als such as glass, silicon or PMMA [236]. Despite the oxygen plasma treatment of PDMS
surfaces while sealing the channels with cover glass, the hydrophilicity of PDMS could
be maintained only for a short time, and the mass production of microfluidic chips for
longer-duration experiments was impossible due to the deformation or the sealing of the
channels.

It should be mentioned that for patch-clamp investigations, the PDMS-based mi-
crochips could only be used one time since the micropipette should be changed for each
experiment. This requires new chip for each experiment and thus new procedures for
inserting new samples and fluids. In addition, the process of creating macro-micro con-
nections and reservoirs, either prior to pouring the PDMS or afterwards, showed uneven
precision and repeatability.

Therefore, the PDMS-based microfluidic chips were replaced by PMMA-based LOC
(Paper B). The reason for choosing PMMA was based on its properties associated
with higher impermeability to air that improves the gas-tight functionality, simplicity of
fabrication and integration of the pipette, low cost, high efficiency, high optical access
and the ability to create one multi-use chamber for multiple measurements.

The CNC machining technique offered an innovative and easier way to design and
fabricate the chip and to integrate the micropipette. This gas-tight LOC system offered
the possibility to analyze individual cells under environmental control with a minimum
diffusion of O2 into the microfluidic channels during the measurements. The LOC was
experimentally tested to manipulate biological RBCs towards the integrated micropipette
while spectroscopic measurements were performed under controllable oxygen contents.

The experimental result showed a simple and accurate positioning of the micropipette,
improved monitoring of the sample, and air-tight sealing. In addition, the system enabled
integration of other techniques to the PMMA-based platform on the microscope such as
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optical spectroscopy to monitor the spectral response related to the oxygenation states
of the cell and optical tweezers to enable the manipulation of the cell.

This system was applied in the following patch-clamp experiments on neurons (Paper
C), by introducing supplementary improvements. The transportation of the cells to the
LOC chamber was controlled, the mobility of the cells was improved and the stress on
the cells was minimized, which in turn enhanced the viability of the biological cells. Ad-
ditionally, Oxygen sensor system could be integrated within the LOC to provide accurate
measurements of the [O2] within the microchannels.

The fluid flow within the LOC was improved for better cell selecting and sorting. The
tendency of the nerve cells to stick onto the inner walls of the channels and the cover glass
has shown the inflexibility and difficulty to trap the cells by the optical tweezers. This
challenge was investigated and improved by a new generation of LOC including channels
coated with anti-stick polymeric materials. Additionally, the viability and the transport
of the nerve cells within the LOC showed improved results due to shorter transport paths,
efficient design of the channel system and optimized flow.

The wavelengths of the laser light in the NIR region, were chosen to minimize the
effect of laser light on cell viability while keeping the possibility to manipulate cells
optically in 3D (Paper C). This approach was experimentally validated by performing
electrophysiological measurements on both of a trapped and a non-trapped cell, showing
similar noise level in both cases. Additionally, the transparency of the PMMA-based
LOC provided valuable visibility of the pipette while entering the chip.

In Paper D, the concept of a multifunctional system was demonstrated within a
new, complete and functional prototype of the LOC for patch-clamp and spectroscopic
investigations on single RBCs from chickens during changes of the oxygen contents. The
improvements initiated in the previous experiments were introduced in the concluding
experiments. The experimental results of patching an RBC showed promising potential
to perform complete patch-clamp measurements on other biological cells like neurons
under acute anoxic conditions. The time series of the absorption spectra measured by
UV-Vis spectrometer showed that the cells were viable for a long experimental timeframe
and that the LOC was convenient to allow full control over the oxygen content.

In Paper E, the review showed that LOC technologies for cell biology are essential for
many investigations of individual cells or cell cultures. The design, methods of fabrication
and related materials, and the specific functionality of the LOC devices are varied widely
and thus those conditions are usually modified depending on the nature of the experiment
and the application.

As shown in this thesis, the idea to modify the patch-clamp technique to enable elec-
trophysiological measurements on single cells with full control of the environment proved
to be feasible. Using the developed gas-tight LOC device combined with optical tweez-
ers, patch-clamp, optical spectroscopy and oxygen sensing technique in a multifunctional
system, the potential to perform multiple investigations on single cells under controlled
environmental conditions was validated.
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Chapter 8

Conclusions

The aims and related research challenges introduces in Chapter 3 in this thesis were
carefully examined. All appended papers in this thesis contribute to the main aim of
presenting a prototype of a gas-tight LOC system built to control the hypoxic envi-
ronment during patch-clamp electrophysiological investigations on single biological cells.
The multifunctional LOC system, combined with other techniques such as optical tweez-
ers, optical spectroscopy and oxygen sensors, was tested and validated to function with
the patch-clamp technique.

The particular aims were to create a prototype of (LOC) to enable the integration of
patch-clamp micropipette and to provide a gas-tight control of the hypoxic environments.

Experimentally, series of LOC devices were developed to ensure the gas-tight func-
tionality, the best integration of patch clamp technique and the potential to include
other techniques. The final gas-tight prototype of LOC was validated as an alternative
to replace the traditional open system conventionally used in patch-clamp experiments.
Measurements were performed to verify the air-tight performance using oxygen sensor
to measure the oxygen content within the chip as well as the measurements of the ab-
sorption spectra using UV-Vis spectroscopy on the patched RBCs. The results showed
a strong potential for using this LOC prototype with electrophysiological hypoxic and
normoxic investigations. The experimental system including all techniques was, after fur-
ther improvements, tested and verified successfully with a series of electrophysiological
experiments on neurons and RBCs in controlled environments.

The simplicity and stability of the developed system has the future potential to mea-
sure the function of Ngb on the electrophysiological functioning of neurons. Additionally,
this setup showed the potential to be easily combined with other optical and spectro-
scopic techniques to assist with multiple investigations of biological cells. The subsequent
ambition is to use this system as a mini laboratory that has benefits in the areas of cell
sorting, pharmaceuticals, patch-clamp, and fertilization experiments where the gaseous
and biochemical contents are of importance. The up-to-date LOC technologies within
the fields of biology, pharmacology and tissue engineering were reviewed. The most com-
mon designs of LOC and related applications in biology and biomedical engineering were
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discussed and it was clearly shown, that LOCs will have an increased impact in Life
science.

Furthermore, the obtained gas-tight functionality and the feasible control of the
gaseous environments within the LOC devices is valuable for many areas of research
that demonstrate the need for environmental control. One possible application is to use
the LOC to provide direct insight into the behavior and growth of anaerobic microorgan-
isms. Additionally, the developed LOC is functional for studying the effects of changing
chemical and physical conditions on the morphology and function of biological cells in
environmental gradients.
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Future Outlook

The performance of the microfluidic system could be further improved to achieve
optimal control of the cell transport to the LOC. The next approach is to further enhance
the viability of the nerve cells by optimizing the fluid flow profile using a minimized path
for cell transport. One accessible approach is to modify the existing LOC to act as a
Petri dish for direct cell dissociation from the brain tissue as well as for cell investigations.
This can be realized by creating a 3D conical dish-like basin on the top of the chip. This
proposed design is expected to show similar gas-tight functionality and improve the
viability of the cell by eliminating the process of cell transportation from the Petri dish
through the pump system to the chip.

In another design, the 3D freedom to move the pipette can be maintained by designing
a dish-like chamber closed with a gas-tight cover. The chamber will have side inlets and
outlets. The pipette will be inserted from the side area of the chamber, allowing the
pipette to point in 3D to the patch area within the chamber. Additionally, a design with
gas-tight material will be created to ensure the gas-tight functionality of the chamber.
This configuration will help the experimenter to control the outflow of the fluids exposed
to the cell and, at the same time, enable 3D movement of the pipette within the chamber
to attach to cells.

Those LOC systems can be modified further to incorporate other functionalities or
environmental issues such as pressure and temperature control and to be adapted in most
patch-clamp configurations without expensive modifications. The LOC could also be
used to measure cell mechanics such as sheer stress under environmental changes. Other
considered improvement is to integrate other optical techniques within the experimental
setup such as Raman spectroscopy to gain multiple information of the investigated nerve
cell during the electrophysiological measurements.

The long-term goal of this project is to study the response of individual neurons
and defense mechanisms in hypoxic conditions, as a new way to understand cell behavior
related to Ngb for various diseases such as stroke, Alzheimer’s and Parkinson’s. This may
be performed by using the existing gas-tight, multifunctional LOC to study influences of
Ngb concentrations and actions on neuronal activity during hypoxia and anoxia.
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sol-gel based planar oxygen optodes for use in aquatic sediments. Mar. Chem. 97,
262-276 (2005).

199. Bergman, I. Rapid-response atmospheric oxygen monitor based on fluorescence
quenching. Nature 218, 396 (1968).

200. Wilson, L., Matsudaira, P.T. and Sheetz, M.P. in Laser Tweezers in Cell Biology,
vol. 55, Access Online via Elsevier (1997).

201. Holst, G. et al. A modular luminescence lifetime imaging system for mapping
oxygen distribution in biological samples. Sensors Actuators B: Chem. 51, 163-170
(1998).

202. Park, E.J., Reid, K.R., Tang, W., Kennedy, R.T. and Kopelman, R. Ratiometric
fiber optic sensors for the detection of inter-and intra-cellular dissolved oxygen.
Journal of Materials Chemistry. 15, 2913-2919 (2005).

203. Itoh, T., Yaegashi, K., Kosaka, T., Kinoshita, T. and Morimoto, T. In vivo vi-
sualization of oxygen transport in microvascular network. American Journal of
Physiology-Heart and Circulatory Physiology. 267, H2068-H2078 (1994).

204. Nock, V., Blaikie, R.J. and David, T. Patterning, integration and characterisation
of polymer optical oxygen sensors for microfluidic devices. Lab on a Chip. 8,
1300-1307 (2008).

205. Liebsch, G., Klimant, I., Frank, B., Holst, G. and Wolfbeis, O.S. Luminescence life-
time imaging of oxygen, pH, and carbon dioxide distribution using optical sensors.
Appl. Spectrosc. 54, 548-559 (2000).

206. Kellner, K. et al. Determination of oxygen gradients in engineered tissue using a
fluorescent sensor. Biotechnol. Bioeng. 80, 73-83 (2002).

207. Benninger, R.K. et al. Time-resolved fluorescence imaging of solvent interactions
in microfluidic devices. Opt. Express. 13, 6275-6285 (2005).

208. Vanderkooi, J.M., Maniara, G., Green, T.J. andWilson, D.F. An optical method for
measurement of dioxygen concentration based upon quenching of phosphorescence.
J. Biol. Chem. 262, 5476-5482 (1987).



78 References

209. Gatti, S., Brey, T., Müller, W., Heilmayer, O. and Holst, G. Oxygen microoptodes:
a new tool for oxygen measurements in aquatic animal ecology. Mar. Biol. 140,
1075-1085 (2002).
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ABSTRACT   

We present a new approach of combining Lab-on-a-chip technologies with optical manipulation technique for accurate 
investigations in the field of cell biology. A general concept was to develop and combine different methods to perform 
advanced electrophysiological investigations of an individual living cell under optimal control of the surrounding 
environment. The conventional patch clamp technique was customized by modifying the open system with a gas-tight 
multifunctional microfluidics system and optical trapping technique (optical tweezers).  
The system offers possibilities to measure the electrical signaling and activity of the neuron under optimum conditions of 
hypoxia and anoxia while the oxygenation state is controlled optically by means of a spectroscopic technique. A cell-
based microfluidics system with an integrated patch clamp pipette was developed successfully. Selectively, an individual 
neuron is manipulated within the microchannels of the microfluidic system under a sufficient control of the environment. 
Experiments were performed to manipulate single yeast cell and red blood cell (RBC) optically through the microfluidics 
system toward an integrated patch clamp pipette. An absorption spectrum of a single RCB was recorded which showed 
that laser light did not impinge on the spectroscopic spectrum of light. This is promising for further development of a 
complete lab-on-a-chip system for patch clamp measurements. 

 
Keywords: Optical Tweezers, neurons, microfluidics, patch clamp, hypoxia, anoxia and spectroscopy. 
 

1. INTRODUCTION  
The analyses of living cells using “Lab on a chip” has grown up to be an essential tool in the fields of cell biology as 
illustrated by the large number of publications in recent years. Microfluidic systems have shown unique advantages in 
investigative roles such as control of cell transport, immobilization, and manipulation of biological molecules and cells, 
as well as separation and mixing of chemical reagents1,2. This enables an advanced analysis of intracellular investigations 
on a single-cell level.  

Furthermore, combining microfluidic systems3 with optical manipulation techniques4, 5 have emerged as powerful tool in 
various applications, especially the great impact on the ongoing revolution in of cell biology and biotechnology6,7. As a 
result, several studies relating to single cell manipulation in environment-controlled microfluidics system for biological 
cell analysis have been published during the past few years8, 9,10. Consequently, it is also valuable to apply this system for 
advanced electrophysiological investigations of single biological objects in a micro-level control of cell environments. 

The background of the research is the need of developing tools to study the functional role of a new discovered oxygen-
binding hemoprotein called neuroglobin (Ngb)11 that is found mainly in some types of neurons. The protein has been 
shown to have a protective role against hypoxia-related damage in the brain such as at stroke12,13. The localization and 
the chemical composition of the protein have been studied and identified14,15,16,17,18 while an enormous desire is to learn 
about the functional role of the protein in vivo, i.e., inside the biological cells and under hypoxic and anoxic 
physiological conditions. In addition, it is important to investigate how Ngb affect the electrophysiological signaling 
capacity of the neurons in various environments in real time in order to understand the protective role of Ngb in the 
brain19. 
The main approach is to develop a sealed multifunctional microfluidic system combined with optical tweezers and 
traditional patch clamp method to register the electrophysiological activity of individual neurons while the surrounding 
environment was changed experimentally. This system offers the possibility to select, trap and manipulate a single 
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Figure 1: The principle of patch clamp. 
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neuron through a microchannel system to record the neuronal activity related to ngb concentrations during hypoxia and 
anoxia while controlling the oxygenation state of neurons by means of optical spectroscopy.  
 

2. MATERIALS AND METHODS  
The technical approach in this study was to develop and combine several methods into a complete system. The idea was 
to select and steer single neurons by optical tweezers through the gas-tight microfluidic system towards a fixed patch 
clamp micropipette for electrophysiological measurements. Optical spectroscopic measurements will simultaneously 
measure the oxygenation state of the hemoprotein that is exposed to changing oxygen conditions. The materials and 
methods used in our experimental work are presented briefly below. 

2.1 Patch clamp technique 

Patch clamp20 is a well described technique to 
measure and analyze the electrophysiological 
activity of an individual biological cell under 
variable surroundings by recording the 
capacity of the tiny electrical signal across the 
ion channels in plasma membrane of the cell21. 
A solution-filled glass micropipette with an 
opening of one micrometer is moved slowly 
with a micromanipulator to attach the 
membrane of the cell located in the bottom of 
an open Petri-dish. An experimental giga 
“seal”22 giga-ohm resistance is build up 
between the membrane of the cell and the 
micropipette by means of negative pressure 
allowing a high-resolution registering of the 
electrical signal. The recording is performed 
through a recording electrode inside the patch 
clamp pipette and another reference electrode 
located in contact with the cell's immediate environment which is varied experimentally by a perfusion system (Fig. 1). 

An observable problem with the patch-clamp technique is to obtain stable giga-seals.  The configuration of the giga ohm 
seal may change depending on which types of cell are investigated. It is determined by the surface properties of the tip, 
cellular properties such as cleanliness or effectiveness and mainly depend on the large extend of experience and patience 
of the researcher to perform a complete investigation. Patch-clamp setup’s sensitivity to the vibrations requires a careful 
micro positioning of the pipette which may make the patch-clamp technique very time-consuming and labor-intensive. 
The resulting very low experimental throughput (i.e., few cells measured per day by one operator) limits the possibilities 
to exploit the high information of the cell under the whole investigation. 

Additionally, for our point of research, this open system cannot assemble the requirements of electrophysiological 
investigations in sufficient control of the oxygen content surrounding the neuron. Therefore, new approaches allowing 
higher throughput have been developed by modifying and replacing the open system with a sealed multifunctional 
microfluidic system and optical manipulation capabilities. The concept is to replace the traditional way of moving the 
patch clamp micropipette toward a cell laying in open system, by applying the optical tweezers to select, trap and steer 
the single cell to be moved through the microchannels towards a fixed, molded micropipette within the microfluidic 
system. The environment surrounding the neuron is changed by applying flows of solutions with varying oxygen levels 
through the microfluidic system. 

2.2 Optical Techniques  

Optical tweezers have been used to manipulate biological cell with high 3D-precision and without mechanical contact. 
To achieve strong optical trap, a near infrared laser beam is first expanded and thereafter highly focused by a microscope 
objective having a high numerical aperture (NA) onto the sample.  
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The theoretical approach of the optical manipulation technique has been investigated widely, therefore we present only 
the experimental configuration of the optical tweezers related to our setup. 

The construction of the optical tweezers was achieved by using an IR- diode laser, operated at wavelength   = 830nm, 
and power P = 150 mW (Lasiris, StockerYale, USA). The laser was mounted on a commercial inverted optical 
microscope (IX 71, Olympus, Japan) built on a vibration-isolated table (Technical Manufacturing Corporation, TMC, 
USA) to minimize the noise due to vibrations. The wavelength of the laser was chosen to minimize heating of the sample 
and to avoid the photodamage, since biological samples have minimal absorption in the near infrared wavelength23. 

The beam of the laser light was expanded by two convex positive lenses, f1= 25 mm, f2= 5mm and then guided through a 
system of mirrors (Thorlabs, Sweden) into the microscope to overfill the back focal plane of the objective (100X 1.4 NA, 
oil immersion; Olympus)  to obtain a maximum of the trap stiffness. The laser light passed through a dichroic mirror 
(750-dcspxr, Chroma, USA) and focused strongly through the objective on the sample. The dichroic is chosen to give 
maximum reflectance of the trapping laser light into the objective and at the same time allowing transmission of the 
detection laser and visible light for the imaging.  

Precise movement of the sample with respect to the laser tweezers was achieved by using an integrated nanometer 
precision translation stage (Olympus, Japan).  Simultaneously, the oxygenation state of the cell in our setup was 
monitored by integrating an optical spectroscopic technique. A high-resolution optical UV-Vis spectrometer (Ocean 
Optics, HR4000, USA) was included in which light passing through the sample was captured through an optical fiber 
(Fig.2). 

 
2.3 Microfluidic system 

The field of microfluidics deals with behavior, precise control and manipulation of fluids in systems associated with a 
micro-sized volume and low-energy consumption for applications in medical, biological and chemical sciences24. This 
field of research interconnects many different fields such as engineering, physics, and biotechnology. The general 
applications are many such as inkjet print heads, DNA chips, micro-propulsion, micro-thermal technologies and lab-on-
a-chip technology. Among the variety of techniques employed for the construction of microfluidic channels, we used the 
photolithographic technique25,26 to manufacture the silicon master and the soft lithographic technique27 to create the 
microfluidics channels in PDMS polymer substrate.  

The manufacturing process of a microfluidics system requires usually special clean room facilities; however we have 
made a lab-build setup to offer sufficient conditions of the manufacturing process.  

Figure 2: Optical tweezers and optical spectrometer integrated with an inverted microscope, mounted 
on vibration-free optical table. 
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4. EXPERIMENTAL RESULTS 
Experiments were done to create a macro-micro connection between the developed multifunctional microfluidic system 
and the pump system for the inserting of the cells into the microfluidics system and environment’s variation. Then, a 
single RBC was selected and trapped and manipulated within the microfluidic channel system toward the integrated 
patch clamp pipette. The trapping dynamics was recorded in real time with CCD camera integrated within the inverted 
microscope while the absorption spectrum of a trapped single RBC in contact with patch clamp pipette was registered 
(Fig. 4).  
 

 
 
 
 
Preliminary measurements of electrophysiological activity on Medial Preoptic Neurons (MPN) med traditional patch-
clamp without using microfluidics system have been performed successfully. Neurons, transported by a gravity-fed 
perfusion fluid flow system, showed similar reaction to hypoxia compared to neurons dissociated and left to settle on the 
bottom of the Petri-dish. One drawback with perfusion transported neurons was that the viability was diminished and 
they experienced necrosis faster than the dissociated neurons. However, this effect may be reduced by enhanced control 
of the fluid flow profile and by using shorter transport path, i.e., shorter tubings and connection to reduce the stress of the 
neurons caused by perfusion.  
 

5. DISCUSSION AND FUTURE OUTLOOK 
For practical reasons, the preliminary experimental work was performed with yeast and red blood cells. The development 
is ongoing to achieve a complete experimental setup with multifunctional microfluidic system. This system will allow 
the introduction of neurons from the preparation process through the pump system into the microfluidic system, in which 
a chosen neuron will be captured by optical tweezers and guided towards the channel where the pipette is integrated to 
perform electrophysiological experiments while the cell's environment changed experimentally. The advantage is to keep 
using the traditional patch clamp technique for measurement in a controllable environment with high efficiency in 
electrophysiological measurements and avoiding new expensive equipments. The ambition of the research is to develop a 
multifunctional mini-laboratory "lab on a chip" that will fit under microscope for detailed medical studies (Fig. 5). 

0

0.05

0.1

0.15

500 520 540 560 580 600

A
ps

or
pt

io
n

Wavelength  nm

Apsorption spectrum for a single RCB trapped by optical tweezers 

Figure 4: Absorption spectrum of a single red blood cell trapped by optical tweezers and in 
contact with a patch clamp pipette, inside the microfluidic system. 
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Abstract: We present a new concept of integrating a micropipette within a 
closed microfluidic system equipped with optical tweezers and a UV-Vis 
spectrometer. A single red blood cell (RBC) was optically trapped and 
steered in three dimensions towards a micropipette that was integrated in the 
microfluidic system. Different oxygenation states of the RBC, triggered by 
altering the oxygen content in the microchannels through a pump system, 
were optically monitored by a UV-Vis spectrometer. The built setup is 
aimed to act as a multifunctional system where the biochemical content and 
the electrophysiological reaction of a single cell can be monitored 
simultaneously. The system can be used for other applications like single 
cell sorting, in vitro fertilization or electrophysiological experiments with 
precise environmental control of the gas-, and chemical content. 

©2011 Optical Society of America 

OCIS codes: (350.4855) Optical tweezers or optical manipulation; (170.3880) Medical and 
biological imaging; (300.1030) Absorption; (280.2490) Flow diagnostics; (220.4000) 
Microstructure fabrication; (110.0180) Microscopy. 
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1. Introduction 

The development of new approaches to investigate mechanisms in living cells under in vivo 
like conditions is of highest importance. Desirably, measurements should be carried out under 
well-controlled physiological conditions, i.e. different oxygen levels and addition/removal of 
biochemical substances or nutrients. Many single cell studies are hitherto carried out on 
microscopes where they are studied by optical techniques such as optical spectroscopy, patch-
clamp-, and time resolved techniques. Recently, much attention has been paid to functional 
systems that include optical tweezers [1] and microfluidic system [2]. These systems have 
released innovative approaches for basic and applied research for diverse biological studies of 
single cells [3]. 

Optical tweezers, an increasingly important tool in biophysics and cell biology, utilize 
light to trap and manipulate small particle in three dimensions. In a typical setup of optical 
tweezers, a stable trap is achieved by a strongly focused laser beam through a high-numerical 
aperture (NA) microscope objective. The phenomenon of using the momentum of light to 
manipulate particles was first experimentally demonstrated on atoms [4]. Shortly thereafter 
biological cells were manipulated using infrared lasers [5]. The optical tweezers are widely 
used in many applications like cell transport and separation [6], manipulation of biological 
cells [7], sample cell analysis by mass spectrometry [8], DNA analysis [9] and other 
applications for clinical diagnostics [10]. 

Microfluidic systems typically consist of a structure of channels with diameters ranging 
between 10 and 1000 m with a l/s flow of solvents. They can easily be designed 
individually for each experiment and have proven to give unsurpassed control over the flow 
and thus enable fast environmental changes [11,12]. One benefit of the systems is that they 
can be made of transparent materials such as rubber silica, Plexiglas or glass and as a 
consequence they can easily be implemented onto microscopes to be combined with suitable 
read-out techniques. Especially Plexiglas PMMA (Poly-methyl methacrylate) microchips have 
gained popularity in various biological and medical applications [13]. They are less expensive 
than glass microchips [14] and the complex development process of the lithographical 
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microchips can be avoided [15]. The main advantage of using PMMA based microfluidic 
chamber is the impermeability to air, gases and other properties like low toxicity, optical 
transparency, thermal stability and they are easy to manufacture [16]. They have been applied 
to produce micro-mixers [17], polymerase chain reaction microchips (PCR) [18], microfluidic 
reactors [19] and capillary electrophoresis microchips (CE) [20]. 

Recently, many new concepts of nanofluidic delivery platforms, including integrated 
nanofluidic probes, have been developed. For instance, the so called Nanofountain probe 
(NFP) [21] is a new promising technique based on Dip-Pen Nanolithography (DPN). These 
nanofluidic probes consist of nano-channels which are used for direct nanoliter-delivery of 
specific bioactive solutions through a conical tip with a nano-pore attached with sub-cellular 
precision to a single cell while the cellular response can be imaged simultaneously. However, 
the impact of the nano-probes breaking the membrane of the cell, the biocompatibility of the 
nanomaterials, and the impact of bio-electronic integration need further investigations before 
the technique can be applied for electrophysiological studies [22]. Despite of the promising 
prospect of the NFPs, the patch clamp technique combined with microfluidic microchips that 
incorporate microfluidic channels, micro pumps and micro valves are well established 
alternatives that can be employed directly. 

The so called lab-on-a-chips facilitate a variety of biological applications. The significant 
benefits are that minimal amount of reagents and analytes are used and that they can function 
as portable clinical diagnostic devices, i.e. time-consuming laboratory analysis procedures can 
be reduced. The great impact of these systems is shown in studies of manipulated biological 
cells in environment-controlled analytical systems [23,24]. 

Despite of all the progresses that have been achieved by combining optical tweezers with 
microfluidic systems one great challenge has, to our knowledge, not been conquered yet. How 
can a micro-pipette be integrated within a closed movable system? In many applications such 
as cell sorting, in-vitro fertilization or patch-clamp experiments the biological cell has to be 
brought in close contact to a micro-pipette. Usually a precise and electronically steered 3D 
manipulation device is moved towards the cell under an open space on the microscope. Hence 
the possibility of applying closed microfluidic technique is unfeasible. Here we demonstrate a 
new concept. By integrating optical tweezers, the cell can be steered in 3D towards the 
micropipette that is integrated in the microfluidic system. 

The fabrication of the microfluidic chamber presented here bases on PMMA, and is 
performed by a CNC (Computer Numerical Control) Circuit Board milling machine. A patch 
clamp micropipette was included within the gastight microfluidic chamber. To prove the 
principle, a single RBC was optically trapped and manipulated within the microchannels 
towards the integrated micropipette. The UV-Vis absorption spectra in the oxy and deoxy-
state of the RBC were acquired under controlled conditions created by the micro flow. The 
experimental work presents a microfluidic chamber with an integrated micropipette combined 
with optical tweezers and optical spectroscopy that acts as multifunctional system for various 
biomedical and electrophysiological applications with complete environmental control. 

2. Material and Methods 

The main parts of the experimental setup, as seen in Fig. 1, are mounted on an inverted optical 
microscope (IX 71, Olympus, Japan) placed on a vibration-isolated table (Technical 
Manufacturing Corporation, TMC, USA). The techniques used in this work are presented 
below. 

Preparation of RBC and Solutions 

Fresh RBCs were prepared from blood taken from a healthy volunteer. 0.05 ml blood was 
diluted in 2 ml solution of Phosphate-Buffered Saline (PBS), pH 7.4, temperature 23°C. The 
oxygen-free solution was prepared by 20mg Natriumdithionit, Na2O4S2 (Sigma-Aldrich, 
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USA), dissolved in 4ml (PBS) solution. The solutions were prepared in Petri dishes and 
sucked into the gastight syringes of the pump system. 

Optical Trapping of Single RBC 

The optical tweezers build upon an IR-diode laser (IQ1A, Power Technology, USA), 
operating at 808nm with an average power of 200 mW. The wavelength of the laser was 
chosen to minimize heating and photodamage of the sample [25]. The laser beam was first 
expanded by two convex positive lenses of 50 and 250 mm, mounted on two XYZ-translation 
stages (Thorlabs, USA), and steered by mirrors (Thorlabs, USA) into the microscope. The 
laser beam was then guided to the objective throughout a dichroic mirror (750-dcspxr, 
Chroma Technology, USA). The expanded beam overfilled the back focal plane of the oil 
immersion objective (100x, 1.4 NA, Olympus, Japan) to obtain good trap stiffness. The trap 
stiffness was estimated qualitatively. Visual observations showed a strong and stable trap 
while the optically trapped red blood cells were exposed to a high flow rate of fluid (up to 
20μl/s) through the channels and while imposing a force on the trapped cell by moving the 
stage. 

The positioning of the optically trapped red blood cell was enabled by keeping the trapped 
cell still while moving the microfluidic chip including the micropipette mounted on the 
nanometer-precision XYZ translation stage of the microscope. This allowed the microfluidic 
chamber including the micropipette to move in micro-precision in 3 dimensions while the 
position of the optical trap was fixed and always positioned in the center of the field of view. 

 

Fig. 1. Inverted microscope that incorporates the following techniques: Gastight lab-on-a-chip 
with an integrated micropipette coupled to a pump system, optical tweezers for 3D steering of 
the single cells comprising of an IR laser, a beam expander, mirrors and a dichroic mirror and 
an IR blocking filter to block the IR laser. UV-Vis spectrometer with an integrated optical fiber 
to record the oxygenation states of the RBC, CCD camera to monitor the trapping dynamics of 
the cells within the micro-channel system. 
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Optical Spectroscopy 

The oxygenation state of a single optically trapped RBC was monitored by acquiring the 
absorption spectra by an UV-Vis spectrometer (Ocean Optics, HR4000, USA) in the 
following way: The visible light from the halogen lamp of the microscope illuminated the 
sample. The transmitted light that had passed through the sample was collected by the 
microscope objective and guided through the dichroic mirror. Thereafter it was divided by a 
beam-splitter to the CCD (20%) and to the optical fiber (80%) situated outside the right-hand 
side-port of the microscope. The optical fiber was connected to the UV-Vis spectrometer. The 
optical fiber, with a core size of diameter of 50 μm, was mounted on a 3D translation stage 
(Thorlabs USA). It was precisely aligned by moving the translation stage in the XYZ 
directions to guide the transmitted light from the microscope objective to the center of the 
fiber. The optical fiber facilitated the alignment of the optical path considerably and enabled 
the monitoring of the absorption spectrum of a single red blood cell. 

To test the alignment of the spectrometer, a RBC within the microchannel was steered to 
the center of the field of view, Fig. 2(B) position 1, and an absorption spectrum was taken, 
Fig. 2(A). The spectrum shows the typical oxygenated state of the RBC with two maxima at 
542 nm and 578 nm [26]. Thereafter, the center of the field of view of the microscope was 
positioned in a “RBC-free” environment, Fig. 2(B) position 2. A second absorption spectrum 
was taken to prove that no signals from RBCs were present, Fig. 2(C). The absorption spectra 
shown in this paper were binomially fitted by data-analyzing software program (Igor Pro). 

 

Fig. 2. (A) UV-Vis absorption oxygenation spectrum of the single RBC, (B) The center of the 
fiber was moved from position 1 (single RBC) to position 2 (cell-free zone), (C) UV-Vis 
absorption spectrum of the cell-free zone. 

Microfluidic System 

The manufacturing process of the closed microfluidic chamber was performed by a CNC 
Circuit Board milling Machine. The desired T-shaped microchannel were initially designed by 
a software program (QCAD) and transferred onto a slab of PMMA by the CNC machine. The 
channels were then sealed between two cover slips by an UV-curable adhesive material with 
low viscosity and high optical transparency (EPO-TEK OG603, Epoxy Technology, USA). It 
classified to USP Class VI biocompatibility standards that meet the requirements for medical 
application. The microfluidic chamber was equipped with two inlets and one outlet adjacent to 
the microchannels and connected by gas-tight PEEK tubing (ScanTec, Sweden) to the pump 
system (neMESYS, Cetoni, Germany). The pump system was used for the infusion of cells 
and solutions with varying oxygen content. 

The procedure of integrating the patch clamp micropipette started by CNC drilling of a 
hole that extended at 45 degrees from the upper edge of the microfluidic chamber to the 
intersection zone within the T-shape microfluidic channel. The upper edge of the hole was 
threaded to fit a fine hollow screw (JR-5508-5, VICI Jour, Switzerland). The micropipette was 
inserted through the hollow screw and the drilled hole into the microfluidic chamber, while 
the tip of the pipette was monitored visually in the microfluidic channel. To ensure an airtight 
seal around the drilled hole, the diameter of the hole was fitted precisely to the outer diameter 
of the micropipette. Additionally, a gas-tight fitting (PEEK, JR-55003-5, VICI Jour, 
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Switzerland) was used to make an airtight seal between the hollow screw and the hole. The 
hollow screw was used to fine-position the tip of the micropipette to the RBC in the 
microchannel, as seen in Fig. 3(A) and 3(B). 
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Fig. 3. (A) Schematic of the gastight microfluidic chamber including the patch clamp 
micropipette and inlets to be connected to a pump system. (B) The micropipette was fitted 
within the microfluidic chamber in a gastight surrounding. 

3. Experimental Results and Discussions 

The closed microfluidic chamber with the integrated micropipette was placed on the 
microscope stage and connected the pump system for latter insertion of RBCs and for the 
variation of the oxygenation state of the solution. The micropipette was carefully inserted 
through the hollow screw into the microfluidic chamber while the tip of the pipette entering 
the intersection-zone within the T-shape microfluidic channel was monitored visually. The 
cells were inserted to the microfluidic channel by the pump system in a low flow rate of 1 
μl/s. By the optical tweezers, a single RBC within the microchannel was optically trapped and 
steered through the microfluidic channel to the tip of the pipette. Simultaneously the trapping 
dynamics were recorded in real time with the CCD camera, see Fig. 4. The micropipette was 
then precisely adjusted by the hollow screw to attach to the membrane of the trapped cell. 

The absorption spectra of the trapped cell were then acquired and monitored by the UV-
Vis spectrometer under environmental variations by the pump system. Three absorption 
spectra of the trapped RBC in the oxy-, deoxy-, and oxy states were acquired as shown in Fig. 
5. 
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At the beginning of the experiment (t = 0), the absorption spectrum was acquired in the 
oxygenated state, Fig. 5(A). The spectrum showed peaks at 540 nm and 576 nm, which is 
typical for the oxy-spectrum of red blood cells [21]. The trapped RBC was then deoxygenated 
by 1 minute exposure to the oxygen-free solution. After 59s, the absorption spectrum of the 
RBC was gradually transformed to the deoxygenated state, showing the typical peak at 560nm 
[21], see Fig. 5(B). The spectrum was transformed back to the oxygenated state after 
21minutes, Fig. 5(C). 

 

Fig. 4. (A) Single optically trapped RBC, here the micropipette is situated above the RBC, (B) 
RBC in the same optical plane as the micropipette. (B) The RBC in contact with the patch 
clamp micropipette. 

 

Fig. 5. Absorption spectra of the trapped RBC in contact with micropipette in the microfluidic 
system in (A) oxygenated state (B) deoxygenated state and (C) re-oxygenated state. 

The microfluidic chamber was designed to perform electrophysiological investigations of 
single cells with reliable control of the environment. The presented microfluidic chamber can 
be modified for various electrophysiological techniques. Using CNC circuit board machines 
to design and create the microfluidic channel on various materials is beneficial due to the low 
cost and the high efficiency. 

A number of improvements will be carried out on the presented prototype. The 
microfluidic channels will be coated with UV curable epoxy to create an optical transparency 
similar to glass microchips. The fine screw that is used to integrate the micropipette will be 
replaced with a build-in tiny 3D micromanipulator. The process of transporting the cell 
through the pump system to the microfluidic chamber will be replaced by a new design where 
the cell will be prepared directly in the microfluidic chamber. The cells will be transported to 
the microchannel by applying a negative pressure through developed micro valves. This is to 
minimize the stress that the cells experience during transport through long tubing and to 
ensure that the cells will not stick onto the inner wall of the tubing. 

4. Conclusions 

Hereby we have presented a new way of integrating a micro-pipette into a closed microfluidic 
system with an integrated micro-pipette. The closed lab-on-a-chip offers the possibility to 
analyze individual cells under environmental control with a minimum of oxygen-diffusion 
into the microchannels during the measurements. As a proof of principle, the oxygenation 
sequence of a single RBC was studied at the tip of the integrated patch clamp micropipette. 

The microfluidic chamber was designed to act as a multifunctional system for 
simultaneous and high-throughput experiments. The future aim is to perform patch clamp 
experiments for electrophysiological investigations while simultaneously monitoring the 
biochemical composition of the sample by optical spectroscopy. The simplicity and stability 
of the microfluidic system has excellent potential to enable high volume production of 

#147965 - $15.00 USD Received 23 May 2011; revised 30 Jun 2011; accepted 14 Jul 2011; published 20 Jul 2011
(C) 2011 OSA 1 August 2011 / Vol. 2,  No. 8 / BIOMEDICAL OPTICS EXPRESS  2305



scalable microchips for various biomedical applications. The subsequently ambition is to use 
this system as a mini laboratory that has benefits in cell sorting, pharmaceutical, patch clamp, 
and fertilization experiments where the gaseous and the biochemical content is of importance. 
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Abstract: In July 2011 a new concept of a closed microfluidic system 
equipped with a fixed micropipette, optical tweezers and a UV-Vis 
spectrometer was presented [Biomed. Opt. Express 2, 2299 (2011)]. Figure 
1 showed falsely oriented mirrors. To clarify the design of the setup, this 
erratum presents a correct schematic.
© 2012 Optical Society of America
OCIS codes: (350.4855) Optical tweezers or optical manipulation; (170.3880) Medical and 
biological imaging; (300.1030) Absorption; (280.2490) Flow diagnostics; (220.4000) 
Microstructure fabrication; (110.0180) Microscopy.
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In July 2001 we presented a new concept of integrating a micropipette within a closed 
microfluidic system equipped with optical tweezers and a UV-Vis spectrometer [1]. In Fig. 1 
of that paper a schematic of the setup was illustrated. The mirrors in the figure were wrongly 
oriented and hence depicted as semitransparent or transparent glasses. In Fig. 1, below, a new 
schematic with correctly oriented mirrors is given.

Fig. 1. Inverted microscope that incorporates the following techniques: Gastight lab-on-a-chip 
with an integrated micropipette coupled to a pump system, optical tweezers for 3D steering of 
the single cells comprising of an IR laser, a beam expander, mirrors and a dichroic mirror and 
an IR blocking filter to block the IR laser. UV-Vis spectrometer with an integrated optical fiber 
to record the oxygenation states of the RBC, CCD camera to monitor the trapping dynamics of 
the cells within the micro-channel system.
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Introduction
Interruption of the blood supply to brain tissue leads to stroke. The 

affliction is usually caused by clots that block the blood flow or by the 
bursting of a blood vessel to or inside the brain. The disease is mainly a 
middle and high income country disease and females are more repre-
sentative than males [1]. Strokes caused by blockage of a blood vessel to 
the brain are called ischemic and can be either thrombotic or embolic. 
A thrombotic stroke is caused by a clot formed locally in the blood 
vessel to the brain while embolic strokes are caused by clots formed 
elsewhere in the body. 15 million people suffer from strokes yearly and 
out of these 5 million people lose their lives and 5 million are perma-
nently disabled [2].

To better understand the intrinsic neuroprotective functions 
against stroke the electrophysiological response of cells to oxygen dep-
rivation may be assessed by the patch-clamp technique [3] in combi-
nation with other techniques that can assess the biochemical actions. 
Patch-clamp experiments on neurons in reduced oxygen environments 
have been performed previously and the response to hypoxia is heter-
ogenous even for neurons within the same nucleus [4]. But the defi-
nition of hypoxic or anoxic solution and the control over the oxygen 
content in cell surroundings vary considerably.

Oxygen levels in hypoxic and anoxic solutions in studies vary from 
approximately 1 to 4% (10-30 mm Hg) [5-9]. In some cases the solu-
tions are simply purged with N2 or CO2 gases for certain amounts of 
time varying from 10 minutes [10] up to one [11] or two [12] hours. 
Hypoxic environments are also achieved by so called chemical anoxia 
by inhibition of the oxidative phosphorylation with Cyanide [13,14].

The need of a tool to enable measurements of electrophysiologi-
cal activity in combination with other techniques of single cells with 
total control of the oxygen content in cell surroundings is clear. Chemi-
cal anoxia inhibits the oxidative phosphorylation but does not inhibit 
other effects that oxygen may have on the endogenous defense mecha-
nisms against stroke. For example, neuroglobin is a protein with a 

neuroprotective function against damage caused by stroke [15]. One 
theory of its mechanism is that it works by inhibition of apoptosis [16]. 
The activation of this protein and other defense mechanisms against 
stoke may be related to the oxygen content around cells. Therefore 
there is a clear need for the possibility to perform patch-clamp experi-
ments with control over the gaseous and biochemical surroundings of 
cells while the bio chemical action of the protein is assessed. Here we 
present a new approach for a combination of lab-on-a-chip techniques 
and patch-clamp. Lab-on-a-chip technique provides a promising op-
portunity to perform the patch clamp measurement under well con-
trollable environment of the investigated cells.

The field of microfluidics deals with the smart design of microfluid-
ics to achieve precise control of the amount and the dynamics of fluids. 
The devices usually consist of transparent materials [17] with micro-
sized channels, reservoirs and sealed inlets and outlets. The big impact 
is to enable precise control of the fluid flow within the channels during 
rapid environmental changes [18,19].

Microfluidic systems have been used widely for various biological 
investigations combined with other techniques [20]. There are many 
techniques used in fabrication of microfluidic devices such as photo-
lithography, soft lithography, and CNC (Computer Numerical Con-
trol) micromachining. They are produced of diverse types of polymeric 
or non polymeric materials such as PDMS (Polydimethylsiloxane), 
PMMA (Poly-methyl methacrylate), silicon or glass, and can easily 
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Abstract
We present a novel approach to reproduce hypoxia on a chip by patch-clamp investigations on single nerve cells 

with full control over the oxygen content in vicinity of the sample. Nerve cells from Sprague Dawley rats were prepared 
and inserted into the channels of the microchip. Single nerve cells were optically trapped and manipulated to be 
patched by patch-clamp micropipette. The experiments were aimed to test proof of principle and to perform patch-

on the investigated nerve cells and no effects on the electrophysiological measurements were detected. The approach 

concentration around the investigated cell. This may be adapted to be used in other biological investigations of single 
cells demanding optimal control of the surroundings.
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be combined with optical techniques on most types of optical micro-
scopes.

If biological cells are investigated in closed lab-on-a-chips, it is es-
sential to control the individual cells in 3D within the micro-channels. 
This has been achieved by flow control using ultra-sound techniques 
[21]. Acoustic forces induce low mechanical stress on the cells. There-
fore, ultrasonic standing wave manipulation allows long-term acoustic 
field exposure without displaying any cell damage. However, the spatial 
control is not sufficient for 3D manipulation to a precise position. An-
other promising approach is to manipulate the cells optically by using 
optical trapping [22], which provide an excellent way to trap and con-
trol the biological cells. Optical tweezers use light radiation to induce 
forces acting on dielectric particles in three dimensions. Experimen-
tally, a stable optical trap is achieved by focusing a laser beam strongly 
through a high-numerical aperture (NA) microscope objective onto 
the sample. The trapped object is usually manipulated by moving the 
trap and/or the sample stage.

The combinations of microfluidic systems with optical trapping 
technique have been used in a range of applications that involve single 
cell investigations [23]. Furthermore, the integration of optical tweez-
ers and lab-on-a-chip with patch-clamp technique could be advanta-
geous for many applications. For example, electrophysiological inves-
tigations using the conventional patch-clamp are based on a micropi-
pette steered in three dimensions to get in close contact to a biological 
cell. Accordingly the possibility to patch a cell in a closed microfluidic 
system by the pipette is unfeasible without innovative design and mod-
ification.

Here we present a closed microfluidic chip based on PMMA includ-
ing an integrated patch-clamp micro-pipette where optically trapped 
biological cells were manipulated within the microfluidic channels to 
enable patch-clamp measurements within a controlled environment.

Materials and Methods
Preparation of neurons and solutions

Ethical approval of the procedures described was given by the re-
gional ethics committees for animal research (“Umeå djurförsöksetiska 
nämnd”, approval No. A13-08 and A18-11).

Nerve cells where prepared from the brains of Sprague Dawley rats 
(3-6 weeks old) that were decapitated without anesthetics. The brains 
were rapidly removed and placed in pre-oxygenated ice-cold (≤ 4 °C) 
incubation solution containing (in mM) 150 NaCl, 5 KCl, 2 CaCl2 
(×2H2O), 10 HEPES, 10 glucose, 4.93 Trizma-base, pH 7.4 which was 
also used throughout the entire slicing procedure.

The slicing procedure was performed by a vibratome (Vibroslicer 
752 M, Campden Instruments, Leicestershire, UK) to cut 200 - 300 mm 
thick coronal slices which were allowed to recover for at least 45 min-
utes in Incubation solution at temperature 27-28°C.

The acute dissociation of the nerve cells was performed by a glass 
rod (tip diameter of ~0.5 mm) mounted on a piezo-electric bimorph 
crystal, to apply mechanical vibration at sites on slices composed main-
ly of grey matter [24]. Dissociated cells were then inserted to a gravity 
fed perfusion system with very short tubing connected to the anoxic 
chamber to reduce mechanical damage to the cells during the loading.

Recording solutions
Extracellular solution (EC) containing (in mM) 137 NaCl, 5.0 KCl, 

1.0 CaCl2 (×2H2O), 1.2 MgCl2 (×6H2O), 10 HEPES, 10 glucose, 3 μM 
glycine, pH 7.4 (NaOH) was used for flushing the cells. 

Intracellular solution (IC) contining 140 Cesium-acetate, 3.0 NaCl, 
1.2 MgCl2 (×6H2O), 10 HEPES, 10 EGTA, pH 7.2 (CsOH)) was used as 
pipette-filling solution.

Patch-clamp technique
Patch-clamp was used to register the electrical signals across the 

plasma membrane of single neurons [3]. Electric signal recordings 
were made between an electrode placed in the outlet of the lab-on-a-
chip mounted on an inverted Zeiss Axiovert 25 CFL microscope (Carl 
Zeiss, Germany) and a recording electrode placed in the micro-pipette 
that was pulled from borosilicate glass (GC150, Harvard Apparatus 
Ltd., UK). The recording electrode within the recording pipette was 
attached to a nerve cell. Pipettes with a resistance of 3-5 MΩ was filled 
with IC and inserted into the EC-filled micro-channel. Signals were re-
corded using an Axopatch 200 A amplifier, a Digidata 1200 interface 
and software program pClamp 7 (all from Axon Instruments, Union 
City, CA, USA). Recordings were made in current clamp and voltage 
clamp conditions.

Oxygen measurement
The oxygen level was controlled with a fiber optic oxygen sensor 

probe, (FOXY AL300), connected to a MultiFrequency Phase Fluor-
ometer (Ocean Optics, Dunedin, Florida, USA).

Optical tweezers 

The setup of optical tweezers was constructed on an inverted opti-
cal microscope (Zeiss Axiovert-25 USA) used for patch-clamp, as seen 
in Figure 1. A NIR diode laser beam (IQ1A, Power Technology, USA) 
with power of 200 mW and wavelength of 808 nm was used. The wave-
length was selected to minimize the effects of heating and photodam-
age of the sample [25]. The beam was guided through a mirror and 
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Figure 1:
integrated on an inverted microscope. NIR laser beam is guided by a mirror 

-
tive onto the sample. The optical tweezers were integrated with the patch-clamp 
system.
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expanded by a 1:5 beam expander of two positive lenses of 50 and 250 
mm, mounted on two XYZ-translation stages. The beam expander acts 
simultaneously as a beam steerer by moving one lens in three dimen-
sions, which will result in translation of the laser spot on the sample. 
lens in three dimensions will result in translation of the laser spot on 
the sample in 3D. The expanded beam is then steered by mirrors (Thor-
labs, USA) to the sample plane throughout a dichroic mirror (750-dc-
spxr, Chroma Technology, USA) and into an oil immersion objective 
(100x, 1.4 NA, Olympus, Japan) to obtain good trap stiffness. The posi-
tion of the optical trap was fixed by the beam steering so that the laser 
spot was positioned in the center of the field of view. The position of 
the optically trapped cell was controlled by the nanometer precision 
translation stage of the microscope, i.e., the whole sample but not the 
position of the optical trap was moved.

Closed microfluidic system
The microfluidic chip was fabricated by PMMA material using 

CNC micromachining technology (Figure 2) [26]. The fabrication was 
prepared in two steps. First, holes with different diameters and shapes 
were drilled to function as inlets, outlet and a channel for the insertion 
of the pipette. The next step was to transfer the desired micro channels 
onto the PMMA sheet by CNC micromachining.

The procedure of integrating a patch-clamp micropipette started 
by CNC drilling of a hole that extended at 45 degrees from the upper 
edge of the microfluidic chip to the specific-zone within the microflu-
idic channel. The upper edge of the hole was threaded for integration 
of a fine hollow screw (JR-5508-5, VICI Jour, Switzerland). The micro-
pipette was moved precisely through the hollow screw and the drilled 
hole into the microfluidic chamber, whereas the tip of the pipette was 
monitored to be found within the microfluidic channel. To ensure a 
sufficient air-seal surrounding the drilled hole, the diameter of the hole 
was prepared to fit with the outer diameter of the micropipette. Addi-
tionally, a gas-tight fitting (PEEK, JR-55003-5, VICI Jour, Switzerland) 
was used to make an air-seal between the hollow screw and the hole. 
The hollow screw was used to fine-position the tip of the micropipette 
into the micro channel.

The next step of fabrication was to design micro channels by a soft-

ware program (QCAD) to be transferred onto the pre-drilled slab of 
PMMA by the CNC machine. The 100 x micrometer channels diam-
eter were then sealed by cover slip using an UV-curable adhesive mate-
rial (EPO-TEK OG603, Epoxy Technology, USA) with properties of 
low viscosity and high optical transparency. To assure that the epoxy 
was not blocking the micro channels, positive air-pressure was applied 
into the channel during the curing of the epoxy. This coated the walls 
of the channels and produced higher optical transparency. The epoxy 
was classified to USP Class VI biocompatibility standards that meet the 
requirements for medical application. The microfluidic chamber with 
inlets and outlet adjacent to the micro channels were connected by gas-
tight PEEK tubing (ScanTec, Sweden) to the pump system (neMESYS, 
Cetoni, Germany). The pump system was used for the infusion of cells 
and solutions with varying oxygen content.

Experimental Results and Discussions
First the oxygen content within the lab-on-a-chip was measured 

with the fiber optic oxygen sensor probe. The normoxic condition was 
approximately 19-21% O2 (atmospheric oxygen concentration) while 
the anoxic conditions were achieved by purging solutions with N2 gas 
until an oxygen content of approximately 0.5-1.5% O2 was achieved. 
The measurements showed that a reliable control of the oxygen level 
was established. The time required for the fluid variation within the 
micro-channel was measured to approximately 3s with a fluid flow rate 
of 0.1 μl/s.

To assure that the infrared laser of the optical trap did not inter-
fere with the patch-clamp measurements a nerve cell was caught in the 
optical trap of the tweezers and brought to the recording micropipette 
of the patch-clamp setup. After a successful patch was reached several 
recordings were made. A protocol of 12 voltage steps from -74 mV to 
+56 mV with a delta level of 10 mV was applied to evoke voltage gated 
currents. Figure 3 shows the protocol applied to a nerve cell in the opti-
cal trap and to a nerve cell by conventional patch-clamp experiments. 
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protocol applied to another nerve cell without the laser beam of the optical twee-

the noise level from the nerve cell within the laser beam.
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No voltage gated components could be observed in any of these cells. 
Magnified parts of both recordings are displayed to show that the noise 
level of the signal does not increase when measuring on cells within an 
optical trap.

Gapfree measurements were recorded in voltage-clamp and cur-
rent-clamp mode, see Figure 4. No synaptic events could be detected in 
any of these recordings. The lack of voltage gated components and syn-
aptic events implied that the nerve cell was not a neuron but a glial cell.

The results showed that patching a cell by bringing it to the patch-
clamp micro-pipette by means of optical tweezers was feasible. Next, 
the lab-on-a-chip was tested. The closed microfluidic chamber with 
the integrated micropipette was placed on the microscope stage and 
connected to the pump systems for the insertion of cells and for the 
variation of the oxygenation state of the solution. The micropipette was 
carefully inserted through the hollow screw into the intersection-zone 
within the microfluidic channel and monitored visually. The cells were 
introduced to the microfluidic channel system in a low flow rate (0.1 
μl/s) to enable the selection of a healthy cell for experiments. Several 
nerve cells were brought in contact with the micropipette and seals up 
to 90 MΩ were achieved. However, the viability of the cells was weak 
and no GΩ seals could be reached.

Conclusions
We have presented a concept to combine a microfluidic system, 

patch-clamp and optical techniques for single cell investigations under 
optimal control of the oxygen content. The viability and the transport 
of the nerve cells within the lab-on-a-chip need further investigations 
though, before full understanding. Improvements may include shorter 
transport of the cells with enhanced optimized flow or by modifying 
the same microfluidic chamber to act as a Petri dish for direct dissocia-
tion of the cells within the chamber.

The developed closed microfluidic chamber offered the possibility 
to analyze individual cells under environmental control with a minimal 
oxygen-diffusion into the micro channels. In the future, the system will 
be refined to perform complete electrophysiological investigations with 
simultaneous monitoring of the biochemical composition of the sam-

ple by optical spectroscopy. The simplicity and stability of the system 
has excellent potential to enable measurements on the function of Ngb 
upon the electrophysiological functioning of neurons. In the future, 
this setup will also be combined with optical spectroscopy to assess the 
biochemical functioning of biological cells.
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sign of synaptic activity.
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A lab-on-a-chip with full control over the oxygen 
content combined with optical tweezers, optical 
spectroscopy, and patch-clamp for investigations of 
single biological cells 
 

A. Alrifaiy,1,2 J. Borg,1 O.A. Lindahl1,2,3 and K. Ramser1,2 

A lab-on-a-chip (LOC) was developed to create a platform for optical trapping, spectroscopic and 
electrophysiological investigations with control of the milieu and oxygen content. Studies on single red 
blood cells (RBCs) from chicken were performed under controlled exchange of the oxygen content.  The 
chip was designed to incorporate the patch clamp technique, optical tweezers and UV-Vis spectroscopy. 
The performance of the LOC was tested by a series of experiments. The oxygen content within the 
channels of the LOC was monitored by studying the oxygenation state of chicken RBCs with absorption 
spectra and by an oxygen sensor. The oxygen level within the channels could be changed from a 
normoxic value of 18% O2 to an anoxic value of 0.0-0.5% O2. The spectral transfer from the oxygenated 
to the deoxygenated state occurred after about 227s and a fully developed deoxygenated spectrum was 
observed after 298s. The gastight functionality of the chamber was verified by recordings of unchanged 
deoxygenated spectrum for 90 min without perfusion of anoxic solution into the channels. A transfer of 
the oxygenated absorption spectra was achieved after 426s after exposing the cell to normoxic buffer. 
Successful patching and sealing were established on a trapped RBC and the whole-cell access (Ra) and 
membrane (Rm) resistances were measured to be 5.1 MΩ and 889.7 MΩ respectively. This indicates that 
the developed LOC device is suitable for electrophysiological studies on viable biological cells 
demanding complete oxygen level control.  
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Introduction  

The patch clamp technique [1] is a significant tool for 
electrophysiological investigations to provide critical insight 
into wide ranging applications in fields of neuroscience, 
biology, pharmacology, and many other related biomedical 
research disciplines. The electrophysiological activity and the 
physiology of ion channels of individual biological cells are 
measured and analyzed by high-resolution current-, and voltage 
recordings of whole cells or removed cellular patches. Even 
single-channel opening events can be investigated by this 
technique. The electrical signaling activity across the plasma 
membrane of the cell is recorded through an electrode placed in 
the extracellular environment close to the cell and another 
recording electrode that is placed in the micro-pipette of 
borosilicate glass. The pipette is pulled for each experiment and 
the tip of the pipette is patched to the cell membrane to perform 
recordings on the cell under varying stimuli. Thermal and 
electrical properties of the pipette are essential to achieve a 
smooth seal between the tip and the cell membrane for low 
noise recordings. For suitable thermal properties an excellent 
pipette profile defined by a micro-sized tip diameter is 
necessary and it is defined by the length of the conical tip and 
the wall thickness. Electrical capacitance of the pipette is 
expressed as a function of pipette’s material, tip geometry wall 
thickness, and immersion depth, which affects the noise 
produced by the glass and the capacitive transients in response 
to changes in the stimulating voltage signal [2]. Patch clamp is 
one of the most challenging methods in daily laboratory work. 
The technique needs highly sensitive equipment and operators 
must have high experimental skills.   
Many attempts have been made to modify traditional patch 
clamp [3]. Planar patch clamp [4] is the most reported one; it 
bases on planar microfluidic chip substrates of 1-2 micro-sized 
holes for capturing the cells from suspension by means of 
suction.  The cells are sealed to the substrate by applying 
suction pulses or pore-forming compounds for whole cell and 
perforated patch recordings respectively. The benefits are the 
multiple cells recordings by array of apertures, lower cost and 
data throughput. The main challenges associated with planar 
platforms are mainly the lower data quality outputs by a 
reduced electrical seal between the recording substrate and the 
cellular membrane [5]. Another challenge is that the GΩ-seal 
created here is formed as cell membrane-substrate resistive 
interaction, which requires improvements for measurements 
associated with low-noise, high-quality recordings and high 
temporal resolution [6].  
Even though the planar platforms overcome some key 
challenges, the conventional patch clamp technique still 
contributes to the advantages of temporal resolution, voltage 
control, and direct measurement. The high level conditions of 
flexibility and unique experimental possibilities under which 
environments are exchanged are valuable, necessary and 
usually related to the nature of experiments.   
Physiologically, full control of the Gaseous surrounding of the 
investigated cells is still a challenging issue. The hypoxic to 

anoxic conditions are usually obtained when the O2 
concentration is about 1- 4% (10-30 mm Hg). To achieve this 
solutions are simply purged with N2 or CO2 gases for certain 
amounts of time varying from 10 minutes to 2 hours. Most 
electrophysiological studies on oxygen deprivation, e.g. stroke, 
are carried out either by inducing a chemical oxygen shortage 
or by flushing cells or tissue with oxygen free solutions in open 
systems. In both ways, the effective oxygen content in-situ 
cannot be sufficiently controlled due to the diffusion of ambient 
oxygen and often the oxygen content is close to the one present 
in vivo (about 6%) [7-10]. However, those estimations are 
away from providing an accurate value of the oxygenation 
states of the investigated cells.  
Lab On a Chip (LOC) devices offer important features for 
precise control of the amount and the dynamics of reagents 
within micro-sized fluidic channels connected to reservoirs, 
inlets and outlets. Those devices are usually fabricated 
according to the nature of investigations in optically transparent 
materials [11-12] suitable for most types of optical microscopes 
that can be combined with other optical techniques. LOC 
devices have been used as essential tools for spatial and 
temporal control of cells and fluids on the micro-sized level as 
well as offering precisely controlled oxygen micro-
environmental conditions such as gas mixing and chemical 
deoxygenation [13-20]. For instance, PDMS-based LOC 
devices based on exchangeable passive diffusion of oxygen and 
nitrogen have been used in hypoxic cell investigation to control 
oxygen concentration gradients [21-23]. However, the 
regulation and the generation of oxygen gradients through 
electrolysis in LOC for various cell assays are challenging due 
to the complexity to incorporate gas sources, device 
manufacturing, difficult observation, and the possible damage 
of investigated cells [24-26]. Other studies alter oxygen content 
variation using LOC for biological cultures including cell-based 
assays [27-32], bioreactors [33-35], and tissue engineering [36]. 
Other LOC based oxygenation methods, mainly as combined 
and separating types, treat the medium as the oxygen source 
[37-40]. However, the passive diffusion method is not sufficient 
for the demand of dense cell cultures due to the low solubility 
of oxygen in aqueous solutions and hence the long term 
diffusion time. Additionally, the devices are mainly produced 
of PDMS which has a high permeability for oxygen [41]. 
Hence, full anoxic conditions cannot be established. 
A promising approach to achieve control of the gaseous 
surroundings of the cells is design a LOC combined with other 
techniques with traditional patch clamp technique. Since the 
conventional patch clamp technique bases on a micropipette 
steered in 3D to attach the cell membrane, the possibility to 
patch a cell in a closed LOC is not possible without innovative 
design and modification.  In many LOCs it is necessary to 
control the location of an individual cell in 3D within the closed 
micro-channel system.  This can be achieved by optical 
tweezers [40], an excellent tool to trap and manipulate 
biological cells within the microfluidic channel system. Optical 
tweezers use light radiation forces to trap and steer small 
dialectical objects in three dimensions. Experimentally, a stable 
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optical trap is achieved by focusing a laser beam strongly 
through a high-numerical aperture (NA) microscope objective 
onto the sample. The trapped object usually is manipulated by 
moving the trap and/or the sample stage.  
In our experiment, the aim was to perform successful 
electrophysiological measurements with control of the oxygen 
content to create physiological hypoxic and anoxic conditions. 
This was achieved by combination of optical tweezers, optical 
sensor, UV-Vis spectroscopy and patch-clamp in a LOC to 
overcome the above mentioned challenges.  
 
Materials and methods 

The Biological Samples and Experimental Solutions 

RBCs from chicken were used as a sample model (Fitzgerald 
Industries International, USA). The cells were pre-treated by 
washing, brief exposure to glutaraldehyde buffer solution and 
exhaustive washing in saline solution before suspension in 
saline solution with 0.1% sodium azide. The cells were then 
incubated at 4oC to ensure a steady state related to ion and 
water contents before experimental treatment. The sample 
consisted of 0.05 ml RBCs diluted in 2 ml EC solution at pH 
7.0 and 22oC. 
Extracellular physiological solution (EC) of 150 mM KCl, 10 
mM CaCl2, 5 mM MgCl2, 1 mM MES was titrated to pH 7.0 
with Tris base (Sigma Aldrich, Germany) and used as bath 
medium for flushing the cells.  
Intracellular solution (IC) containing 195 mM KCl, 1 mM 
EGTA, 0.15 mM CaCl2, 4 mM MgCl2, 4 mM ATP, titrated to 
pH 7.0 with KOH was used as pipette-filling solution. The 
deoxygenated EC solution was prepared by purging the solution 
with nitrogen gas (AGA AB, Sweden). Prior the experiment, 
the nitrogen flow rate was controlled and the rate of oxygen 
level were measured continuously by an oxygen sensor system 
of a fiber optics probe (FOXY , AL3000, Ocean Optics, USA) 
connected through MultiFrequency Phase Fluorometer (MFPF, 
ocean optics, USA). All solutions were prepared in bottles and 
sucked into the syringes of a peristaltic pump system (HPLC, 
K-501, Germany) and a programmable pump system 
(neMESYS, Cetoni, Germany). 
Experimental set-up 

The experimental setup was based on developing and 
combining various methods, as presented briefly below in 
figure 1.  

 

Figure 1: Experimental setup consisting of  1) LOC; gastight lab-on-a-
chip, with an integrated micropipette, combined with 2) optical 
tweezers consisting of a (NIRL) NIR-laser, (M) mirrors, (DM) dichroic 
mirror and an (IRBF) IR blocking filter (to block the IR laser to the 
CCD),  3) (UVVS) UV-Vis spectrometer including an integrated (OF) 
optical fiber, 4) CCD camera of the microscope (to monitor the trapping 
dynamics and the pipette cell patch), 5) (OSU) oxygen sensor unit 
connected to (OFP) optical Foxy Probe inserted into inlet of the LOC), 
6) patch clamp set-up consisting of (MDD) micromanipulator 
connected to (HS) patch clamp head stage with (PH) pipette holder for 
insertion of the (PCP) patch clamp pipette through and adapter into the 
chip, (RE) recording electrode connected to (PCA) patch clamp 
amplifier through the (HS) and the reference electrode connected 
between an inlet of the LOC and (HS).  

A. Optical tweezers 

Optical tweezers [42] were built upon an NIR-diode laser 
(Renishaw, UK), square beam profile of size 5mm operating at 
830nm ± 1nm with an average power of 300 mW ± 30mW (The 
power at the sample was about 148mW). The wavelength of the 
laser (830 nm) was chosen to minimize heating and photo-
damage of the sample [43]. All equipment was mounted on a 
XYZ-translation stage (Thorlabs, USA) to ensure precise 
alignment. The trapping laser was steered through a system of 
mirrors (Thorlabs, USA) into the microscope objective (100×, 
1.4 NA, Olympus, Japan) through a dichroic mirror (Chroma 
Technology, USA). The intensity profile of the laser overfilled 
the back focal plane of the oil immersion objective; hence no 
beam expansion was necessary.  
The trap situated at the focal distance of the microscope 
objective was aligned to the center of the field of view of the 
Charge Coupled Device (CCD) camera of the microscope. 

B. Structural design of lab-on-a-chip and Integrations 

A new design of a previously presented LOC [44] was 
manufactured in PMMA. The design of the microfluidic 
structure was transformed to a PMMA slab using CNC 
machining and manual drilling. After manually drilling a 
diagonal hole for the patch clamp pipette the surface of the 
PMMA was milled flat and parallel to the CNC machine 
coordinate system using a 6 mm carbide end-mill.  A 2-flute 
150 μm carbide end-mill (LPKF 115832) operating at 25 kRPM 
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and with a feed-rate of 2 mm/s was then used to mill the 
microfluidic channels. This change of tooling was deemed 
necessary due to the excessively slow material removal possible 
when using the 150 μm tool, but made it necessary to introduce 
a calibration step where a set of progressively deeper trial 
channels were milled close to the final location of the 
microfluidic channels. The vertical location of the tool relative 
to the surface of the PMMA could then be accurately 
determined by counting the number of lines milled into the 
PMMA as any milling at all was readily apparent to the naked 
eye. The size of the final channels was 150 × 40 μm (width × 
height). Connecting 1 mm holes were then drilled manually and 
the external ends of the holes were threaded internally to enable 
gastight connections of the channel system to the pump systems 
through tubing, screws and fittings [44].  
The microfluidic channels were sealed with a cover glass of 24 
× 36 × 0.055 mm (Gerhard Menzal, Germany) using UV- 
curable adhesive material (EPO-TEK OG603, Epoxy 
Technology, USA). 
The four inlets and the waste outlet of the final chip, adjacent to 
the microfluidic channels, were connected to two pump systems 
by gas-tight PEEK tubing (ScanTec, Sweden) for an 
independent infusion of RBC and EC buffer solutions. An inlet 
was designed especially for the inserting of an oxygen sensing 
probe close to the interaction zone of the channels. The patch-
clamp micropipette was positioned or steered by an attached 
single-axel micrometer differential drive, and fitted into the 
microfluidic chamber where the tip of the pipette was located in 
the desired patching position within the channel. 

C. Optical absorbance measurement instrumentation 

The oxygenated and deoxygenated conditions of the trapped 
RBC were monitored by an integrated UV-Vis spectrometer 
(Ocean Optics, HR4000, USA). The visible light from the 
microscope passing through the sample and the dichroic mirror 
(Chroma Technology Corp., USA) was split by a beam splitter; 
a fraction of 20% of light was guided to the camera on the left 
hand side of the microscope and 80% was guided to the right 
hand side port of the microscope to the spectrometer, see figure 
1. The optical fiber, with a core size diameter of 50 μm, was 
aligned precisely onto the center of the right-hand side-port of 
the microscope to collect the transmitted light. The absorption 
spectra were binomially smoothed by data-analyzing software 
program (Igor Pro). The region from 520-600 nm used to study 
the typical spectral peaks of the oxygenated and deoxygenated 
states. Using the built in function “smoothing” in form of 
Gaussian filtering was aimed to reduce the variability of data as 
well as the noise. 

D. Patch Clamp  

Patch clamp [1] was used to register the electrical signals across 
the plasma membrane of a single optically trapped chicken 
RBC. Electric signal recordings were registered between an 
electrode placed in one inlet of the lab-on-a-chip and a 
recording electrode placed in the micro-pipette. Signals were 

recorded using an amplifier (EPC 7, HEKA elektronik, 
Germany), a Digidata 1200 interface and software program 
pClamp 7 (Axon Instruments, Union City, CA, USA). Patch 
clamp pipettes were pulled from borosilicate glass capillaries of 
1.5mm OD, 1.16mm ID (PG150T-10, Harvard apparatus, USA) 
in two steps using a vertical Needle/Pipette Puller (David Kopf 
Instruments, Tujunga, CA, USA, Model 750). First, the 
capillary was thinned over a length of 7-10 mm to obtain a 
minimum diameter of 150 μm. The capillary was then re-
centred related to the heating filament of the puller. In the 
second step the thinned pipette was pulled until break to 
produce two pipettes with tips of about 1-2 μm. For our 
experimental purpose, the puller was adjusted to produce one 
pipette of good quality to fill out the required properties, i.e., 
tip’s diameter and taper’s length to be used for experimentation.  

E. The oxygen sensor system 

The oxygen content was controlled with a fiber optic oxygen 
sensor probe, (FOXY probe, ocean optics, USA), connected to 
a MultiFrequency Phase Fluorometer (Ocean Optics, Florida, 
USA). The oxygen sensor was calibrated by a calibration 
curves generated from standards concentration values of O2 
dissolved in anoxic and normoxic solutions. The second order 
Polynomial algorithm was used for better curve fitting, accurate 
oxygen measurements in a broad oxygen concentration range. 
The continuous visualization of the O2-concentration values 
were achieved by software program (OOISensors Oxygen 
Measurement Software) installed on PC connected to the 
oxygen sensor system, see figure 1 above.  

Experimental Results and Discussions 

In this paper, we present a PMMA based microfluidic system 
with precise control of hypoxic and anoxic conditions. The 
concept presented here is utilized to select and steer single 
trapped cells by optical tweezers through the gas-tight 
microfluidic system towards a fixed patch clamp micropipette 
for electrophysiological and spectroscopic measurements. 
A new concept of gastight LOC was developed and tested for 
patch clamp investigation on single RBCs under control of the 
oxygen content. The oxygenating states were monitored by an 
UV-Vis spectrometer. At the same time the oxygen content was 
monitored by an oxygen sensor. The chip combined with other 
techniques, i.e. optical tweezers and patch clamp was built as a 
multifunctional platform to fit onto an inverted microscope. 
The pump systems enabled the best infusion of RBCs and 
buffer solutions into the microfluidic channels by flow rates 
lower than 0.5μl/s. 
To enable the measurements under full control of 
environments, a novel approach in the fabrication process was 
introduced to achieve good quality sealing of the LOC by using 
the capillary effect. This was performed by using a rectangular 
cover glass that was attached to the LOC with a UV curable 
adhesive material, characterized with low viscosity, high 
optical transparency and higher biocompatibility (USP Class 
VI). As seen in figure 2, the etched side of the LOC was placed 
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face up. A clean cover glass was positioned to cover the etched 
channel pattern and to enclose the channels. The adhesive 
epoxy was carefully applied drop-wise to the edges of the cover 
glass. The adhesive was then spread slowly by capillary action 
to form a thin layer between the two surfaces. After 4 min of 
full adhesive coverage, a negative pressure was applied through 
the inlets of the LOC using the pump system. This guaranteed 
that the cover glass was well-attached and it was possible to 
remove epoxy that might have propagated into the channels. 
Throughout the previous step, the final step was to cure the 
adhesive epoxy by applying UV light.  

 

Figure 2a: The CNC machined microfluidic channels on PMMA 
material were connected to the pump systems by manually drilled holes 
extended to the side faces of the microfluidic chip. The sealing was 
performed by 1) a cover glass placed on the channel surface, 2) drops of 
adhesive epoxy placed on the corners of the attached cover glass and 3) 
negative pressure applied through the side-holes joined to the channels.  

 

Figure 2b: UV light curing of the epoxy while applying negative 
pressure into the channels. The figure shows 1) interaction (patching) 
zone, 2) microfluidic channels, 3) inlet for normoxic EC solution, 4) 
inlets for the biological cells, 5) inlet for the anoxic EC solution, 6) 
inlet for the probe of the oxygen sensor, 7) outlet and 8) the diagonal 
hole to insert the patch-clamp pipette through gastight adapter. 

To enable successful measurements some improvements were 
done prior to the experiments. The microfluidic chamber was 
equipped with smart interconnections between the micronized 
channels and the external devices. This ensured the gastight 
functionality and flexibility. The transport of cells into the lab-
on-a-chip was improved by shorter transport ways, efficient 
design of the channel system and optimized flow.  
The gastight microfluidic chip including the integrated 
micropipette was positioned on the microscope stage and 
connected to the pump systems for the insertion of RBCs and 
for the flow of the solutions of different oxygen contents. The 
micropipette was carefully inserted into the intersection-zone 
within the microfluidic channel and monitored visually. The 
RBCs were introduced to the microfluidic channel system in a 
low flow rate (0. 1μl/s) to enable the monitoring and selection 
of a RBC for experiments. A total of 3-4 RBCs were trapped by 
optical tweezers and manipulated within the microfluidic 
channels towards the interaction-zone, while the trapping 
dynamics were recorded in real time with the CCD-camera of 
the microscope.  The LOC including the integrated 
micropipette was precisely moved in 3D related to the fixed 
trap. The trapped RBC was steered to the interaction zone of 
the channel where the tip of the patch clamp micropipette was 
located. The micropipette was moved exactly to place the tip 
onto the membrane of the cell. 
To verify the gastight functionality of the microfluidic chip, 
measurements were done by both oxygen measurements and 
UV-Vis spectroscopy. The oxygen sensor measured values 
were registered to be 0-0.5 % oxygen within the channel when 
0% buffer was purged into the channel system. The UV-Vis 
spectroscopic measurements were started by acquiring and 
monitoring the absorption spectra of the trapped cells under 
exposure of normal EC solution with 18 % oxygen. The 
environment was then changed to 0% EC solution. The 
absorption spectra of the RBCs transferred from the oxygenated 
to the deoxygenated state according to the time series as seen in 
figure 3.  At the beginning of the experiment (t = 0), the 
absorption spectrum was acquired in the oxygenated state. The 
spectrum showed one strong peak at 540 nm and another peak 
at 575 nm, which is equivalent to the reported spectra of red 
blood cells from chicken [45]. The trapped RBCs were then 
deoxygenated by a flow of 0 – 0.5 % O2 buffer solution and a 
time series of spectra showed the gradual transformation from 
the oxygenated to the deoxygenated state (figure 3). The time 
scale is shown in table 1. The fully developed absorption 
spectrum of the RBC of the deoxygenated state showed the 
typical peak at 553nm [43]. To prove the gastight efficiency of 
the LOC, the flow of 0% O2 buffer solution was stopped to see 
if any oxygen could diffuse into the microfluidic channel. The 
acquired absorption spectra of the trapped chicken RBCs 
showed no change of the deoxygenating state during 5400s see 
figure 3. This shows, that the RBCs were viable for a long time 
of measurements and that the LOC can provide full control over 
the oxygen content. The transform to the oxygenating state was 
acquired after that the trapped cells were exposed to normoxic 
EC solution (18% O2), showing a gradual transform of the 
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spectra to the oxygenating state, as seen in figure 3. The values 
of oxygen level, measured by the oxygen sensor within the 
microfluidic chip, are scheduled against the absorption spectra 
under oxy-deoxy-oxy transform, as presented in table 1. 
 
 

Spectra at time(s) O2 % 
0 17.83 
27 13.030 

Start deoxy flow (0% O2) 
83 10.72 

128 9.607 
159 6.43 
191 4.465 
242 3.481 
255 2.941 
282 0.103 
298 0.017 

Stop deoxy flow (0% O2) 
5400 0.023 

Start oxy flow (18.1%O2) 
5828 13.65 

 
Table 1: The oxygen content within the channel vs. the time series of the 
spectra presented in figure 3.  

 
  

Figure 3: Absorption spectra from approximately four optically trapped 
chicken RBC. Peaks at the straight lines indicate oxygenated state, at the 
dotted line deoxygenated state. At t=0 we see the oxygenated state. After 289 
s of flow with 0% O2 the deoxygenated state was reached. After that the flow 
was stopped to see whether oxygen could diffuse into the LOC. After 5400 s 

the deoxy state was still shown and a flow with 18 % O2 is started. After 428 
s the oxygenated state was reached again.  

Conditions to perform electrophysiological measurement on the 
trapped cell were finally established to show the capability to 
do electrophysiological measurements on the trapped cell. For 
sealing onto the RBC membrane, large patch pipettes with 
open-tip resistances of 8-10 MΩ was used. The patch clamp 
pipette was moved slowly towards the trapped cell to ensure 
contact between the tip of the pipette and the cell. The positive 
pressure was released followed by the application of gentle 
suction to the form of high seal resistances.  The changes in 
pipette and access resistance measured with an EPC-7 patch-
clamp amplifier prior the seal creating. Negative pressure was 
applied gently on the solution within the pipette to create a seal. 
The whole-cell access (Ra) and membrane (Rm) resistances 
were estimated directly to be 5.1 MΩ and 889.7 MΩ 
respectively.  
 
Conclusions  

In conclusion, we have demonstrated a concept of a LOC for 
patch clamp investigation on single cells under exchangeable 
oxygen contents. The experimental results showed promising 
potential to perform complete patch clamp measurements on 
biological cells under acute ischemic and anoxic conditions. 
The time series of the absorption spectra showed that the RBCs 
were viable for a long experimental time and that the LOC 
delivered full control over the oxygen content. 
The closed microfluidic chip presented here provides an 
alternative to the traditional open system conventionally used in 
patch clamp experiments. The measurements of the oxygen 
content within the chip by the oxygen sensor as well as the 
absorption spectra acquired by UV-Vis spectroscopy on the 
patched RBC could to a high grade verify that the microfluidic 
chip can be used for electrophysiological hypoxic and normoxic 
investigations. 
More improvements may be executed to incorporate other 
environmental issues like temperature or pressure. The LOC 
could also be used to measure cell mechanics such as sheer 
stress under environmental changes. Furthermore, the gastight 
functionality and feasible control of the gaseous environments 
within the chip could be used to provide rapid and direct insight 
into the behavior and growth of anaerobic microorganisms. The 
presented LOC is useful for studying the effect of changing 
chemical and physical conditions on the morphology and 
function of biological cells in environmental gradients. Many 
studies demonstrate the need of environmentally controlled 
LOC devices for such applications [46]. 
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Abstract: This paper reviews microfluidic technologies with emphasis on applications in 
the fields of pharmacy, biology, and tissue engineering. Design and fabrication of 
microfluidic systems are discussed with respect to specific biological concerns, such as 
biocompatibility and cell viability. Recent applications and developments on genetic 
analysis, cell culture, cell manipulation, biosensors, pathogen detection systems, diagnostic 
devices, high-throughput screening and biomaterial synthesis for tissue engineering are 
presented. The pros and cons of materials like polydimethylsiloxane (PDMS), 
polymethylmethacrylate (PMMA), polystyrene (PS), polycarbonate (PC), cyclic olefin 
copolymer (COC), glass, and silicon are discussed in terms of biocompatibility and 
fabrication aspects. Microfluidic devices are widely used in life sciences. Here, 
commercialization and research trends of microfluidics as new, easy to use, and  
cost-effective measurement tools at the cell/tissue level are critically reviewed. 

Keywords: microfluidics; tissue engineering; biomedical engineering; polymers; 
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Abbreviations: 

AC   Alternating current 

ATP  Adenosine tri-phosphate  

CNC  Computer numerical control  

COC  Cyclic olefin copolymer 

DC   Direct current  

DEP  Dielectrophoresis 

DNA  Deoxyribonucleic acid  

ECM  Extracellular matrix coating 

E. coli  Escherichia coli  

EDEP  Electrodeless dielectrophoresis 

EOF  Electro-osmotic flow  

hMSCs  Human primary mesenchymal stem cells  

HTC  High throughput screening 

IC   Integrated circuit 

MACS  Magnetically actuated cell sorter  

TAS  Micro total analysis system  

PC   Polycarbonate 

PCR  Polymerase chain reaction 

PDMS  Polydimethylsiloxane  

pH   Measure of the acidity or alkalinity of an aqueous solution  

PMMA  Polymethylmethacrylate 
PMT  Photomultiplier tube 

PS   Polystyrene  

Re   Reynolds number 

RNA  Ribonucleic acid  

SPRI  Solid-phase reversible immobilization  

Tg   Glass transition temperature  

UV   Ultraviolet  

UV-Vis  Ultraviolet-Visible  

UVLIGA  Ultraviolet lithography, electroforming and molding  

VSCEL  Vertical cavity surface emitting lasers  
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1. Introduction 

The field of microfluidics [1] was pioneered 40 years ago by the development of devices for 
silicon-based gas chromatography and microfluidic-based nozzles for ink jet printers [2,3]. It was not 
before 1990 that the first device with integrated microfluidic structures was developed for chemical 
analysis [4]. Thereafter, a remarkable increase of microfluidic applications appeared. Microfluidics, 
also called lab-on-chips or micro total analysis systems (μTAS), have become a hot subject in the life 
sciences [5], which has resulted in a huge number of published papers and reviews.  

A major advantage of microfluidics is the ability to scale down systems to micro-sized chips [4]. 
This is associated with automation of manufacturing via different microfabrication techniques, a wide 
variety of different materials used for the chips, lower cost, and low demands for power and reagents. 
Further developments in microfluidics include novel polymeric materials, which complement  
the original silicon and glass-based microfluidic devices that initially came out of the electronics 
industry [6–10]. Nowadays, advanced microfabrication techniques enable the creation of complex, 
integrated microfluidic chips, which perform multiple analytic investigations on the same chip. Since 
the new techniques became available they have been incorporated into microfluidics. Many reviews on 
microfluidics have been published since the invention of the laser [11,12], especially in the fields of 
analysis in biology and chemistry [13–15], medical diagnostic assays [16,17], clinical analysis, 
forensic science [18], molecular diagnostics, genetic testing and DNA analysis [19,20]. 

In cell biology, the integrated “Lab-on-a-chip” has shown potential for analysis of intracellular 
reactions in single cells, at the sub-molecular level, and in tissue engineering experiments. The 
advantages are the exceptional properties of miniaturization, integration and automation. The systems 
allow new prospects for spatial and temporal control in investigations such as cell sorting, cell 
transport, immobilization and manipulation of biological systems in vitro, precise control of the 
microenvironment, cell culture, differentiation and many other applications. 

Furthermore, combining microfluidic systems with different readout techniques have proven to be 
powerful tools in various applications, especially with great impact on the ongoing revolution in cell 
biology and biotechnology, as presented in this review.  

In this review, we will focus on microfluidic characterization, fabrication, and the main applications 
related to biomedical engineering, pharmacy and cell/tissue biology. The intent is to present recent and 
current advances in microfluidic systems including applications, characterization and fabrication 
methods. The aim is also to emphasize the advantages of miniaturization for biological analysis and to 
present various cell biological applications. Different approaches in microfluidic systems are reviewed, 
including fluid and cell transport, properties of the involved materials, and a critical review of their 
advantages and disadvantages. Finally, we present a critical discussion about the different methods 
used, and present a brief overview about the recent developments and commercialization in the field  
of microfluidics. 

2. Microfluidic Systems, Flow Dynamics on the Small Scale, and Manufacturing 

This field deals with complete sequences of reliable design methods, fabrications and applications 
of micro-scaled channel systems connected by reservoirs or sealed inlets and outlets. The potential 
benefits are to produce portable microfluidic systems to improve life sciences as well as medical 
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technologies and to perform large and complex cell-based biological investigations. In biomedical 
engineering, portable microfluidic systems could be used as diagnostic tools for rapid analysis of blood 
samples and other body fluids.  

2.1. Characterization of the Fluid Flow 

The behavior of the fluid flow within a microfluidic system differs from that in a macroscopic 
system. The micro scale dimensions of the channels allow for effects that are usually impossible in 
macro-scaled systems. These include surface effects, e.g., intermolecular forces that may change the 
viscosity. For instance, the surface effects are found to be lower when the height of the channels is 
decreased from 40 microns to about 10 microns [21]. Another important effect is the improvement of 
convective and radiative heat transfer due to the increase of surface-to-volume ratio [21].  

In most microfluidic applications, it is important to understand and optimize the flow within two 
regimes, laminar or turbulent flow. Laminar flow (so-called streamline flow) occurs when the fluid 
flows in smooth and regular pathways, while fluidic parameters such as velocity and pressure are  
time-independent at each point within the fluid. The convective mass transfer of the fluid follows the 
direction of the flow under steady state boundary conditions [22]. To characterize the fluid behaviors 
within microfluidic channels the dimensionless Reynolds number (Re) is considered in most 
applications. The Re number quantitatively estimates the tendency of a fluid to develop turbulence, 
and it is defined as the ratio between the inertial and viscous forces on the fluid [23]. The parameters 
involved are the kinematic fluid viscosity, the actual fluid velocity and the characteristic diameter of 
the channel represented by the volume-to-area ratio of the channel [24].  

Laminar flow is achieved by using small microfluidic channels with lower fluid velocity and 
relatively high viscosity. The laminar blood flow through the capillaries of the human body has been 
examined to explain this phenomenon [25]. Since the characteristic diameter of microfluidic channels 
is small, typically < 500 m, the Re number can be lower than 10, and the fluid flow is expressed as 
laminar. The liquids are transported in uniform layers of thickness, between fixed boundaries, where 
mixing of the streamed liquids occurs by diffusion across the liquid-liquid interfaces [26]. 

2.2. The Fluid Transport 

For most microfluidic systems, optimization of the fluid transport within the channels is necessary. 
Experimentally, the flow can be generated from high volume rates for cytometric applications [27,28] 
to low rates of pl/s in applications demanding nano- and micro-scaled channels [29]. In some 
applications the fluid transport can be controlled by the fluid mass transport due to diffusion [30]. This 
can be explained by the thermal energy when particles spread in the fluid due to Brownian motion. The 
main methods in fluid transport are pressure-driven flow [31], electro-kinetic flow [32] and fluid 
transport created by motor proteins [33]. 

2.2.1. Pressure-Driven Flow  

This common method uses either embedded micro-pumps within the microfluidic chip [34], or 
external pump systems to generate external pressure flow, such as positive displacement pumping [35], 
or ultra-precise syringe pump systems [36]. The advantage is the ability to control the exact amount 
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and location of the pumped fluid. The limitations are difficulties to achieve smooth fluid flows at very 
low rates within small channels and the non-uniform velocity profile of the flow [37] as shown in 
Figure 1A.  

Figure 1. The fluid flow profile within the microfluidic channels. (A) Pseudo-parabolic 
profile in pressure-driven flow; (B) Uniform velocity profile in electro-osmotic driven flow. 

 

The pseudo-parabolic profile shows that the maximal velocity of the fluid is in the center of the 
channel, and the flow decreases to zero at the walls. The phenomenon can be investigated by software 
simulations using Navier Stokes equations with proper boundary conditions [38]. 

In some applications, the control of the fluid transport is achieved by using external pump systems. 
The pump systems are chosen depending on the quantities to be transported, the behavior of the 
transported fluid, and the pump system’s influence on the measurements. 

2.2.2. Electro-Kinetic Flow  

Electro-kinetic transport within microfluidic channel is based on the movement of charged 
molecules in an electric field. This is performed either by capillary electrophoresis (CE) transport of 
charged samples relative to stationary fluid, electro-osmosis (EOF) transport of ionized fluids relative 
to stationary charged surfaces or by combining both techniques, as described below. 

2.2.2.1. Electro-Osmotic Flow (EOF) 

The fluid transport is generated through microfluidic channel walls of chargeable materials. An 
electric field is induced when a thin ion-layer of liquid is formed at the wall surface which is 
oppositely charged to the charge of the wall [31]. The fluid will operate as an electric double layer; a 
thin layer (Stern layer) of counter ions at the wall and another thicker layer (diffuse layer) of excess 
charges with the same polarity as those in the Stern layer. The ions within the Stern layer are fixed at 
the wall and the ions in the diffusion layer are movable. 

By applying an electric field across the channel the fluid will move towards the electrode of 
opposite polarity, starting near the walls and transferring via viscous forces to the convective motion of 
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the fluid. Experimentally, an open channel at the electrodes produces a uniform velocity profile while 
a closed channel causes a recirculation pattern in which the fluid along the center of the channel moves 
in a direction opposite to that at the walls, as seen in Figure 1B [32]. 

Since the flow is dependent on the interaction between the micro channel walls and the driving 
fluid, a higher efficiency of fluid flow is obtained when the micro channels are less than 100 m in 
diameter [33]. This method has been used with different microfluidic devices fabricated from different 
materials such as glass [35], polymers [36,37] and PDMS (polydimethylsiloxane) [38]. The method is 
used widely in capillary electrophoresis [39]. However, this method is not qualified for some 
electrophysiological investigations due to the noise arising from electromagnetic fields [40]. 

2.2.2.2. Electrophoresis Flow 

Electrophoresis flow results from the accelerating force due to the charge of a molecule in an 
electric field balanced by the frictional force [39]. The induced forces accelerate the charged ions 
towards the cathode and the anode. The movement velocity of the ions in an applied electric field is 
expressed by electrophoretic mobility  = v/E where v is the movement velocity of ions and E is the 
electric field intensity. Hence the mobility is independent of particle size (for uniform surface charge 
and electrical field). One approach is to manipulate samples within an ionic buffer solution at a 
specific pH. The samples, cells or particles, will experience a different mobility that may be separated 
depending on their size and charge (Figure 2B). However, depending on the channel construction and 
the used substrate material, a bulk electroosmotic flow component may overlay on the electrophoretic 
movement of the sample, due to charges induced on the surfaces. Thus, the precise control of surface 
charge and buffer pH is essential to achieve best possible separation of samples. Another approach is 
to introduce a polymer gel into the separation channel, which is commonly used for separation of DNA 
and proteins [41]. The polymer gel creates size dependent electrophoretic movement. The smaller 
molecules experience less resistance (Figure 2C). 

Figure 2. Electrophoresis approaches within microfluidic systems. (A) Sample movement 
in free solution; (B) Electrofocusing; (C) Gel electrophoresis. 
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Gel electrophoresis diminishes the diffusion expansion of the separated zones within the 
microchannels and the electroosmotic flow due to the adsorption of the gel matrix that create 
neutralized surface charges on the microchannel walls.  

3. Fabrication of Microfluidic Devices 

Microfluidic devices were initially based on non-polymeric materials like silicon or glass, 
fabricated by the well-established integrated circuit (IC) production techniques such as 
photolithography and surface micro-matching due to the equipment availability and the possibility to be 
integrated with electronics. Glass materials were preferred for their excellent biocompatibility [42–46] 
and the high tolerance of high temperature and strong solvents [47] that was suitable for application 
with capillary electrophoresis. However, the drawbacks were mainly the non-optical transparency of 
silicon, the high cost and the micromachining complexity of silicon and glass materials. 

The present research and commercialization have shown advantages with fabrication techniques 
that are based completely on polymer/plastic materials [48].  

The popularity of such alternative materials is mainly based on the low cost, disposability, 
durability, optical transparency, biocompatibility, simple component-integration (such as 
interconnections, tubing and fittings), design-flexibility for wide ranges of applications, and chemical 
or mechanical properties. Latterly, glass, silicon or polymer have been used individually or combined 
with other material to produce microfluidic systems [2,49–61]. 

The reduction of fabrication costs and the optimization time have been improved by rapid 
prototyping techniques, where device geometries are quickly evaluated [62].  

State-of-the-art fabrication techniques of microfluidic devices may be classified into direct 
techniques such as laser ablation or laser micromachining of polymers [63], photolithography  
or optical lithography [64], X-ray lithography [65] and prototyping techniques, including hot 
embossing [66,67], injection molding [68,69], and soft lithography [9]. 

3.1. Integrated Micromachined Devices

Micromachined devices have shown new advances to control the fluid flow within microfluidic 
systems, allowing high levels of microchip integration and analytical throughput. Many designs in 
various applications have been presented over the past ten years. They show a considerable potential 
for integrated microfluidic devices or systems, including microvalves, micropumps, and micromixers, 
as described below.  

Embedded microvalves improve the function of microfluidic systems by controlling the direction of 
fluid flow over time. Micropumps for control and manipulation of fluid volumes on-chip are good 
options to replace external pumps [70].  

Microvalves are used to control the fluid flow within the microchannels by changing external 
parameters. The activation of the valves may be performed mechanically via external pressure that 
physically alters the PDMS wall [48,71–73], pneumatically by using flexible membrane-based  
valves [49,56,74–80], or using valves that function as switchers for continuous flow between channels 
using electroosmotic flow techniques [81–84]. The flow can be modulated by microvalves based on  
phase-modification of different materials such as paraffin [77,78,85], aqueous solutions [86], or 
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hydrogels [87,88]. External forces can be applied on single-use valves so that flow is induced or 
impaired at a critical time point, such as by removing flow resistance [89–91] or by breaking apart a 
portion of a membrane [92–94].  

Micropumps are used to control the fluid flow in microfluidic systems that can be classified as 
passive or active devices. The passive devices within microfluidic systems allow the fluid to move 
spontaneously close to surfaces. They are based on the surface tension of the fluid and the walls of the 
channels. A promising commercial design for a capillary pump based on this phenomenon has been 
presented [95]. The limitations associated with the surface tension boundary at the end of the 
microchannel may be avoided by the surface tension of droplets placed at inlets and outlets of 
microchannels to drive the flow. The benefits of surface tension-based micropumps are low cost and 
simple performance, but the time variation of the flow rates makes it unfeasible for automatic flow 
control [96]. Passive micromixers based on pumping energy are shown in various configurations, such as 
T-, or Y-shaped, parallel lamination, sequential, focusing enhanced mixers, and droplet micromixers. 

The active micropumps operate in different manners using external pumping activities to initiate, 
control and stop the fluid flow. The advantages are the temporal control of the flow rate and the 
opportunity to enhance and control more complicated on-chip fluidic functions. The generation of 
external energy sources for mixing can be performed by using pressure-driven, electro-kinetic, 
dielectrophoretic, electrowetting, magneto-hydrodynamic, and ultrasound techniques. Most of the well 
established micro-mixers are based on pressure-driven flows [97]. 

3.2. Direct Fabrication Techniques 

3.2.1. Photolithography  

Photolithography is a technique based on the exposure of light on a photoactive material that 
undergoes a chemical reaction to form a liquid-solid transition. The basic components needed for 
photolithographic fabrication are a light source, usually UV light of 254–365 nm, a spin coater with 
programmable speed and time, and a suitable substrate with a photo-reactive material [98].  

As shown in Figure 3, a non polymeric solid substrate (glass or silicon) is spin-coated to apply a 
thin layer 1–500 m of photoresist, usually SU-8, by centrifugal force. After evaporation of the 
solvents in the photoresist via soft baking, the substrate is exposed to UV light through a  
high-resolution mask of plastic or glass film with the desired microfluidic pattern. After baking, 
depending on which photoresist is used, the un-, or exposed layer of the photoresist is removed using 
chemical bath development. The desired pattern remains on the substrate forming a positive or 
negative mold. The light-exposed areas on the positive photoresist are usually soluble. For the negative 
photoresist, the areas are insoluble. The photoresist is often used to obtain negative molds for  
PDMS-based microfluidic devices replicated by soft lithography [64].  

The advantages of photolithography are mainly the spatial control of light and the high resolution of 
the microstructured fluidic devices or molds produced. However, some limitations have been reported: 
lower sealing quality, chemical invariability of the surface, absence of other materials and related 
photoresists that can be used instead of traditional silicon [99].  
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Figure 3. Photolithography to fabricate microfluidic devices. (A) A photoresist is  
spin-coated on a silicon substrate; (B) The substrate with the spin-coated layer of 
photoresist is exposed to UV light through a high-resolution mask; (C) After baking and 
chemical development, the non-cross-linked material is removed, resulting in either a 
negative or a positive mold. 

 

3.2.2. The Conventional Surface Micromachining  

The Conventional Surface Micromachining technique is based on non polymeric materials, such as 
silicon and glass, to create high precision 3-D microstructures. A layer of protective organic material is 
spin-coated on a substrate followed by prebaking and photolithography to produce organic patterns on 
the surface of the substrate. After removal of the non-crosslinked material, the surface is etched and 
the material in unprotected portions is removed. Micromachining of silicone substrates is  
well established to yield precise devices with surface modification techniques, such as plasma 
deposition [100]. Furthermore, mass production of identical devices is easily realized due to the high 
automation level for surface micromachining. The disadvantages of surface micromachining are the 
long production time, high cost, fragility, invariability of the material, and the inability to obtain deep 
etched channels [101]. Several silicon-based micromachining methods, such as wet and dry etching 
and other methods have been reviewed [102]. 

3.2.3. Laser Ablation Micromachining  

Laser ablation micromachining is based on the energy of laser pulses to break bonds in a polymeric 
molecule and to remove the decomposed polymeric fragments from the ablation region. This enables 
the creation of polymer-based microfluidic structures [103,104]. The depth and width of the channels 
are adjusted by the laser intensity and repetition of the beam exposure along the same channel. 
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Depending on the energy per laser pulse and the material of the used substrate, the ablation rates per 
pulse are about 0.1–5 m [103,104]. Ranges of polymeric material have been used with this method, 
including PMMA, PS, PC (PET) [105,106]. Bonding of PMMA-based microstructured devices can be 
achieved by using solvent-assisted gluing, melting, laminating and surface activation. The advantages 
are the short cycle time of production. The disadvantage is mainly the high cost of  
manufacturing [107]. 

3.3. Prototyping Techniques 

3.3.1. The Hot Embossing Technique  

The Hot Embossing technique is based on a mold of permanent microstructures that is bossed 
gradually by pressing with a specific force on a polymeric thermoplastic substrate while it is heated 
slightly above the glass transition temperature (Tg) of the substrate [108]. After cooling, the 
thermoplastic substrate is released, and contains a glassy or semi crystalline microstructure. The 
method enables straightforward fabrication of microfluidic devices of single layers and thin channels. 
However, to produce devices with enclosed channels, bonding of multi thermoplastic layers with heat, 
glue or other techniques are necessary [109]. 

The advantages are mainly the ability to fabricate nano- and micro-structures [110] and to use 
molds for the replication of many devices without degradation [111]. The challenge is to shorten 
production times per device with faster thermal cycling. Thus, mass scale fabrication of thick devices 
is more cost efficient. Also, the shallow channels make it challenging to achieve connections within 
the microchip. Moreover, undercut structures cannot be shaped; therefore assembly of separately 
fabricated layers is essential for enclosed structures. 

Recently, a broad range of improvements has been reported, related to hot embossing techniques. 
Large-scale hot embossing to create low cost and high quality microfluidic structures has been 
presented [112]. Using simulation-based modifications, it is possible to improve the demolding forces 
and to reduce damage, such as shrinkage and warpage of microstructures during demolding. In contrast 
to standard hot embossing of simple surface structuring, PMMA-based double sided hot embossed 
structures were linked through holes to the fluidic structure by double-sided aligned mold  
inserts [113].  

Based on functional titer plate-based microfluidic platforms, a 96-well solid-phase reversible 
immobilization reactor system (SPRI) was replicated [114]. The large area patterned mold inserts were 
fabricated using an SU-8 based UVLIGA (Ultraviolet Lithography, Electroforming and Molding) 
lithographic technique with high precision. Leak-free sealing was achieved by thermal fusion bonding 
of the molded chips. This work was extended to a high throughput, multi-well (96) polymerase  
chain reaction (PCR) platform, based on a continuous flow (CF) mode using double-sided hot 
embossing [115]. The hot embossing system combined with a servo pneumatic system during a rapid 
thermal cycling to form force feedback was achieved due to the low thermal mass in the forming  
area [116].  

A novel infrared (IR)-assisted roll-to-roll embossing method of two micropatterned metallic rollers 
was developed for replication of microfeatures onto flexible polymer substrates. IR radiation energy 
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was used to produce thermal heating to melt the polymer substrates during hot embossing and 
replicating the microstructures [117]. 

3.3.2. Microinjection Molding 

With similar procedures as used for the commercial macro-scale injection molding, a thermoplastic 
polymer is liquidized by heating and injecting under high pressure into a high precision mold cavity. 
The mold is rapidly cooled below the Tg of the polymer and the finished device is ejected. The 
benefits are the rapid mass production, the geometrical quality, and the multi-level structures with 
different depths. The challenges are to reduce the cost of the high quality molds and to assemble 
separate layers for the construction of closed microfluidic devices [118]. Mass replication of polymeric 
microstructures using a conventional injection molding process with mold inserts of wet-etched silicon 
wafers have been optimized [118].  

Another approach is to improve the injection molding process with high temperature and rapid 
thermal response to enhance the quality of plastic injection without increasing the total cycle  
time [119]. 

Mass replications of plastic microfluidic chips with interconnecting ports and holes were fabricated 
by a microinjection molding process using mold cores with pin structures [120]. 

3.3.3. Computer Numerical Control (CNC) Micromachining  

Computer numerical control (CNC) micromachining [121] is used for fabrication of PMMA-based 
microchips. Most analytical microchips require features with dimensions in the order of 10–200 μm. 
Such tolerances are possible with CNC milling as a standard fabrication technique. The conventional 
CNC milling is used to fabricate prototype microchips for straight use or structured molds of harder 
materials for rapid generation of analytical microchip platforms via PDMS casting or hot embossing. 
In some applications, the CNC machines may be combined with microscopic surveillance to yield 
microchips with accurate tolerances on milled structures in the order of 2–10 μm [122].  

Prior to any milling, drilling, or cutting, the desired tolerances of the vertical and horizontal 
positions of the mill should be adjusted relative to the surface of the block of PMMA or other 
materials. For accurate aspect ratio features, the depth of the feature, the z-axis, is pre-calibrated. The 
size and shape of the desired micro channels are achieved by using cutter drills with different tips 
related to the desired features. To achieve the best tolerances, test modules are pre-fabricated and 
investigated under commercial microscopes to monitor the desired sizes and features.  

The advantages of this method are low cost of material, the ease to create milled designs quickly, and 
the availability of CNC machines at universities or at commercial workshops. The disadvantages are the 
poor surface quality, low yield strength, substrate hardness, and poor tolerances [121]. In addition, the 
inability to assemble the tolerances required for analytical microchips with features <10 μm is one of the 
most significant limiting factors of CNC milling for lab-on-a-chip devices.  

Many studies have reviewed experimental and modeling aspects of micromachining processes, 
specifically micro milling [123–125]. Micro factories, micro-, and ultra-precision machine tools have 
been designed and developed for micromachining applications [123,124]. Numerical and analytical 
modeling of different aspects of micro milling has been investigated extensively [125]. 
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Microchip electrophoresis devices based on PMMA were fabricated by hot embossing from mold 
masters fabricated rapidly via high-precision micromilling. Numerical simulations were used to 
determine the effects on injection plugs (i.e., shape, size, concentration profiles) due to the curvature of 
the corners. The sidewalls of the polymer microstructures were characterized by a maximum average 
roughness of 115 nm and mean peak height of 290 nm. PMMA microchip electrophoresis devices 
were used for the separation of double-stranded DNA. The plate numbers achieved in the micromilled 
chips exceeded 1 million/m, compared to the plate numbers obtained for the LIGA-prepared devices of 
similar geometry [126]. 

3.3.4. Soft Lithography 

Microfluidic devices of polymeric thermoset microstructures of PDMS are formed by molding 
against a negative image of the desired structure [39,127]. Usually they are fabricated by 
photolithography using silicon or glass, depending on the desired resolution and the number of 
replications that the mold must withstand. A typical production process is schematically described in 
Figure 4. The resulting devices have many attractive properties, such as chemical inertness and facile 
bonding to glass or other layers of PDMS, i.e., multiple layers which enable efficient fluid flow 
pumping schemes [40]. 

Figure 4. Replication of PDMS based microfluidic devices produced by soft lithography.
(A) The needles are located in connection with the channels prior to pouring PDMS into 
the mold; (B) The needles are removed, and the finished microfluidic system is released 
from the mold after thermal curing; (C) The microfluidic system is placed on a cover glass.  

 

The surfaces can be modified compared to other materials to achieve hydrophobic to hydrophilic 
transformations through oxygen plasma treatment. However, plasma-treated surfaces will maintain the 
hydrophilicity for only short laboratory experiments and device verification. The limitation of the 
quick hydrophobic recovery of PDMS surfaces has been addressed either by attaching larger 
molecules to the surface for increased durability of the surface or by network forming modification to 
increase the surface stability [40]. 

The main disadvantages of soft lithography are the invariability, and that they are incompatible with 
non-polar solvents that may block the channels or cause cross contamination of adjacent fluid streams. 
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Furthermore, PDMS is usually thermally cured and patterned through material exclusion against a 
negative-image mold. The connections, such as channels and reservoirs within the layer, are often 
manually fabricated with needles placed before pouring the PDMS, as seen in Figure 4, or by  
hole-punching in the finished microfluidic device, which may reduce the precision and repeatability. 

3.4. Bonding: Complementary Step for Fabrication of Microfluidic Devices 

Bonding of polymer substrates is a challenging and critical issue in fabrication of functional 
microfluidic devices. The general methods of bonding are mainly the thermal compression at higher 
temperature up to Tg. Bonding by chemical modification of substrate surfaces using plasma treatments 
(UV/O3) are traditional methods for bonding of PDMS. Alternatively, adhesive bonding by gluing 
(e.g., UV curable materials) or using curable epoxies can be used [128]. 

4. Microfluidic Applications in Pharmaceutical, Biological and Biomedical Engineering 

4.1. Manipulation of Biological Cells on-Chip 

During the last few years, the manipulation of biological cells in microfluidic devices has increased 
widely in biology, medicine and biotechnology. The manipulation of biological cells makes it possible 
to move the sample without coming into physical contact within a closed microfluidic system. Most 
touch-free manipulation techniques can be easily integrated into existing setups, making them widely 
usable. The main methods are presented in the following sections, with some detailed descriptions on 
the common applications in cell biology. 

4.1.1. Magnetic Manipulation  

Magnetic manipulation is a contact-free method and uses magnetic forces induced by external or 
embedded magnetic fields [129] to manipulate magnetically labeled biological cells. The cells are 
labeled magnetically by attaching nano-paramagnetic beads with high selectivity. The magnetic beads 
can be functionalized with antibodies, peptides or lectins to interact with the biological cells [130]. 
Typically, the diameter of the chosen magnetic beads is about 10–100 nm to guarantee minimum 
damage to cellular function or cell viability [131]. 

Designs of various microfluidic cell sorters have been presented using embedded ferromagnetic 
wires [131], micro-electromagnetic matrix [132] or plastic-coated steel wool to avoid cell  
damage [133]. The method has been applied to control the efficient manipulation and treatment of red 
blood cells [134]. Another approach improved the trapping efficiency of relatively rare cells in blood 
samples by magnetically trapped beads within open tubular capture beds [135]. Escherichia coli  
(E-coli) bacteria can be magnetically separated from solutions and blood by a mixer within the 
microchannels [136]. Other designs of microfluidic chips with integrated micro magnetic stripes and 
super-paramagnetic nanoparticles for cell separation have been reported [137]. A microfluidic device 
with parallel magnetic lines along the flow chamber to capture, guide, and move the magnetic-labeled 
cells [131,135–137] and local magnetic fields created by an orthogonal array of electrical wires [133] 
have been demonstrated successfully. The advantages are the parallel sorting (multiple cells per time 
and location) and cost efficiency. The disadvantages are the low sensitivity and selectivity to trap rare 
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cells [133], the long-time and sensitive procedures for magnetic labeling and releasing of the beads. 
Commercialization of the technique has been presented as a Magnetically Actuated Cell Sorter 
(MACS) by Miltenyi Biotec GmbH, in Germany [138]. 

In other designs, a quadrupole magnet surrounding the flowing cellular solution enables the 
deflection of magnetic-labeled cells in desired directions [139]. A magnetic cell sorter based on  
free-flow magnetophoresis is used to separate cells based on variable receptivity of magnetic material 
between different cell populations [140]. These methods show drawbacks mainly due to cell adhesion, 
low throughput, and low recovery due to the number of beads attached to the cells [135]. 

Magnetic separation of label-free blood cells based on their local magnetic properties has been 
presented [141]. Using a constant magnetic field to separate cells based on the inherent magnetism of 
each cell in a population was demonstrated by magnetophoresis of red blood cells and labeled human 
lymphocytes [142,143]. Red blood cells that are diamagnetic were separated from white blood cells 
that are paramagnetic or diamagnetic [144]. The method is hygienic, flexible, non-invasive, and may 
be adapted within various microfluidic systems for a variety of cell manipulation applications.  

In contrast to the optical and electric field manipulation techniques, the magnetic field is basically 
permeable to biological tissues and cells, and it is not expected to interfere with cell function. It has 
also been shown that the magnetic particles do not influence viability or function of the labeled  
cells [122,131]. One principle of magnetic sorting can be seen in Figure 5. 

Figure 5. Schematic of DNA stretching by attaching a magnetic bead to one end of the 
DNA molecule while the other end is fixed onto the surface of the cover glass. 

 

The drawbacks are mainly the weak aligning force, which can be improved by a high presence of 
molecules within the sample, and the high magnetic susceptibility [145]. 

Additionally, manipulation of individual magnetic beads requires more complicated control over 
the external magnetic fields. Furthermore, the efforts to optimize magnetophoretic conditions for 
manipulation of biological samples are still insufficient for broad applications [146].  
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4.1.2. Mechanical Manipulation  

The mechanical manipulation of biological cells on chips is challenging due to the physical 
conditions. To understand the physical behavior of cells, structure-function interactions require 
knowledge from biological, biophysical, and biochemical fields. Cell mechanics and physics describe 
the way that biological cells are moved, deformed, sensed, generated, and how they interact and 
respond to mechanical forces [147–150]. 

Cell analysis and separation are the major application of on-chip mechanical manipulation. 
Microfluidic devices with structures such as micro-filters [147–150] have shown poor selectivity and 
are hence limited for cell-based applications. Micro-well structures [151–153] such as micro-grippers 
are used for single cell manipulation without damage to the cells but are complicated to produce [154]. 
By using etched dam structures along the microfluidic channels in the fluid flow direction it is possible 
to allow biological cells to be moved, docked and aligned in desired locations [38,155]. In other 
microfluidic designs with similar functionality, etched structures of multi-shape and height grooves on 
master-slabs are positively replicated onto the PDMS to create protruding features with different 
heights, called “sandbag” structures [156]. The techniques require simple fabrications procedures and 
offer the potential to control cell transport, to immobilize cells, and to dilute analyte solutions to 
generate a concentration gradient with minimal stress. Hence, this technique may be useful for 
upcoming applications in microfluidic cell analysis. Some approaches involve reactive-coating of the 
inner surface of the microfluidic channels [157–159] with antibodies [160,161], with selectin (cell 
adhesion molecules) [162] or with enzymes [163]. These coating techniques use cell adhesion to 
enable trapping of cells with fairly low immobilization. 

Arrays of rectangular mechanical filters within microfluidic channels have been used for trapping 
various types of cells found in blood [127,164,165]. In another design, hydrodynamic forces have been 
used to move and filter the blood cells through a pattern of channels [164,165]. A limited volume 
surrounded by vertical silicon slabs has been used as a microreactor volume to trap particles [166]. 
Micro-patterned filters can be used to separate white blood cells from blood, where genomic DNA 
targets can be directly amplified by PCR on the filtered cells [40]. Size-based microfilters have been 
reviewed including Weir filters, Pillar filters, Cross-flow filters combined with continuous flow (CF) 
and membrane filters for mechanical separations of blood cells and DNA molecules [167,168]. The 
efficiency of microfilters and the simplicity to be integrated within microfluidic systems has been 
evaluated [167,168]. 

The sticky tendency and transient tethering of cells has been used as a biomimetical method for cell 
separation based on micro-structured channels [162]. Another approach using micropipettes to seek 
cells and draw them out of an optical trap is an interesting tool to manipulate individual cells [169]. 
The technique is based on microfluidic channels designed with integrated pipettes in custom-made 
holes. First, a buffer with beads flows into the channel where single beads are optically trapped, moved 
and held on the circular-shaped top of the integrated pipette. Then a solution of DNA molecules flows 
through the channel until one molecule sticks to a single trapped bead. Continuous flowing enables a 
second bead to be connected to the DNA molecule. Thereafter, the stretching experiments on an 
assembly of DNA molecules have to be performed separately [169]. 
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4.1.3. Electric Manipulation 

The ease to create and structure a micro-scale electric field on a microchip has been shown to be an 
alternative method to manipulate biological cells in various applications. The advantages are speed, 
flexible control and automation. The applied electric fields, depending on the nature of the 
experiments, are DC fields for electrophoresis of charged particles, AC non-uniform fields for 
dielectrophoresis (DEP) of polarizable (charged or neutral) particles and AC combined with DC for 
manipulation of charged and neutral particles. Electrophoresis is described as the motion of dispersed 
particles relative to a fluid flow generated by a spatial and uniform electric field [170]. The technique 
is used in combination with electro-osmosis fluid flow for the electrokinetic transport and separation of 
cells in microchannels [42,171–173]. Due to the similar electrophoretic motilities of most biological 
cells, the applications of electrophoresis for manipulation are limited and almost exclusively used for 
pumping (electroosmotic flow, EOF). 

Dielectrophoresis (DEP) [174,175] is based on non-uniform electric fields that induce polarization 
of uncharged particles that experience lateral motion. A DEP trap is usually produced by an electric 
field gradient with an array of planar metallic electrodes connected to a power supply, or free-floating 
in the presence of an AC field [176]. DEP enables the parallel electrical manipulation of micro- and 
nano-biological cells, DNA, proteins and nanoparticles. An improvement was achieved by 
electrodeless DEP (EDEP), which allows the application of a high electric field without gas 
development and allows an increase of the dielectric response at low frequencies (<1 kHz) [139]. DEP 
has been reported successfully in applications on microfluidic devices to separate and manipulate a 
variety of biological cells such as bacteria, yeast and mammalian cells [177–192].  

4.1.4. Acoustic Manipulation 

Acoustic manipulation of biological cells uses radiation forces formed by interactions from 
ultrasonic gradient fields that generate acoustic scattering from the cells. The principle of acoustic 
manipulation is shown in Figure 6. 

Figure 6. Schematic view of a device for particle size sorting. Suspended particles from a 
solvent such as blood cells from plasma are sorted using two parallel transducers close to 
the main channel to produce a field of the ultrasonic standing wave. The particles in the 
solution, affected by the ultrasonic standing waves, are directed to one side of the channel 
while the diluted solution flows via the central channel to the outlet. 
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Acoustic manipulation can be combined with microfluidic systems. The acoustic manipulation 
generates potential wells of ultrasound that are relatively high, which lowers the accuracy of spatial  
3-D manipulation of individual cells. Ultrasonic forces may allow manipulation of cells without 
damaging their viability by using low-power ultrasound waves [193]. The method is usually used  
as a complement to other manipulation techniques such as optical, dielectrophoretic (DEP), and 
magnetic trapping. 

Acoustic based microchips of multilayer resonant configurations have been designed for cell 
culturing experiments [194]. The application area for acoustic trapping is mainly to study cell cultures 
in perfusion systems and related properties, such as non-adherence behavior. This allows for a controlled 
cell microenvironment, and it is possible to design systems for in vitro studies of cell or microorganism 
behavior and proliferation. One important issue with ultrasonic trapping is cell viability. Studies have 
shown that acoustic trapping of biological cells does not affect the viability of the cells [194–196]. 
Acoustic trapping has been used to culture yeast cells [195], study the effect on inherent agglomeration 
for in vitro cell–cell interaction studies such as cell adhesion dynamics [196–198], long-term  
culturing [199], and investigation of cell viability and proliferation such as for Hep2G cultures in 
alginate-gel [200]. Successful acoustical trapping of microparticles has been shown in a flow chamber 
under environmental control, while Raman spectroscopy was used to detect, distinguish and monitor 
the chemical reactions in real time [201].  

4.1.5. Optical Manipulation  

The combination of microfluidic systems with optical techniques has shown great potential to 
manipulate and investigate single biological cells optically in various applications such as cell 
trapping, sorting and analysis without contact or contamination. 

Optical tweezers [202] are well known trapping techniques that use the radiation of laser light to 
induce forces acting on dielectric particles such as biological cells in three dimensions. 
Experimentally, a stable optical trap is achieved by focusing a laser beam strongly through a  
high-numerical aperture (NA) microscope objective onto the sample. The trapped object is usually 
manipulated by moving the trap and/or the sample stage with high precision.  

Successful results have been presented with optical tweezers combined with a microfluidic system, 
where single yeast cells are separated, positioned, immobilized, and then cultured successfully in a 
thermo-sensitive hydrogel within the microchannels [203]. The growth of the embedded cells was 
examined under a microscope and the viability of a specific single cell was confirmed in  
real time [204].  

Using multi-microwell arrays of 25 to 30 m diameter on the bottom of 3 mm wide microfluidic 
channels, individual cells have been picked up from the wells using optical tweezers under 
microscopic visualization [204]. The cells were injected into the channels, sedimented into the wells, 
and inspected, while cells outside the microwell array and unneeded cells were removed optically. 
Trypan Blue exclusion was used to demonstrate cell viability and to maintain the sticky tendency of 
the cells at the bottoms of the microwells [204]. 

Optical tweezers have been used to stretch or tie bio-filaments such as DNA or actin by attaching 
and trapping beads in the ends of the filament using dual optical tweezers [205]. This was employed to 
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investigate the elasticity of a DNA filament using a custom-designed laminar flow fluidic system with 
parallel flows and rapid exchange of buffers during the experiment [206]. 

The use of holographic tweezers or computer-controlled spatial light modulators makes it possible 
to trap, manipulate and investigate several biological objects simultaneously with a single laser under 
controlled environments [207].  

Single bacterial cells in micro-cultivation have been isolated and placed in microchambers to study 
the reproducibility of genetically identical bacteria under varied environments through the microfluidic 
system [174]. High throughput was achieved by using vertical cavity surface emitting lasers (VCSEL), 
as multi-trapping and manipulation devices [208,209]. The limitation is the lower trapping  
strength [210]. Cell sorting was achieved in high efficiency by using optical polarizability of particles 
with an extended, three-dimensional optical lattice within the microfluidic system [211]. 

A portable microfluidic device combined with Raman spectroscopy has been presented. The 
method is based on chip-embedded waveguides in optical fibers to enable the detection of noise-free 
and fast acquisition of Raman spectra of analytes within the microfluidic chip [211]. 

Resonance Raman spectroscopy, optical tweezers and microfluidic systems have been combined  
to mimic in vivo conditions in an in vitro milieu. Globin-containing cells were investigated within  
a microfluidic system related to their sensitivity, photo-induced effects and uptake and release of 
oxygen [212]. 

A new concept of a multifunctional gas-tight microfluidic system combined with optical tweezers 
and optical spectroscopy for electrophysiological investigation of single biological cells has been 
presented [213]. A patch clamp micropipette was integrated at a fixed position within the microfluidic 
chip. A red blood cell (RBC) was trapped and optically steered until it became attached to the pipette 
tip, while different oxygenation states of the RBC, triggered by altering the oxygen content in the 
microchannels through a pump system, were optically monitored by a UV-Vis spectrometer [213]. 

4.1.6. Flow Cytometry on Microfluidic Chip  

The commercial potential to sort cells rapidly and the possibility of mass-produced cell sorter 
devices became accessible in the early 1970s. The method is used to count and investigate biological 
cells moving within a fluid to be detected by electronic devices. The physical and chemical properties 
of huge numbers of biological objects per second are simultaneously multi-parametrically analyzed. 
The applications are found mainly in the diagnosis of health disorders, blood cancers, and purification 
of cell populations for both research and clinical areas. 

Flow sorting allows individual, physical and chemical analyses of biological objects passing 
through a light source. A cell or particle of interest can be separated from a heterogeneous population 
after analytical identification by cytometry using a flow sorter. Historically, flow cytometry was based 
on a photoelectric apparatus for microscopic counting of individual biological cells flowing through 
micro tubes [214]. This was followed by using hydrodynamic forces to position the cells in the center 
of the fluid flow [215]. More demonstrations and improvements of the flow cytometer have been 
presented [216–219]. It is essential to offer important biological information about cell volume, DNA 
and proteins in many types of biological cells. Valuable reviews of cell sorting techniques have been 
reported [220–224].  
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Multi-parametric analysis by flow cytometry is a powerful tool to identify, separate and study 
specific individuals from a complex population. For example, the composite of observable 
characteristics of an organism could be identified by a specific antibody-antigen interaction including, 
e.g., measurements of DNA and RNA content [225] of cells, functional characteristics of ion flux and 
pH [226], and cell reactions such as apoptosis and cell death [227]. 

Under sterilized conditions, flow cytometric methods have been used to isolate specific cell 
populations for culturing [228]. Cell sorting can be used for functional assays [229] or for 
transplantation of animal tissues in the laboratory [230] or the study of human T-, and B-cells from 
patients [231], or for sperm sorting for subsequent insemination and sex selection [232]. Different 
types of organisms have been studied using flow sorters for yeast [233–235], bacteria [236], 
phytoplankton [237] and sub-cellular organelles such as the Golgi complex [238] or  
chromosomes [239]. Flow sorting has shown the benefit of isolating large numbers of specific 
chromosomes from humans during the human genome sequencing project, as well as for other 
primates [240], plant species [241], and more recently in the production of chromosome paints [242]. 
Flow sorters have also shown their advantages to sort specific subsets of cells for microarray  
analysis [243], to sort single particles into individual wells of a plate for cloning [244] and to perform 
polymerase chain reaction (PCR) analysis [245]. To enable cell transport or sorting on microfabricated 
chips [246], hydrodynamic [247,248] electro-kinetic [42], electro-osmotic [173,249] and DEP  
forces [177,194] have been used. 

Another approach has shown the possibility of performing magnetic and fluorescent-activated 
sorting using laminar flow switching in microfluidic devices. Magnetic particles have been sheathed 
with two buffer streams and separated from non-magnetic particles by the deflection in a magnetic 
field gradient. A photomultiplier tube (PTM) has been used to detect the fluorescently-labeled 
particles. The PMT switches a valve on one of the outlets of the sorter microstructure and selects a 
particle by forcing it to the collecting outlet [247]. 

Another microfluidic device was designed for cytometry of fluorescently labeled E. coli samples in 
surface coated channels to reduce cell adhesion. Focusing was performed electrophoretically without 
electroosmotic flow [42]. 

Parallel luminescent single cell assays on a microfluidic chip have been developed to sort 
populations of cells upon the dynamic functional responses to stimuli. A DEP-based regular array of 
single cell traps has been designed to confine and hold the cells against disrupting fluid [249]. 

Disposable sorting on microfluidic chips using an electrokinetic fluidic flow was demonstrated for 
effective sorting of micro-beads and bacterial cells with a high throughput of 20 cells/s [177]. 
However, the limitations with such an electrokinetic mechanism are incompatibilities and frequent 
changes of voltage settings, uneven pressure, evaporation, and that ion depletion occurs within  
the buffer.  

In another cell sorter, switching valves, dampers and peristaltic pumps have been integrated into the 
channels to improve the throughput, buffer compatibility, automation and cell viability [250]. 

Based on microfluidic devices for centered cell analysis and sorting [177,251], high centered cell 
sorters have been developed [252,253]. In one design, single cells are suspended and floated without 
restraint in microfluidic channels along a focal plane of an electromagnetic field created by a  
3-D electrode pattern. Stable trapping of single cells in dielectric fields in the flowing medium is 
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performed, while spectroscopic and microscopic measurements are acquired. The trapped cells are 
assessed and analyzed based on their fluorescent properties. This combination of 3-D electromagnetic 
field with high-resolution fluorescence enabled the cells to be loaded with a supplementary agent, i.e., 
calcein [252].  

In another interesting approach, impedance spectroscopy has been used for cell sorting. Two 
different frequencies of the real part of the impedance are used to effectively differentiate erythrocytes 
from ghost cells with a transit time of one millisecond [254].  

Cell counting with a prototype of a Coulter counter has been presented. The flow of non-conductive 
liquid surrounds the sample liquid and changes the ratio of the flow rates of the two liquids to adapt to 
the diameter of the Coulter aperture [255]. 

A micro-cytometry system for human pathogen exposure to monitor leukocyte populations has been 
presented [256]. A flow cytometric detection device on-chip has been demonstrated as a novel 
approach, based on a laser-induced fluorescence detection system, combining solid state laser 
detection with microfluidic technology [257]. 

4.1.7. Cell Analysis 

Microfluidic-based devices for cell analysis give the benefits of reduced cell consumption, reduced 
reagent consumption, and easy reproducibility. Analytical systems have been used for controlled cell 
transport and immobilization, and for dilution of an analyte solution to generate a concentration 
gradient. The microchips allow the measurement of cellular processes while the cells are exposed to a 
concentration gradient of the test solution and real time monitoring is performed [38].  
Along with the ongoing progress in the field of gene manipulation, cloning, in vitro fertilization, 
handling and manipulation of individual livestock embryos on-chip, pre-implantation of individual 
mouse embryos have been tested and transported through a system of channels to selected  
locations [258]. The selection and mobility of sperm have been studied using antibodies that are 
attached within the microchannels [259].  

Cell shapes related to growth, gene expression, extracellular matrix metabolism, and differentiation 
have been studied by cytometric and chemical analysis of the visco-elastic behavior of the red blood 
cell membrane while the cells were flowing in microfluidic channels [260].  

Chambers for mammalian cell culturing can be based on topographically-patterned capillaries. Cells 
are cultured inside capillaries that have flat surfaces. The cells spread equally in all directions [261]. 
The attachment of cells on smooth surfaces has been studied on astroglial cells of different shapes and 
sizes of silicon material while techniques such as reflectance, fluorescence, confocal light microscopes 
and scanning electron microscopy have been used to quantify the cell attachment [262].  

In another approach, laminar flow in a microfluidic system has been used to induce steady shear 
stresses on adherent cells to study cell adhesion on biological substrates [263]. PDMS-based 
microfluidic capillary systems have been used to study the growth of E. coli bacteria in real time on 
chips using fluorescence microscopy [264]. 

Due to the excellent permeability of PDMS to oxygen and carbon dioxide, microfluidic channels 
have been used as culture vessels for ovary cells that are examined visually [265]. Cell stimulation and 
observation of the immediate cell responses in vivo have been studied using a microfluidic system with 
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a scanning thermal lens microscope detection system and a cell culture microchip [266]. The detection 
of non-fluorescent biological cells with high sensitivity was achieved. 

Cell-based biosensors have shown their advantages for sample preparation, control of the biological 
environment, and electronic device integration for data analysis. The development of the system with 
an integrated silicon-PDMS cell cartridge, including digitalized interface, temperature control, 
microelectrode electrophysiology sensors, and analog signal buffering, have been described [267].  

A system to provide both cell culturing, and impede- and potentio-metric characterization on a chip 
has been developed [268,269]. A similar system of microchannels for culturing, stimulation and neural 
cell recording has been presented where the fluidic channels are used for local and fast delivery of 
drugs to the cells [270].  

A chip-based patch clamp is used to understand the role of ion channels in a single cell in human 
physiology and to develop therapeutic assays [271]. To date, electrophysiological measurements such 
as a patch clamp are accurate enough to provide detailed information about the ion channels, but the 
method is still slow and too complicated to be automated. The goal of a microfluidic-based patch 
clamp is to replace conventional patch electrodes with a planar array of miniaturized recording 
boundaries on either a silicon, polymer or glass substrate. Such devices have been shown to enable 
real-time electrophoretic self-positioning of charged lipid cell membranes over micro-sized  
holes [272]. It was possible to obtain stable gigaohm seals for electrophysiological investigations of 
the cells. The devices could potentially be mass-fabricated with defined geometry and material 
properties by standard silicon technology to perform multiple recordings on a single chip. A 
demonstration of patch clamping in a microfluidic device was performed by 3-D silicon oxide  
micro-nozzles in which the cells were positioned by applying negative pressure through the hollow 
nozzle [273]. In another approach, an electrophysiological-based multifunctional microfluidic system 
with an integrated multi-electrode structure has been shown to perform whole-cell patch clamp  
and general extracellular stimulation, and the recordings were combined with impedance  
spectroscopy [274].  

Chip-based fluorescence microfluidic systems can be used for the detection of membrane potentials 
of individual cells [275]. In this study, the pseudo-ratiometric transform in fluorescence was examined 
upon membrane depolarization or hyperpolarization. Cells within the microfluidic channels were 
detected after mixing with compound solutions which enabled higher throughput. The influence of 
microchannels on neurite growth and architecture has been investigated [276]. 

Nowadays, the commercialization of the microfluidic-based patch clamp solutions for ion channel 
analysis are sold by companies such as Sophion Biosciences (Ballerup, Denmark), Molecular Devises 
(Sunnyvale, CA, USA) that have incorporated Axon Instruments and Cytion, AVIVA Biosciences 
(San Diego, CA, USA).  

4.1.8. Cell Culturing  

Traditional culturing experiments in cell biology are performed by macroscopic culturing methods 
using ECM-coated Petri dishes. Microfluidic systems offer the opportunity to scale down the systems 
to the cellular level [264], which can improve the in vivo conditions of the cell culture. The micro 
scaling of devices essential for various biological applications enables control over factors related to 
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growth concentration, chemical and mechanical stimuli, and the downscaling forms a locally stable 
cell microenvironment for cell cultures [277]. Compared to traditional culture methods, microfluidic 
systems offer possibilities for multi channels or chambers, control of cell colony mutation, 
multifunction processing of medium exchange and substrate patterning, integration of stimuli and 
measurement element (e.g., mechanical, electrical) [278,279]. 

Microfluidic systems for cell culturing are mainly fabricated with silicon, PDMS, and borosilicate. 
The materials have been tested on embryo cultures and have shown great potential for in vitro 
production of mammalian embryos within microfluidic systems [280]. Another study has shown that 
microfluidic bioreactors are efficient for perfusion culture of fetal human hepatocytes (FHHs), which 
is promising for future liver tissue engineering [281].  

Microfluidic devices for bacterial culture have been presented with integrated chemostat and 
medium regeneration for long-term colony culturing under controlled conditions [282,283]. Cell 
culture arrays have been developed with integrated gradient generators to monitor fluorescence gene 
expression in several independent bacterial colonies with different environments [284]. The viability 
of cells was enhanced for several weeks by using arrays of multi chambers with independent culture 
environments [285]. 

Combining hydrogel with PDMS into a hybrid device imitates the 3-D cellular environment [286], 
which has been successfully applied to produce 3-D-ECM matrixes of aligned fibers for endothelial 
cell cultures [287]. 

Microfluidic system devices have been shown to regulate topographical features in PDMS and 
multiple laminar flows of etching fluids in capillaries [261]. In another design, a PDMS-based 
microfluidic system for cell culturing has been designed. Channels with high aspect ratios were 
included within arrays of microfluidic chambers, and these channels allow continuous perfusion of 
solutions. The system offers possibilities to localize the cells inside the microfluidic chamber and 
enable cell growth in a homogeneous microenvironment [288]. Many other microfluidic devices for 
enhanced cell growth, culturing and micro-environmental changes with various perfusion systems have 
been reported [289–295]. 

New designs of 3-D-structured microfluidic systems for cell culturing have been presented [296–298]. 
Some use alternative biocompatible materials [299,300]. A novel method of fabrication of non-contact 
3-D photo-thermal etching uses infrared focused lasers with wavelengths of 1480 nm [296] and 1064 
nm [301] to create micro-structured agar for cell cultivation.  

Droplets at a channel junction were applied to generate high parallelized fluid segments. The 
concept was demonstrated for cell cultivation to manipulate cells within the channel junctions [301]. 
By integrating a microelectrode array within the microfluidic channels for cell culturing, the 
electrophysiological activity of cells could be recorded [302].  

One approach to study single cells within a cell culture in a microfluidic system is to monitor 
individual cells without noise due to population heterogeneity of the culture [303]. A commonly used 
method is to pattern adhesive patches on the substrate, and for less adherent cells, individual 
hydrodynamic traps can be combined with continuous flow [304] and fast media switching [305] for 
single-cell experiments. One application using those methods applied a microfluidic device for 
automatic positioning of individual single Hela cells [306], and trap arrays were designed for 
interaction assays between two different cell types [307]. 
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4.1.9. Cell-Based High Throughput Screening (HTC) 

HTS devices enable large-scale screening of huge amounts of chemical compounds that are 
compared to specific molecules in the compound chemical library in a relatively short time [308–313].  

Traditionally, biological cell-based assays are performed using titer multi-well plates to enable 
handling of the large library of chemical compounds. However, miniaturizing the titer plates to micro 
scale volumes offers opportunities for robust, precise and rapid methods, which save time and  
cost [308–310]. For this reason, various microfluidic systems have been developed for continuous  
high screening assays by designing single chips that enable both manipulation and analysis of 
compounds [311]. Microfluidic technology offers the potential for miniaturization and therefore 
parallelization of experiments [312]. For example, microenvironments can be controlled in  
high-throughput screening by miniaturized microfluidic cell culturing systems. A high-throughput 
microfluidic platform for high parallelized protein interaction measurements capable of detecting 
transient interactions has been designed. A chip with thousands of individually-programmed reaction 
chambers using microarrays integrated within the microfluidic system has been presented [312]. Cells 
are loaded precisely, based on the control of the cell density. Each chamber is fed with complex 
mixtures of components, while optical readouts of each chamber are highly automated. The study 
investigated the differentiation of human primary mesenchymal stem cells (hMSCs) with various 
seeding densities and duration of stimulation. It was shown that the complex culturing conditions were 
difficult to achieve using classical high-throughput culturing methods with multi-well plates. The 
design of higher parallelization systems with these multiple cell reaction chambers in single cell 
measurements with high temporal and spatial resolution provides more knowledge about cellular 
responses to these micro-environments [312]. One approach is 3-D chips with microfluidic valves, a 
system of 16 independently addressable cell culture chambers in one array that are loaded with 
hydrogels and stem cells [313]. 

Micro-beads composed of hydrogels, cells and test compounds have been produced in microfluidic 
systems with a stop-and-flow lithographic method or via microfluidic droplet generation [314,315].  

Hydrogel microbeads formed as crosslinked microdroplets include liquid gel in the presence of  
cells [314,316–320]; these have been fabricated from a rapidly-polymerized and dense  
alginate [318–321]. These approaches have strong potential to be used in biosensors, cell sensors, drug 
delivery systems, and cell transplantation applications, such as the encapsulation of cells in alginate 
hydrogels with a high monodispersity. This demands extensive incubation channels for gradual 
polymerization and soft hydrogel systems [322]. This microbead method has shown that the growth of 
some types of stem cells is weak in such cross-linked hydrogel systems. 

One approach has been to design a droplet-based microfluidic system that allows for the generation 
of thousands of uniform droplets speedily, and each single droplet can function as a nanoscaled titer 
plate. It is based on the injection of solutions into a stream of a carrier fluid such as oil within the chip, 
and hence, due to the non miscibility of the oil and the liquid, they meet and emulsify reproducibly at  
a very high frequency [323]. This valuable idea has been implemented for various operation  
mechanisms [309,310,324–326]. This technique has shown to be convenient for cellular drug analysis 
with high throughput by gathering biological cells in self-assembling configurations [327–329]. 
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Microfluidic systems have been widely used for the patterning, culturing and stimulation of cells, 
together with high-throughput cellular investigations in a single device [330]. Microfluidic systems 
have also been shown to offer precise control over the cellular microenvironment due to precise fluid 
handling [331]. One presented approach is a single chip where enzymatic assays in picoliter-scale 
droplets are used to perform high-throughput drug screening [332–334].  

4.1.10. Tissue Engineering Models on Microfluidic Chips 

The topic of tissue engineering includes mainly in vitro reconstruction of tissue or organ function. 
Microfluidic systems may offer opportunities to facilitate such applications. Lately, a generation of 
artificial lung tissue has been produced on a microfluidic chip with an immunological functional  
bi-layer of endothelial and epithelial cells on two sides of a porous PDMS membrane [335]. The 
system has been used as a model to investigate the toxicity of nanoparticles [336] by imitating the 
deformation of the bi-layer that activates the dependent uptake of nanoparticles by the epithelium. 

3-D tissue models, such as bone marrow, use advanced biomaterials that can be photo-polymerized by 
microfabrication techniques such as photolithography, to create complex patterned structures [337–339]. 
Microfluidics can also allow precise configuration for micro-tissues on chip models [340] or 3-D 
micro-tissues off chip using hydrogel microbeads [341]. The challenge to create functional artificial 
tissues is the 3-D patterning of manifold types of cells into a tissue-like structural design. The control 
of components of 3-D co-culture spatial systems by microfluidics is valuable [342–344]. An approach 
using a hydrogel bi-layer of hepatocytes and endothelial cells has allowed the imitation of interstitial 
flow for the formation of tissue-like structures by the hepatocytes [345]. 

4.2. Biocompatibility and Cell Viability within Microfluidic Systems 

The most important topics in biological cell applications within microfluidic systems are 
biocompatibility and cell viability [346]. The investigations of adhesive properties of biological cells 
on chip have shown that there are no negative influences on the cellular conditions and behavior [347]. 
Other studies have shown that PDMS-based microfluidic systems can maintain normal  
cell viability for several weeks [348–351]. The biocompatibility of microfluidic systems based on  
other materials such as silicon oxide, PDMS and glass were investigated, and all showed good cell 
viability [347]. 

Another important issue is to design and fabricate a microfluidic system to ensure delivery and 
diffusion of gases such as carbon dioxide and oxygen. For glass-based systems, the delivery is 
performed usually by gas dissolution within the liquid, while for PDMS-based systems, the  
gas-permeability through the PDMS surfaces is sufficient. Furthermore, the cell viability within a 
PDMS-based chip was investigated by varying the thickness of the material from a few micrometers to 
a few millimeters. This study showed no observable effects on cell viability [352,353]. 

Another important topic is to investigate the shear stress on biological cells. Depending on the type 
of the investigated cell, the shear stress should be monitored and/or controlled under cell culture 
conditions [354,355]. One example is to design microfluidic channels with flexible dimensions to 
easily change flow stress if necessary.  
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In addition to the fluid flows, applying external fields within microfluidic systems, such as for cell 
manipulation, should be considered and related to cell viability. Studies have shown that cell sorting 
by dielectrophoresis [185] and optical trapping [356] does not disturb the physiological conditions of 
the cells if great care is taken. This is especially important when applying optical tweezers. Many 
studies deal with the photoinduced effects caused by the trapping lasers, and for each new application, 
viability studies should be performed [357]. Acoustic methods for cell manipulation within 
microfluidic systems, such as using ultrasound, have been reported to be without significant effects on 
cell viability [358]. 

Studies have shown good viability of living cells when grown on cellular microenvironmental  
chips [359–370]. Microfluidics replaces the parallel plate chambers for cell growth, and shear stress 
investigations establish the need to match the length scales between the fluidic channels and the  
cells [359–370]. 

Microfluidic systems can offer minimum hemodynamic shear stresses on biological cells. One 
application has used a design in which a two-phase microfluidic system mimics the physiological and 
pathophysiological effects associated with pulmonary airways [371].  

In another study, microfluidic systems have been used as in vitro models for investigation of the 
role of blood cells in hematological diseases [372,373]. Microfluidic channels have been used to study 
the deformability of red blood cells infected with the malaria parasite Plasmodium falciparum. Viable 
cells could pass through the narrow channels while the infected, mechanically rigid cells could  
not [372,373]. 

5. Discussion 

Microfluidic devices meet the challenge to enable physical conditions to control the behavior of 
fluids in micro-scaled domains in ways not previously available. Different fabrication techniques of 
microfluidic systems made from suitable materials related to specific applications have prospects to 
gain great impact in the fields of cell biology, pharmacology and tissue engineering.  

For instance, the biocompatibility of the materials for various cell-based microfluidic applications 
has been studied widely. While microfluidic devices made in glass or silicon are still frequently used, 
the microstructuring of polymer-based microfluidic devices has found increased applicability in life 
sciences. Polymers have shown as good alternatives since they show high biocompatibility with many 
biological molecules and living cells [29,374–378]. The advantages of the intrinsic properties of 
PDMS are its biocompatibility [379], gas-permeability (oxygen and carbon dioxide) [380], low cost, 
optical transparency (240–1100 nm) with low auto-fluorescence, and submicron resolution  
molding [381]. PDMS can bond to glass cover slips by simple plasma treatment to form sealed 
channels. The deformability of PDMS enables fluidic leaks which are valuable for the creation of 
fluidic micro valves. PDMS may be oxidized to enable electro osmotic flows, and therefore the PDMS 
has the possibility to integrate micro-machines such as switchers within the chip. Furthermore,  
non-brittle PDMS-based microfluidic systems are physically robust. However, one drawback of using 
PDMS is the hydrophobicity of the polymer which complicates the investigation of drug metabolism 
and toxicity, since hydrophobic substrates can interact with the material [382–384]. To overcome this 
adsorption problem, a number of PDMS surface treatments have been developed. Due to the porous 
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structure of PDMS, coatings with a hydrophilic compound can be performed [383,385]. However, the 
coatings might influence cell responses [386]. Furthermore, PDMS is permeable to water vapor, 
leading to evaporation inside the device, causing changes in the medium concentrations, or drying over 
time [40]. The formation of bubbles is a serious limitation for microfluidic systems fabricated from 
hydrophobic polymers where water has a tendency to rewet from the walls of the channels [387]. 

A large number of technologies and materials, such as silicon, PMMA, glass, parylene plastics, 
flexible polymers and gelatin [388], are currently available for the production of microfluidic  
devices [389]. Glass and silicon are expensive compared to the other materials, and flexible polymers 
share the disadvantage of PDMS of hydrophobicity. Materials such as gold, silicon nitride, silicon 
dioxide, silicon, and SU-8 photoresist have been identified as biocompatible [390]. However, silicon 
materials have shown unfeasible properties such as fragility and invariability. 

Low cost thermoplastic polymers (plastics) have been used for micro fluidic devices in high 
quantities in industry. They allow for easy surface treatment and most of them are transparent and 
biocompatible. The surface of the plastics polymethylmethacrylate (PMMA), polystyrene (PS), 
polycarbonate (PC), and cyclic olefin copolymer (COC) can be oxidized with oxygen plasma or 
ultraviolet light to obtain high hydrophilicity. The effect of UV ozone treatment on the 
biocompatibility of polymers such as PDMS, PC, PS and COC has been shown to be feasible whereas 
long-term culturing on PMMA results in loss of viability [391]. Related to the nature of the 
experiment, a variety of materials can be used for producing microfluidic systems. For gas-tight 
microfluidic systems, it is valuable to use materials with lower gas-permeability, such as  
plastic materials.  

The growing research in the field of microfluidics for cell-based studies has generated miniaturized 
devices for capillary electrophoresis, liquid chromatography, and PCR, and these devices achieve 
higher throughput chemical analyses using multilayer chip devices for the investigation of biochemical 
activity at the single-cell level.  

An up-to-date review on polymer-based microfluidic systems offers a comparative overview of the 
materials used and their properties, such as advantages and disadvantages related to different 
microfluidic fabrication techniques and biological cell-based applications. The review offers an 
excellent outline of the main material used in microfluidic fields related to fabrication, well 
controllable cell-based investigations and the opportunity to integrate other micro-engineering 
applications [392].  

In the field of drug discovery, small, highly automated, portable microfluidic diagnostic devices for 
bioassays have been shown to be optimal to replace traditional molecular diagnostic devices for  
DNA-based genomic or proteomic studies [393]. The ability to imitate the 3-D cellular environment on 
a microchip to study rapid cell-signaling actions, cell biology, and the response from exposure to 
stimuli or compounds at the tissue- or single-cell level could generate knowledge that so far has not 
been obtainable with existing assay strategies. For instance, mass-transport properties allow for  
high-throughput chemical analyses on the surface of chips with a throughput up to millions of assays 
per second. However, until now, the industrial production of instruments to perform microplate-based 
assays has not adapted to the novel microfluidic technologies developed in the academic arena. Hence, 
they are not yet expected to replace the traditional and well-established devices. As an example, 
microfluidics has greatly taken over the field of medical PCR, but PCR in industry is still based on 
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more traditional and basic methods. In addition, the insufficient automation, relative complexity of the 
systems, and the challenges to integrate multiple functions on chips into a multifunctional microfluidic 
system is still the main limitation of a broader applicability of microfluidics in bioanalytics. 

In the field of tissue engineering, the development of micro- and nanoscale tools to produce 
engineered tissue-organs and control cell behavior has widely increased during the last decade. This 
was possible due to the design of platforms for gradient microfluidics, microassay microfluidics, and 
cell microfluidics for high-throughput screening and micro-environmental control. 

As an example, a variety of microfabrication techniques has been used to develop microscale 
devices in which cells, such as stem cells, could be manipulated to allow for the creation of  
bio-mimetic systems that imitate the natural cell environment or the pathological state of a  
tissue [394]. Another advance has been the introduction of multiple cell types into a microfluidic 
device to generate complex, miniaturized 3-D structures that mimic natural tissues or tissue structures 
composed of multiple cell types or miniaturized multi-organ systems. Growing different cell types in 
close proximity allows for cell-cell communication that can create a network to modify and regulate 
the microenvironment [395]. Another trend related to cell-based applications is to create 3-D artificial 
tissues suitable for transplantation. Whereas most fabrication technologies are based on 2-D methods, 
generating individual layers that can be stacked to create modular 3-D systems, emerging technologies, 
such as 3-D printing techniques, together can create 3-D microfluidic devices with precision down to 
the micron scale. One recent advance in microfluidics has been the development of alternative 
materials such as gel-like materials in which cells can be encapsulated and interact with each other, or 
degradable materials that can remodel cells [395].  

As outlined in this review, the application for microfluidics and lab-on-chips are exponentially 
increasing and are here to stay. Recently, multifunctional microfluidic device companies have emerged 
in the market place. For instance, droplet digital PCR (ddPCR) genetic analysis platforms are offered 
by QuantaLife, disease diagnostic, detection, treatment monitoring, blood testing devices are offered 
by Sony, and microfluidic-based molecular imaging and detection devices for life science applications 
are offered by Caliper Life Sciences [396]. Cellectricon AB, have presented a Dynaflow®HT System, 
which enables fully automated high throughput electrophysiologic experiments [397]. Due to the 
increasing industrial interest and commercialization of microfluidic technologies, more efforts and 
investments should be encouraged to enable possibilities of mass-production of multifunctional 
microfluidic platforms. By analogy with the well-established standards of microelectronics in industry 
regarding mass production, it would be valuable to establish similar standards as a starting point for 
industrial growth of commercial multifunctional microfluidic systems. Microfluidic systems show a 
broad variety of size, geometry, layout, and material for many applications. Establishing microfluidic 
standards would allow for lower cost, greater automation, improved compatibility, and possibilities for 
minimized re-engineering [398]. This would certainly be a promising future task to perform. 

6. Conclusions 

We have reviewed microfluidics within the field of biology, pharmacy and tissue engineering. The 
devices are in most cases custom-designed and individually made with specific microfabrication 
techniques and materials to fulfill the requirements of each single application. The complexity of the 



Polymers 2012, 4              
 

 

1376

systems can vary a lot; they can consist of only a few channels with inlets and outlets, or they can be 
equipped with complex micromachinery such as pumps and valves. Various microfabricated devices 
have been developed as fundamental tools to facilitate both advanced applications and basic research 
into the biology of cells and tissues.  

In general, microfluidic systems for cell biology are essential for studies of the response of 
individual cells or cell cultures. From our point of view, in spite of the popularity of PDMS-based 
devices in many applications, rigid thermoplastic polymers such as PMMA can be the potential 
alternative for fabrication of microfluidic devices due to the low cost, optical transparency, ease of 
fabrication, high permeability to fluids, and biocompatibility. Additionally, thermoplastic-based 
microfluidic systems can be produced rapidly by a variety of high-throughput techniques such as CNC 
machining and hot or cold embossing. 

In our opinion, the future of microfluidics lies in small, portable, cheap and exact devices for simple 
and fast diagnosis of diseases, testing of drugs or fast screening of blood samples for health evaluation. 
The review presented here shows many interesting and promising applications. However, the step to 
commercialization has not been realized yet. As mentioned above, a standardization of methods would 
probably be beneficial. Researchers would not have to develop custom made lab-on-a-chips for each 
application if readymade systems were easily available. This would boost the industrial development 
of microfluidics. 
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