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Abstract:

This paper designs and analyzes a microfluidic oxy-
gen sensor toward the development of organ-on-chip
(OoC) technology. It was designed to establish a sys-
tem that allows real-time observation of oxygen up-
take rate by mammalian cells, highly important dur-
ing the investigation of changes in behavior and via-
bility of cells under different conditions. This project
developed and fabricated a microfluidic chip with cell
precision monitoring using frontier microfluidic tech-
nology and fiber optic sensing.

A 3D CAD software-designed chip, integrated with
a PICO-O2 oxygen sensor developed by PyroScience
GmbH, and an experimental setup have been cali-
brated and tested with respect to controlled experi-
mental conditions carried out. Calibration and test-
ing of the developed experimental setup were car-
ried out for controlled experimental conditions, and
therefore it is very important for the reliability and
accuracy of data. Data was collected at a continuous
level, measuring the O2 level and cellular responses
using PyroScience Workbench for comprehensive vi-
sualized plotting.

The results from the experiments indicated that the
chip could support a viable cell culture; in addition,
the cell culture measured oxygen uptake accurately.
This really does illustrate the potential to provide
tremendous insight into cellular dynamics, which are
essential for the success of most biomedical research
and therapeutic development, from such integrated
systems. They further illustrate that, to help trans-
late this out of the laboratory and into real applica-
tions, really high-precision engineering and calibra-
tion were going to be needed. This advance does
not set any limit for organ-on-chip technologies but
rather allows opening new venues in cellular biology
research, where in due course, importance has to be
given to real-time data acquisition. Further works
can be done to integrate more numbers of sensing
elements and scale the system to make it work for
broader applications.
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Preface

The development of microfluidic chip and the integration of fiber optic sensor have emerged
as pivotal areas of exploration. This project represents a significant endeavor into the realm
of advanced biomedical instrumentation.
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like to create an online platform that bridges the gap between traditional cell culture methods
and more physiologically relevant in vitro models.
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Sanzhar Shakarim for their invaluable guidance and unwavering support throughout my cap-
stone project. Their expertise, mentorship, and dedication have been instrumental in shaping
the success of this endeavor. I am profoundly appreciative of their insights, encouragement,
and commitment to fostering my growth as a researcher. Their mentorship has been trans-
formative, and I am immensely thankful for the opportunity to learn under their guidance.
This project would not have been possible without their mentorship, and for that, I am truly
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Nazarbayev University, April 26, 2024
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Chapter 1

Introduction

Microfluidic technologies have emerged as enabling and transforming forces in a gamut of
scientific disciplines, most notably biological and medical sciences. Emerging in the early
1980s, microfluidic technologies have revolutionized the ability for precise manipulation and
analysis of minute volumes of fluids compared to how researchers have traditionally handled
and processed their biological samples [10].

Microfluidics is the technology that deals with miniaturization and automation of bio-
chemical analysis processing, with significant impact touching on genomics, proteomics, and
drug discovery fields[1]. It led to the development of the first microfluidic devices, which can
control a tiny volume of fluids and therefore can primarily find applications in analytical ap-
plications. Integration of microfluidic devices with electronic and optical components further
broadened its application to the realization of multi-functional laboratories on a single chip.
This innovation not only reduces the volume of reagents and samples but also quickens the
process of analysis, making it indispensable in applications of high-throughput screening [2].

A more recent advance in microfluidic technology has further integrated such a system
with digital and computational tools, hence allowing much greater opportunity for more in-
tricate and functional devices. Modern innovations in the field include digital microfluidics,
where droplets on a surface are manipulated using electrical signals, and paper-based mi-
crofluidics, in which capillary forces draw fluids into an absorbent paper. This has given
room for new developments to come in that seek to improve diagnostic platforms and envi-
ronmental monitoring.

More importantly, microfluidics have enabled an immense breakthrough in synthetic bi-
ology, where it allows researchers to design and construct new parts, design and construct
a new system, or redesign natural-existing ones for useful purposes. Thus, the microfluidic
systems humanize the setting, whereby one can deal with the environmental conditions un-
der a controlled and repeatable way. This has vast importance in the field of drug testing,
particularly in microfluidic devices that can mimic human tissues and organs” environments
in a 3D setting [3].

The use of microfluidic devices is enormous and covers mostly the part of the medical
tield for diagnostic methods and personalized medicine. The ability to work with really small
volumes of biological fluids opens a way for the point of care even for the most complicated
kinds of biochemical analyses within the subject. This, therefore, becomes very crucial in
resource-limited settings where traditional laboratory infrastructure is unavailable [4].

In addition, microfluidics places a new trend to the field of personalized medicine, where
treatments are designed for an individual patient. Integration of microfluidic systems with
cell culture technologies is going to help in developing a patient’s physiological model of
a particular disease. This will permit in vivo predictions by an individual of responses to
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various therapeutic agents and treatment regimens.

"Organ-on-a-chip" (OoC) technology represents one of the most promising applications
of microfluidics. They are considered devices that mimic whole organs, composed of cells
and tissues cultured in controlled microenvironments and able to recapitulate a wide range
of characteristics and functions of a physiological context. With technology, it gives key paths
towards better drug testing with improved precision, a better disease model with less reliance
on animal testing, and predictability for human responses against new drugs.

Looking at microfluidics, the industry seems set to keep growing, with innovations that
will further revolutionize this area of medical diagnostics, environmental monitoring, and
industrial processes. A further coupling of microfluidics with artificial intelligence and ma-
chine learning could humanize these adaptive systems to make them smarter and carry out
complex decision-making in the course of processing real-time data.

The development of microfluidic technologies has advanced from its birth repeatedly and
to a level that is very advanced; it finds applications across numerous fields. Continual devel-
opments in these technologies are destined to increase precision, efficiency, and applicability,
thereby ensuring that microfluidics always remains at the leading edge of scientific advance-
ment and technological innovation.



Chapter 2

Background

The present invention of microfluidic technology has witnessed significant developments
since its birth in the 1980s, mainly motivated by progress in MEMS (MicroElectroMechanical
Systems) and microfabrication techniques. They had expertise in manufacturing methods and
integration from the semiconductor industry to the biological sciences, making it possible to
precisely manipulate fluids at the microscale [5]. This control is significant in biochemical ex-
periments where the exact dosage, mixing proportions, and timing of reactants are required
to simulate many complex biochemical processes.

The past decade has been when microfluidic device production was increasingly so-
phisticated and integrated. New materials emerged on the scene, such as PDMS (Poly-
dimethylsiloxane), and novel fabrication approaches included soft lithography, 3D printing,
and nanofabrication. These devices carry out, on a highly compact chip, many functions that
occur in the laboratory—culture of cells, separation, detection, and analysis [1]. These include
miniaturization and integration that allow for reducing sample volumes, reagent costs, and
analysis times—allowing, in effect, high-throughput experiments, all of which are essential in
fields like drug development and molecular diagnostics.

Flexibility is proven as the microfluidic device has been taken up by many domains in
biomedical research. Microfluidics allows the development of portable devices to carry out
complex analyses in point-of-care diagnostics with quick turnaround times, such as blood
glucose monitoring or infectious disease testing [4]. This is very important in resource-limited
settings without conventional infrastructure support for laboratories [10].

The microfluidic systems have changed the field of drug discovery and development.
High-throughput screening of drug candidates and biomarkers is carried out with microflu-
idic devices in many conditions on a single chip. This high-throughput capability increases
the discovery process for drugs relatively and reduces the costs related to the development of
the medicine[11]. Furthermore, within synthetic biology, microfluidics has become essential
for the construction and analysis of synthetic biological circuits. Scientists will one day be
able to create, build, and test synthetic biological pathways with a new level of precision and
efficiency through controlled cellular environments and regulation in the delivery of genetic
and chemical stimuli [12].

The organ-on-a-chip is a significant invention and innovation in tissue engineering and re-
generative medicine. It represents an exact mimicry of all structural and functional properties
of human organs, say, lung, liver, or heart, on a chip. One such device is the lung-on-a-chip,
which can replicate mechanical breathing motions and the biochemical functions of a human
lung, thus enabling the study of any respiratory disease or testing of new drugs within an
organ-specific context [13].

Not only are these massively valuable for drug testing and disease modeling, but they
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also enable an understanding of human physiology and pathology without dealing with
many ethical issues and practical complications related to in vivo studies. They represent the
opportunity to convert basic biomedical research into clinical therapies at an accelerated rate,
allowing enhanced effectiveness and safety treatment.

Integrating sensors into microfluidic devices is not without challenges. Besides, these had
to be looked into for the measurement to be correct: stability, biological medium interference,
and calibration of sensors. And all these have been sorted recently with the new advancement
in sensor technology.

For instance, with the development of chip-integrated wireless sensor networks, human
physiological parameters can be monitored without interfacing physically with the system,
thus reducing the risk of contamination and interference [14]. The worthiness of microfluidic
platforms integrated with oxygen sensors has been hugely highlighted by colossal studies
and their implication in cellular and physiological processes related to life.

For instance, previous studies using these platforms have generated new knowledge about
the metabolic response of cells under a hypoxic condition and increased our understanding
of diseases such as cancer and metabolic disorders [15]. Microfluidics has fundamentally
changed the approach to cellular biology by enabling control and manipulation of the cellular
environment at the microscale.

The ability of the researchers to isolate, manipulate, and study individual cells within
micro-environments that are controlled by using microfluidic droplet-based, single-cell anal-
ysis technologies offers great potential for understanding behaviors in cellular disease mech-
anisms and therapeutic responses [16]. Interfusing front-line technologies with the future of
microfluidic research, such as Artificial Intelligence (AI) and Machine Learning, can process
the intricate datasets microfluidic devices produce, serving as tools. The offering will be
deeper insight and prediction capabilities across realms as varied and vital as personalized
medicine, disease models, and drug discovery [17].
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Methodology

3.1 3D Model Design

The design of organ-on-chip (OoC) was drafted in 3D CAD software, SOLIDWORKS, com-
plete with detailed dimensions, and subsequently printed.The microfluidic device, measuring
55mm by 25mm, is composed of two distinct parts crafted from cyclic olefin copolymer (Chip-
Shop, Germany). The lower section of the chip includes a microchannel that is 48 mm long,
1 mm wide, and 1 mm deep. The upper part features a smooth surface with holes designed
for the inlet and outlet, complementing the bottom part.

I followed a step by step approach to collect data for sensor technology project focusing
on studying the effects on the human respiratory system.

The schematic illustration of the whole design of the microfluidic chip, in both the up-
per and the lower parts, is so highly detailed that Figure 1 has been made using Microsoft
PowerPoint. This is an essential referential figure providing a very detailed description of
the dimensions outlining the spatial architecture of the chip. Every measurement presented
was well annotated in millimeter, producing a clear, unambiguous picture of the scale and
geometrics of the chip. This will provide a better understanding of the construction and
operation of the chip towards replication and analysis.
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Figure 3.1: Schematic design of OoC device
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Such detail ensures the functional integrity of the chip and contributes much to the re-
producibility of the chip. Reproducibility of the chip will be able to be quickly done by the
use of CAD software, such as SolidWorks. The construction of such a detailed component in
SolidWorks will be multistep and will be as follows:

1. Sketch the Base Rectangle
Step 1.1: Open the Sketch module and select the Rectangle tool on the toolbar. Click on the
point of origin and drag over it to sketch the rectangle. Release the mouse at a point visually
approximating the size you desire.

Step 1.2: Having sketched the rectangle, now apply the ‘Smart Dimension’ to assign the exact
dimensions of the chip base set at 60mm by 25mm.

2. Define the Central Channel
Step 2.1: While still in the sketch of the base rectangle, select the ‘Line” tool from the toolbar
and draw the path of the central channel directly on the sketch of the base rectangle.

Step 2.2: Go to the "Features" tab and choose the "Extruded Cut" tool. Select the sketch lines
indicating the path of the channels.

Step 2.3: Set the direction and depth of the cut. If the option "Through All" is selected, it
will make a limitation for the channel not to span through the whole thickness of the base
rectangle, hence yielding an open channel.

3. Creation of Circular Spots
Step 3.1: On the same sketch, locate the circles you draw as ports for fluid injection and
extraction at some places along the channel.

Step 3.2: Use the Smart Dimension tool to space the circles from the rectangle edges and each
other at the exact required distances so that there may be symmetry for functional use.

Step 3.3: Exit this sketch, open the same sketch, and using the "Extruded Cut’ tool with the
selection of circles, set the extrusion type to "Through All" for the ports to cut through the
whole base depth. Through this, functional inlets and outlets of the ports are created.

This structured approach in SolidWorks facilitates precision manufacturing of the mi-
crofluidic chip and contributes significantly to the documentation process that can be utilized
for replication or modification in future endeavors. Both of these aspects maintain the in-
tegrity of the design and ensure successful fabrication.

25

Figure 3.2: The side view of OoC - Top Part

Figure 3.3: The side view of OoC - Bottom Part
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Figure 3.5: The side view of OoC

Figure 3.4: The side view of OoC

3.2 Fabrication

Fabrication of Polydimethylsiloxane (PDMS) Chips involves precise steps to ensure the func-
tionality and accuracy of the final product. Here’s the detailed process:

Preparation of PDMS Mixture: PDMS chips are fabricated using SYLGARD 184 Silicone
Elastomer Base and SYLGARD 184 Silicone Curing Agent, known for their biocompatibility
and mechanical properties, suitable for microfluidic devices.

Figure 3.6: The setup to make polydimethylsulfoxide chips.

Mixing Method: Measure SYLGARD 184 Silicone Elastomer Base and Silicone Curing
Agent in a 10:1 ratio by mass. Accurate measurement is crucial to ensure the chemical prop-
erties of PDMS remain consistent.
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Thoroughly mix the components by hand to achieve a homogeneous mixture, which is vital
to avoid inconsistencies in the polymer’s structure after curing.

Mold Preparation and Filling: Use a UV lamp placed 10-15 cm above the molds to remove
any residual materials or contaminants from previous experiments, ensuring the purity of the
PDMS structures.

Carefully pour the mixed PDMS into the molds up to the edges, avoiding air bubbles that can
affect the structural integrity. Use a spatula or a similar tool to level the surface and remove
excess material.

Figure 3.7: Selection of the desired mass.

Curing Process: Cure the PDMS in an oven preheated to 100 degrees Celsius for 1.5 to
2 hours to achieve optimal cross-linking of the polymer chains. Monitor the curing process
closely to avoid overheating, which can cause deformation or defects in the chips.
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This method outlines the controlled and repeatable steps necessary for fabricating PDMS
chips, ensuring reliable and uniform microfluidic devices.

3.3 Oxygen Sensor Integration

The oxygen sensor, PICO-O2 developed by PyroScience GmbH, was calibrated within an
incubator environment and regulated to human body temperature (37°C).

In this experiment, the chips were functionalized with the addition of sensors that had been
specially designed to measure the rate of oxygen consumption. Calibration of sensors was
done before any measurement acquisition, following the need to provide information on the
required accuracy and precision in every measurement activity. The calibration is done in
a straight line with the instructions from the manufacturer. It will involve putting a chip
in an incubator and then attaching it to a sensor. The temperature was set at 37 degrees
Celsius. This is to mimic the human body and, in so doing, it gives conditions conducive
to the environment for the cells under study. The sensors were carefully calibrated with
the PyroWorkbench v1.08 software developed specifically for the PICO-O2 (OEM Fiber Optic
Oxygen Meter). In this light, the calibration step had to be undertaken to confirm the readings
of the sensors before the experiment began.



10 Chapter 3. Methodology

>
o
Q
Q
< S
Z =
[_4
2 5
= 3 E
m e 2
Y 5 o
& 2

Cells

Figure 3.10: The side view of OoC with integrated oxygen sensor PICO-O2

3.4 Oxygen Measurements

Before oxygen consumption measurement, A549 alveolar basal epithelial cells were intro-
duced into the microchannel of the organ-on-a-chip (OOC) system. The prepared device
assumes great importance since it will be used to replicate the cellular environment and
cellular function present within the respiratory tissues. The channels were then allowed to
settle cells to adhere to and functionalize essential surfaces for the accuracy of the subsequent
measurements.

Experimentation was carried out under continuous flow conditions, respecting the con-
figuration of the specific experimental set-up detailed in Figure 3.11 of the reference[18]. The
most cautious design has been done so that it precisely comes under the control of the experi-
mental conditions and happens in the circumstances justifying the replicability of the results.
Key components in this system were an Aladdin Single-Syringe pump, the PICO-O2 oxygen
meter, and a device containing an organ-on-a-chip integrated with a bonded polydimethyl-
siloxane (PDMS) chip.

outlet

Sensor integrated
microfluidic chip

Figure 3.11: The setup [18]

The flow rate at which the medium flowed through the system was controlled using a
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single Aladdin syringe pump. It contained a syringe filled with the mixture of Dulbecco’s
Modified Eagle Medium (DMEM, Sigma, USA) and distilled water provided all the nutrition
to cells along with the osmotic balance required for living and functioning.

@ Serum Specialist

DMEM High Glucose
BN wo L-Glutamine
W/o Sodium Pyruvate
Sterile Filtered
Material L0101-500
Batch MS01H6
1D number MS01H61005
Exp. date 26/07/2024
Volume 500 ml
Storag 2

Figure 3.12: The concentration of DMEM

A better relevant experimental model is DMEM, that human biological processes support
the cultured cell growth and broadly used medium of the cell; it approximates the physiolog-
ical medium. The flow rate was set precisely at 10 pL/min, balancing the nutrients and the
waste products without overstressing the generated shear force on cells.

This slow rate keeps the stability of the microenvironment and makes it possible to look
in detail at the cellular activity in response to numerous stimuli. In this experiment, the
configuration was of great importance—particularly the integration of the PICO-O2 oxygen
meter—to monitor in real-time and measure accurately, at steady intervals, the oxygen con-
sumed by the A549 cells. For sure, the interfaced oxygen meter with the OoC device served
its prime purpose of detecting and quantifying the levels of oxygen in a microenvironment;
hence, it was an essential source of data concerning cellular respiration and metabolic activi-
ties.

3.5 Analytics

The experimental procedures use the Pyro Workbench software that interfaces well with the
PICO-O2 oxygen sensor. A significant part played by the very advanced software in data
acquisition is that it allows one to come up with elaborate graphical presentations for oxygen
consumption data. The purpose of these graphs is to have an initial idea of the graphical
trends of the data, the general data behavior, and the outcomes from the experiment.

Nevertheless, due to the limited functionalities of the Pyro Workbench software, we usu-
ally transfer raw experimental data into Microsoft Excel for further and better-precise anal-
ysis. Excel is an advanced method of data processing that can be used to build a detailed
scatter plot. This allows further research into the data points concerning establishing un-
derlying patterns or anomalies that might not be visible from the graphical outputs of Pyro
Workbench. That step is quite crucial because it yields a detailed view of the experimental
results; hence, it increases the reliability and depth of our analysis.
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Furthermore, for a detailed data analysis, various microscopic techniques are used to view
the cellular activity at a microscale level.

This method will give priceless qualitative insights into the cellular dynamics occurring
post-experiment. Qualitative imaging will document the alteration of cell morphologies, in-
teractions, and behaviors under the given experimental conditions. It is from such micro-
scopic examinations that the entire cellular response in the microenvironment of the organ-
on-a-chip system can be realized, hence providing a complete understanding of cellular mech-
anisms and responses. With the integration of both qualitative assessments made through
microscopy and quantitative data analysis done via Excel, the experiments not only quantita-
tive oxygen consumption but also precise this complex biological response of the cells under
study. This two-pronged approach holds scientific validity and guarantees a holistic view of
the cellular processes, enriching our understanding of them.
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Results

4.1 Data Overview

Careful data acquisition has been done using the PyroScience Workbench, interfaced with
a calibrated oxygen sensor, to ensure high fidelity in monitoring and recording. The oxy-
gen sensor was calibrated under very controlled conditions where temperatures of 37°C were
kept throughout to mimic physiological conditions analogous to the human body. Further-
more, the atmospheric pressure remained constant at 1013 mbar, which equals standard at-
mospheric pressure at sea level, hence no fluctuation from one data to another due to pressure
fluctuation.

Throughout the entire period of the experiment, the measurement data were collected
and continued to realize complete records of oxygen levels at all times that the experiment
entailed. The measurements were in hectopascals (hPa). This unit of pressure is susceptible
and good at giving precise measurements of gases. All measurements in this study were
taken at five-minute intervals, approximately, affording a fine-grained temporal resolution
that is necessary to precisely capture the dynamics of oxygen consumption by the cellular
constructs.

This high spatial and temporal resolution dataset carries a great deal of importance, as it
is to be used not only for detecting small changes in oxygen that may point toward cellular
response or metabolic activity but also for deriving information on the spatiotemporal dy-
namics of oxygen at microscale levels. Essentially, this is a compromise between the choice of
recording intervals and preciseness in data capturing methodology; both have to provide an
adequate amount of data for a detailed analysis but at the same time not flood data process-
ing stages so that they become unworkable. The approach followed by continuous recording
not only increases the reliability of data but also helps frame a very strong framework for
assessing the efficacy of the experimental setup and the health of cellular systems under
study.

13
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4.3 Interpretation of Results

Only a slight increase in the oxygen level was detected as early as within the microfluidic
device. Perhaps this was related to the adjustment of cells to their new environment. Most
likely, metabolic adaptation occurs during this time to optimize energy production based on
the existing oxygen levels. This temporarily changed rate of oxygen consumption is attributed
to mechanisms of cells that help in adjusting to sustain life and function under potential stress.

The adaptation might involve the shift into more anaerobic processes, such as the process
of glycolysis, until cells get stable and adjust the oxygen availability.

The net oxygen concentration has generally decreased throughout the whole experiment,
an indication that the cells were metabolically active in reducing oxygen for the production
of energy.

The active respiration observed is a positive indication of cell health on the microfluidic
chip and suggests that cells survive in a functionally active state. They undertake the energy
metabolism required to maintain cellular processes and responses.

4.4 Limitation of the Project

Mechanical Setup Errors

Mechanical errors, though it may be factual that they exist in the case of microfluidic
devices in the setup, are a great source of negativity against the reliability and repeatability
of the experiments. Such errors may come from a variety of sources.

Fabrication errors may cause differences in the dimensions of the microchannel, thus leav-
ing discrepancies within the fluid flow and shear stress; such differences may affect the be-
havior of cells and, eventually, the result of the experiment. Little changes in channel width
or depth would change the flow velocities and shear forces of the cells, which might affect
these cells” metabolic activities and possibly physiology in general.

Any slight misalignment, more particularly in the process of integrating the PDMS and
COC chips or placement of the oxygen sensor, would lead to leakages or blockages. This
misalignment, therefore, may disrupt the intended pathways of the fluidics and, in turn,
bring out poor distribution of the waste products, nutrients, oxygen, and withdrawal.
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Poor sealing of the device will result in the evaporation of the medium; this will, therefore,
increase changes in concentration and osmolarity. This may impact stress on the cells and,
in turn, modify the normal physiological responses of the cells, affecting the outcome of the
experiment.

Lack of sufficient oxygen

Oxygen supply in microfluidic systems might be problematic when higher-density cultur-
ing of cells and tissues with high metabolic activity is required.

Highly metabolic active cells may even use up the available oxygen much faster than
it can be restored, hence creating an uninformed, hypoxic environment. This may play a
significant role in changing cellular behavior since it results in the turning of cells to anaerobic
metabolism, therefore producing less energy and changing growth and function.

The measurement of oxygen is measured accurately, and calibration drift, response time,
and sensitivity of the oxygen sensors can also affect the measurement. Any of these factors
can thus bring in inaccuracies with the readings of oxygen levels that would thereby even
mislead the interpretation of cellular metabolism and health.
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Conclusion

The present project aimed to design, fabricate, and validate a microfluidic device using PDMS
and COC materials integrated with a PICO-O2 optical sensor to conduct oxygen uptake stud-
ies within cellular environments. The research pinpoints the potential and challenges pre-
sented by microfluidic systems with avant-garde technologies and methodologies used in
biomedical engineering. The following section sums up the primary outcomes of the project
and reflects on the implications these could have on future work within the area.

A 3D CAD model of the microfluidic chip was developed to allow exactness in the pro-
duction and assembly of all the necessary parts. The design process was adopted with the
help of state-of-the-art software tools that would ensure high accuracy and reproducibility to
achieve the consistent device production of microfluidics.

Microfluidic chips have succeeded in being fabricated with PDMS and COC by combining
these good features from two materials. The PDMS allows flexibility and penetrability of gas
to keep the environment inside the cell alive, while COC supplies structural hardness to resist
chemical actions that are needed for functionality.

Thus, the system could be in a position to quantify the exact oxygen level within the chip
by integration with a commercial-available PPCO-O2 optical sensor. This setup was, there-
fore, paramount with respect to real-time data acquisition, which would illuminate dynamic
changes characteristic of oxygen consumption by the cultured cells.

For the instrument tests, one set of cells used is the A549 alveolar basal epithelial cell since
they represent an ideal model used in pulmonary studies. A test in this phase, for example,
showed that the chip could easily support all sorts of cellular activities and effectively measure
metabolic rates, laying out the promise for the device in biomedical applications.

The results of this project reflect the possibility that with modern microfluidic systems,
on one side, cellular functions could be supported and controlled. In contrast, on the other,
precision in system design and interpretation of the data is tremendously important. Some
of the most important considerations for future developments include:

The design and fabrication of microfluidic devices are exact. Possible future advance-
ments in this area would include improved reproducibility and reliability of the experimental
outcome through more accurate devices components and further perfecting assembly meth-
ods.

The proper utilization of microfluidic technologies demands accurate interpretation of
obtained data. Efforts, therefore, should be made to develop more sophisticated analytical
tools that will be able to interpret the complex datasets by these systems effectively and
accurately.

In the future, the research could be extended to scale this technology in a wide range of
other types of cellular studies. The design could be made adaptable in all kinds of cells and
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conditions. Hence, there is a need for its adaptation to expand the application scope in much
more comprehensive scientific and clinically researched fields.

Finally, this project represents a quite relevant advancement for the use of microfluidic de-
vices in biomedical applications. It means precisely how these technologies could eventually
revolutionize the field of cellular biology, as an ever-increasing effort is devoted to improving
precision and scalability.
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