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ABSTRACT

Medical testing at the Point of Care (PoC) is becoming essential for the timely diagnosis and monitoring of
pathological conditions and infectious disease, for the proper treatment of the individual and for the protection of
the community. The recent case of SARS-CoV-2 has outlined the need for decentralized immunoassay diagnostic
technologies. The development of automated lab scale and benchtop point of care immunoassays is an actively
pursued goal for both academia and industry. However, a gap between the rapid lateral flow test and the large,
automated hospital analyzer still exists. Partly, this is because the miniaturization of laboratory immunoassay
protocols remains elusive.

In this work, key concepts of immunoassays and point of care diagnostics are presented. The current state of the art
is reviewed through literature and mostly through commercially available PoC systems. Their technology is
discussed, and a list of their diagnostic targets is compiled.

Following this review, a point of care technology which can be shared across laboratory and benchtop systems is
envisioned focusing on design modularity. A laboratory system for automated bead-based immunoassay preparation
is developed, analyzed and its key components are presented. The system is then used to perform a full sandwich
immunoassay for SARS-CoV-2 antibodies yielding promising results.

Following the development of the laboratory system, the building blocks for a benchtop point of care microfluidic
disk that shares the same immunoassay technology are proposed. A new type of on-chip non-contact micropump
that is activated using an IR laser beam is developed and tested. We report flow rates as high as 2 pl/sec and total
volumes over 160 pl with high displacement repeatability. The second development is a new type of burst microvalve
that is based on hydrophobic porous glass microfiber filters. For this assembled part, we report burst pressures of
12.5 kPa which makes it suitable for use in centrifugal microfluidic systems. Both components follow the modularity
concept pursued in this work. Using these two building blocks, some concept microfluidic disks for the performance
of bead-based immunoassays are proposed and discussed. Initial prototyping work is presented along with motion
system and detection concepts.
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CHAPTER 1: INTRODUCTION

1.1 ABSTRACT

In this introductory chapter, key concepts of immunoassays, microbeads and Point-of-Care (PoC) diagnostics are
presented to set the groundwork on which this thesis is based. A categorization of PoC systems based on their setting
and intended use is made and key aspects of their operating principles are discussed. Challenges of PoC systems as
well as accepted guidelines for their development are presented. Based on the previous, it is argued that PoC
diagnostic systems could benefit from technologies that would allow a modular approach towards their design. Key
research directions towards the development of modular PoC systems are discussed and the structure of this work
is outlined.

1.2 MOTIVATION

The need to diagnose, monitor or exclude a pathological condition when and where needed has always been a major
healthcare challenge. The timely diagnosis of a disease will very often improve the outcome®? and the quality of life
of the patient, while it is essential for the selection of appropriate treatment or the rejection of an ineffective one.
For the case of gastric cancer, early diagnosis is associated with a 5-year survival rate over 90%, while this percentage
drops significantly as the disease progresses®. In the case of HIV, early diagnosis is linked with improved health
outcomes for the individual and public health benefits?, while in the case of malaria, the lack of early diagnosis is
one of the main factors that have impeded the success of the global malaria program in reducing disease morbidity
and mortality>® according to the World Health Organization. For the case of infectious diseases, early diagnosis is
not only critical for the benefit of the individual patient but also to prevent population spreading’. The very recent
case of the COVID-19 pandemic created a sudden and immense need for sensitive, remote diagnostics® both to
control the disease but also to relieve the strain from laboratory diagnostic settings and healthcare facilities. The
outbreak of COVID-19 is a very prominent example for the need to have healthcare diagnostics as early as possible
in the furthermost locations.

For all but a few diagnostic targets, medical testing continues to be centralized, usually serviced by a clinical
laboratory®. Such facilities are equipped with automated analyzers that can process multiple samples simultaneously
for a wide range of analytes. The very existence of high-throughput, large footprint multi target analyzers is evidence
of the centralized diagnostic model currently followed as the mainstream approach to medical testing. There are
significant benefits from this approach, notably standardization and repeatability that stem from the automation of
clinical diagnostics. However, a centralized testing model often results in long turnaround times from sample
collection to actionable feedback?®. Samples collected in decentralized locations, such as rural areas or even urban
clinical laboratories that are serviced by larger clinical laboratories, need to be transported to the location of the
analyzer, processed, batched, tested and then the results need to be communicated to the medical professional who
will in turn inform the patient. This process can last several days, while often, a sample transportation service is not
in place and the patient needs to travel to the centralized clinical setting in order to be tested. Even for the case of
COVID-19 where rapid and accurate diagnosis is critical for decision making, it is observed that while commercial

11-13 with protocol durations not exceeding 15 mins, the typical

equipment exists for rapid molecular diagnostics
duration from sample to results in molecular testing may sometimes exceed 72 hours'*. For patients with chronic
conditions that need frequent testing or patients whose mobility is impaired by their condition, the centralized
testing model can be especially challenging. For all of these reasons, the need for decentralized, rapid clinical

diagnostics is being actively pursued both academically and commercially.



While there are numerous diagnostic fields for which the above apply, one of the major and most impactful is the
field of immunoassays, which is the detection of antibodies/antigens in a sample. This work will focus on the analysis,
challenges and proposed solutions for the development of decentralized immunoassays.

1.3 IMMUNOASSAYS FOR DIAGNOSTICS AND RESEARCH

Whenever the detection of a macromolecule such as a protein has diagnostic value, an immunoassay is typically
used in order to verify and quantify the presence of the specific protein or a group of proteins in a sample.
Immunoassays are biochemical detection techniques in which a detection reagent which can be an antibody or
antigen is used to isolate or otherwise immobilize a target protein, often referred to as the “analyte”. The analyte
binds to the detection molecules thanks to the ability of the later to recognize and attach themselves on specific
macromolecule sites that are called epitopes. It is possible to use both antibodies or antigens as detection molecules
to capture antigens and antibodies respectively. The captured protein is detected and quantified through the use of
a label which can be based on color, fluorescence or other techniques such as radioactive isotopes or
chemiluminescence. There are many variations of immunoassays, some of which will be presented in Ch.2 of this
work (see Lateral Flow Immunoassays or LFIA).

One of the most researched and widely used immunoassays is the Enzyme Linked Immunosorbent Assay also known
as ELISA. In ELISA, the captured proteins are detected by a reporter enzyme that is indirectly attached to the sample.
The measured activity of this enzyme is usually related to color or fluorescence. There are several variations of ELISA.
In the simplest case, the sample is immobilized on a substrate, and enzyme - linked antibodies are introduced to its
environment. These antibodies, following an incubation period, will bind to their target antigens (Fig. 1.1). The
remaining unbound antibodies will then be washed away. In a final step, a substrate that responds to the presence
of the enzyme which is linked to the antibodies is added to the solution. The response, which is usually a color or
translucency change, is measured using a spectrophotometer or an absorbance reader. An increased color change
will indicate a high enzyme concentration which in turn indicates an initial high antigen concentration. This simple
biochemical method is limited by its low specificity (because only one antibody is used) and by the fact that
immobilizing the sample antigen in a non-specific way, will result in all proteins in the sample also adhering to the
plate substrate. This makes the method unsuitable for low abundance targets where even a small concentration is
of diagnostic value. To solve these problems, a more elaborate method called sandwich ELISA has been developed.
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Fig 1.1 In direct ELISA, all proteins in the sample are immobilized and an enzyme-linked antibody specific to the target
protein is added. If the protein is present in the sample, the antibody will bind to it. The unbound antibodies will be
washed away. The detection happens by adding a substrate that responds to the presence of the enzyme (which is
linked to the antibody) by changing its color or translucency)

In sandwich ELISA (Fig. 1.2), the target-specific antibody or primary antibody is immobilized on a surface, for example
a well-plate bottom. The sample is introduced to the environment of the antibody but only the target protein can
now bind to the surface through the primary antibody. The rest of the proteins are washed away. Following that,
the secondary antibody is added to the solution. This secondary antibody is linked to an enzyme and it is also specific
to the target protein. However, the primary and secondary antibody use different attachment sites on the antigen
also known as epitopes so that they do not compete with each other. The secondary antibody will then bind to any
target proteins that are already bound to the primary antibody. Unbound antibody is removed from the solution.
As a final step, a labelling agent is added that responds or binds to the enzyme. In the simplest case, the enzyme is
alkaline phosphatase (ALP) or horse radish peroxidase (HRP) and the label is P-Nitrophenyl-phosphate or hydrogen
peroxide respectively. Both of these substrates change their color in the presence of the enzyme, and thus a
colorimetric detection method is used to quantify the captured protein. However, another possibility is to use biotin-
linked antibodies onto which a streptavidin-bound fluorophore such as phycoerythrin is attached in the labelling
stage of the process. In this way, the quantification is done through measurement of fluorescence. The sandwich
ELISA method is considered more sensitive than direct ELISA. There are some considerations since it is possible that
the primary and secondary antibody will cross-react and yield falsely positive signals, however this method once
optimized has great diagnostic value. Among other applications, it is used to detect different viruses and other
pathogens through antibody response, toxins, cancer, and allergens. See Chapter 2 for a full list of conditions
detected using immunoassays.
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Fig 1.2 In sandwich ELISA, the target antigen is immobilized through the use of the primary antibody which is specific
to the analyte. A secondary antibody which is enzyme-linked and is also specific to the analyte is used for the detection
of the capture antigens. The use of two antibodies makes this method highly specific and sensitive.

1.3.1 MICROBEADS FOR MULTIPLEXING AND HIGH-THROUGHPUT

The sandwich ELISA method can be used to create immunoassays with high sensitivity and specificity. However, the
mode of primary Ab immobilization requires the binding to a solid substrate, for example the bottom of a well plate.
This is a time-consuming process and it requires large quantities of reagents and sample. More to that, if there is not
one specific target analyte but several, or if the purpose of the immunoassay is to identify target analytes that can
be used to develop diagnostic tests, an increased number of experiments may be required to acquire useful data.
Assuming a case study in which 100 analytes are being examined as potential markers for a pathological condition
in triplicates in 100 samples, this would require the preparation of 30k wells. But even for the purpose of diagnosis,
an assay of 6 or more analytes is not uncommon. This requires the aliquoting of the sample in 6 different wells,
which is typically performed by a liquid handling automation system in medical facilities or through the use of
microfluidic aliquoting structures in PoC setups (see Chapter 2). Especially for the PoC setup, there are limited
methods that can be employed to perform aliquoting and they tend to increase the chip footprint. There are two
main approaches that tackle such challenges in immunoassays: Microarrays and Microbeads.

Microarrays are essentially the printing of antibodies/antigens/samples on a substrate in patterns. Using this
method, discreet regions are created in which different reactions take place. For example, different primary antibody
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spots can be printed on a glass slide in a grid and the entire slide could be processed with the same sample. Each
spot would then behave as a separate well. If the labeling method is based on fluorescence and a fluorescent imaging
system with the ability to scan different regions of the slide is available, then different analytes would be detected
through a single experiment. This is referred to as multiplexing.

a 6.5 microns
Bead set 26
The bead is
B Bead set 21 impregnated
with the dye

mixture

——

1mm

Fig 1.3 On the left> A protein microarray of 150-200 um diameter spots with a fluorescent label. On the right?®,
Luminex xMAP technology based on superparamagnetic color coded microbeads

There are different ways to prepare a microarray. Typically, either a jetting system or a contact deposition system
are used. Spots can range from a few hundred microns down to submicron diameters (in this case termed
nanoarrays). The process of creating a microarray requires specialized equipment, can be time consuming and
increased volume of reagents and sample may be needed depending on the microarray surface that needs to be
covered.

The second technology used to achieve multiplexing is based on microbeads. The idea had already been described
in the 1960s'7 but it was successfully commercialized for research and diagnostics by Luminex corporation®® in the
late 1990s. In microbead technology, the substrate is replaced by polystyrene microspheres of 6.5 um diameter (Fig.
1.3). The primary antibody is immobilized on the surface of these microspheres while the rest of the biochemical
process remains unchanged. The microbeads have two additional properties from which the benefits of this process
come from:

e Superparamagnetism'®: The addition of metal oxide nanoparticles inside the polystyrene matrix of the
microspheres makes them superparamagnetic. The nanoparticles are actually ferrimagnetic but because of
their small size, they exhibit a random magnetization direction flip. This magnetization flip causes their
average magnetization to be zero when not under the influence of an external magnetic field. However, in
the presence of a magnetic field they display strong magnetic properties with high magnetic susceptibility.
This provides the ability to manipulate the microbeads using magnetic fields.

e  Color coding?®: Each microbead family has two or three different fluorescent dyes embedded in its matrix.
The dye emissions under predefined excitation can be measured using flow cytometry-based methods. The
ratio of each dye compared to the other one(s) is predefined per microbead family. This allows the use of
multiple beads inside a single well in which each bead family targets a different analyte.
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The process of a sandwich ELISA in a bead based -also known as suspension- assay is presented in Fig 1.4. In this case
two beads are placed inside a saline solution. The beads represent two different bead families, 1&2 which carry
different primary antibodies, also 1&2. In reality, 100s or 1000s of beads from each family are used for each assay.
The different beads carry different ratios of fluorescent dyes and this is what makes it possible to differentiate
between them. In step 2, the sample is introduced to the environment of the beads. The beads are suspended and
this is also beneficial for the kinetics of the biochemical reaction. In step 3, some of the antigens for which Abs 1&2
are specific have been captured, while the rest of the sample proteins are still floating around.
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Fig 1.4 A microbead- based sandwich ELISA immunoassay. Additional steps are required such as washing is required
to ensure that uncaptured molecules will not affect the biochemical process.
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In step 4, a magnet is placed beneath the well and the superparamagnetic microbeads are attracted towards the
bottom. Once the microbeads have been immobilized by the magnet, the solution can be disposed, aspirated or
continuously diluted so that the uncaptured proteins are removed from the process and only the microbeads remain
in the solution (5). Although not shown in the figure, this is repeated after each consecutive step. In (6), the
secondary Abs are added. The secondary Abs are all biotinylated. Each of them has its own target analyte. In (7), the
label is added. The label is typically a fluorescent agent -such as phycoerythrin- bound to streptavidin. The high
affinity between the streptavidin and biotin results in the labelling of the beads that have captured their target
analyte. The amount of captured analyte will result in a correlating fluorophore attachment/fluorescence emission.
This is what makes the results quantitative. In (8), the beads will go through a flow cytometry-based system in which
they are scanned and their identity (which family they belong to) as well as the amount of fluorophore (which is
correlated to the captured analyte) are quantified. This system can be seen in Fig 1.5. The beads go through a cuvette
microchannel which, just like in a flow cytometer, has a sheath flow aligning the beads in the microchannels center.
Two laser sources, one at 532 nm (a suitable excitation wavelength for phycoerythrin) and one at 635 nm, aim
towards the channel center. When a bead passes through this position, the dyes inside its polymer matrix and the
fluorophore label are excited. The bead then emits radiation at 3 different wavelengths: The emission wavelength
of the label fluorophore and the emissions of the classification dyes. Using suitable optics, the different wavelengths
are filtered and measured using photodiodes (for the strong classification signals) and a photomultiplier (for the
potentially weak label signal). A fourth sensor is measuring the scattered light from the excitation lasers to identify
clusters of beads or debris that might be giving out false signals. The different signals can then be used to quantify
the presence of different proteins inside the sample. Using this technology, up to 500 analytes can be tested in a
single assay run. While multiple other issues such as cross reactivity between antibodies should be investigated for
each multiplex assay, this method provides increased versatility and speed for life science and diagnostics.
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Fig 1.5%': The Luminex flow cytometry-based technology. Two excitation sources are used, one for the label and
one for the microbead dyes. The emission signal is read by photodiodes for the dyes and a photomultiplier tube
for the analyte signal, while a doublet discriminator is verifying that the beads are passing one by one and that
there are no debris that could be affecting the measurement.
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1.4 POINT-OF-CARE TESTING

Point-of-Care testing or PoC is the term that has been chosen to describe medical testing that is not strictly
performed in a laboratory, instead it is done when and where it is required. This broad term encompasses
multidisciplinary efforts for the development of technology that aspires to combine mobility and ease of use with
the accuracy and sensitivity of laboratory equipment for the benefit of the patient. With multiple applications
relevant to the decentralization of healthcare, PoC systems have been the focus of academic and industrial research
with several new devices becoming available to the end user each year. One of the fields of PoC systems is infectious
disease diagnosis in the developing world. In reference to the efforts for the development of such systems, the World
Health Organization (WHO) created what has been known as the ASSURED?? criteria, which eventually came to apply
to all PoC systems. ASSURED is an acronym that describes the ideal qualities of a Point-of-Care system. The exact
criteria can be found in Table 1.1.

Affordable Minimize cost

Sensitive Minimize false positives

Specific Minimize false negatives

User friendly Minimize manual process steps

Robust & rapid Ensure short time to result, minimize possibility or impact of error
Equipment free Minimize auxiliary systems and tools

Delivered to those who need them Make sure the logistics and infrastructure required for the test exist

Table 1.1: The ASSURED criteria set by WHO to describe the ideal qualities of a PoC system

The list created by WHO is an important set of guidelines to follow during the development of a PoC, but it is also
helpful to understand the rules that formed existing Point-of-Care systems. A point of care diagnostic needs to be
affordable to the ones who need it. It needs to be sensitive and specific so that false results are minimized. It must
be user friendly to allow even untrained people to operate it. It may need to be rapid so that it can be easily
integrated into everyday life. Its robustness ensures that it will deliver results with consistency. Auxiliary equipment
must be kept to a minimum since it may not be available and finally, the test and its results must be able to be
delivered to the end user. While not all of these criteria can be met for every PoC application, they serve as a set of
general guidelines to be adapted to each specific scenario.

Two key variables that define the diagnostic scenario for PoC systems is the location and purpose of testing. Different
settings include the patient’s home, a primary care unit, an ambulance, a workplace, even a remote location with
no access to healthcare. The purpose could be the confirmation or ruling-out of a specific condition, the general
assessment of various biomarkers for the purpose of diagnosis or the monitoring of an already existing condition.
This range of requirements leads to different specifications for the PoC depending on what need it aspires to cover.
For the purpose of introducing point of care systems, three different device families are presented which answer to
different needs: Small handheld devices, small footprint benchtop systems and laboratory systems.
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1.4.1 SMALL HANDHELD DEVICES

The small, handheld device is the most well-known example of PoC systems. Devices in this category are designed
to be completely portable, affordable and easy to use by the patients themselves. These requirements are translated
into specifications: The systems need to be lightweight and have minimal size, autonomous in terms of energy -
ideally not requiring a power source- and they should not require the use of peripheral equipment, for example
pipettes, sample mixers etc. If some equipment is required, then it must be provided along with the test and follow
the same rules as it. Additionally, a portable device made for the end user must be simple to operate and provide
some sort of fail-safe features. Regarding the sample, such a device cannot require the use of special equipment or
the skills of trained personnel to procure the test sample. As such, the sample is usually restricted to saliva, nasal
swab, tears, urine or a single drop of blood obtained by the use of a fingerstick. A very common example from this
category of POC tests is the glucose meter, a portable, low-cost device that allows people with diabetes to monitor
and adjust their blood glucose levels (Fig 1.6 A). Another example is the SARS-CoV-2 rapid lateral flow test that
quickly grew to become one of the key tools for the management of the COVID-19 pandemic (Fig 1.6 B). In both of
these examples the tests are portable, lightweight and pocket-size. The glucose meter is powered using a battery,
while the lateral flow test uses porous cellulose to pump sample and buffer liquids through the different assay steps.
Both tests come with some auxiliary equipment: A fingerstick gun with disposable needles and disposable electrodes
for the glucose meter. A swab and a buffer container for the lateral flow test. They are simple enough to be handled
by the end-user and they provide fail-safe features: The glucose meter will alert the user if the sample is insufficient
or if the electrode has been incorrectly inserted into the device. The lateral flow test includes a control line which
indicates that the sample and key reagent have flown through the test. In summary, these tests are designed for
portability and mass production. But there is a trade-off for this is, and it is usually sensitivity.

Figure 1.6: Common examples of portable point of care tests: (A)*® a glucose meter measures blood glucose levels
using a drop of blood. (B)** A lateral flow test for the detection of an antigen or antibody using
immunochromatography, made widely known because of its usage for the detection of SARS-CoV-2 antigen.

In the example of rapid tests (also known as lateral immunoassays or LFIAs), while they do provide a fast and cost-
effective way to evaluate the existence of a target molecule, they usually have no quantification features and their
sensitivity is limited. In the recent case of SARS-CoV-2, rapid tests have been extensively used to rule-out infection,
however the sensitivity of these tests is lower than what is obtained from standard laboratory immunoassays?. In
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practice, this means that a laboratory test is more likely to detect viral antigen than a rapid test, especially in the
early days after symptom onset. In order to build POC tests that can approximate laboratory immunoassay results,
it is necessary to include more complex functions, such as active fluid handling and optical detection methods. For
example, the labelling method (the result readout) used in rapid tests is often based in colloidal gold. In this method,
gold nanoparticle aggregates are used to produce a visible signal -most often a line- that indicates a captured
molecule. In a laboratory test, a fluorescent molecule is often used for the same purpose, but in this case the signal
is quantified using an appropriate sensor, for example a photodiode or a photomultiplier. This yields a much higher
sensitivity, but it requires a higher level of complexity for the POC device. In another example, sample metering -a
challenging task in rapid tests- is often approached by instructing the user to count sample droplets. In laboratory
tests, sample metering and dilution is an essential step in quantitative assays which enables results consistency and
biomarker monitoring over time. However, this requires metering equipment and mixing apparatus. Another key
point for POC testing is that a single analyte is sometimes not enough to evaluate the patient’s condition. For
example, a physician will very often order a comprehensive metabolic panel (CMP) if they suspect a liver or kidney
disease. The CMP is a test that measures 14 different substances whose levels and combinations of levels may
indicate different pathology. The ability to test for multiple things at once is called multiplexing and it is a sought-
after capability of POC systems?® but with very limited applicability to handheld devices.

1.4.2 SMALL BENCHTOP SYSTEMS

In order to overcome the limitations of LFIAs and other handheld devices, another category of POC systems has been
the focus of research and development efforts. Small benchtop systems typically use different technology than
portable POC tests and serve a different purpose. The aspiration for these devices is to combine the sensitivity of
laboratory testing with the ease-of-use of a tabletop device by redesigning the components required to perform
higher-level process steps. Creating devices that can run sensitive, multiplex, automated assays requires process
miniaturization and automation capable to fit all the functions of a laboratory into a printer-sized device. Such
functions may include sample and reagent metering, reconstitution, dilution, centrifugation, mixing, liquid
dispensing and washing as well as various detection processes, either optical or electrochemical. Complexity, size
and cost are the trade-off for the increased sensitivity and reliability in these systems.

Many different approaches exist for benchtop POC systems, some of which are analyzed in Chapter 2 of this work.
This variety in technology and diagnostic targets is also reflected on the different diagnostic scenarios that are served
by these systems. In Fig. 1.7, two benchtop POC systems are seen. On the left (A), a centrifugal system by Abaxis?’
uses disposable disks to perform a series of metabolic, electrolyte and general chemistry panels. Most of these
panels have a CLIA waiver?® by the US food and drug administration. This indicates that the level of automation of a
test allows an untrained user to operate the device with minimal instructions. The purpose of this device is to provide
accurate test results within ~15 mins in a primary care unit, in long term care facilities, in remote locations with no
access to analytical laboratories and other similar settings where there is no access to testing facilities but there is a
person with some medical training who can perform basic tasks, ex. draw blood and insert it into the test cartridge.
On Fig. 1.7 B, the Stratus® system?® by Siemens is a dedicated cardiac marker POC to help in the rapid diagnosis of
myocardial infraction. The setting for this device is the acute care unit, for example the emergency room or even the
hospital laboratory. The device is typically operated by a medical professional. Its purpose, unlike the Abaxis system,
is not to provide test results in lack of lab facilities, but to bypass a time-consuming protocol in order to give stat
results at the time of need.
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Figure 1.7: Examples of benchtop point of care devices. (A)*° Piccolo Xpress® by Abaxis, a blood chemistry analysis
system. (B)3! Stratus® by Siemens, a cardiac panel POC for urgent care

Small benchtop systems manage to overcome the limitations of handheld, portable devices in sensitivity and
multiplexing capabilities by introducing complex fluid handling and detection components. The size, cost and
autonomy specifications that are imposed to make these systems ideal for the small clinic or the doctor’s office make
them a good choice for testing one patient at a time, but do not generally have the high-throughput capabilities
required when multiple patients need to be tested simultaneously.

1.4.3 LABORATORY SYSTEMS

Arguably falling into the PoC definition, laboratory systems are automated, larger footprint and usually higher cost
devices that provide high throughput and often increased versatility. Such systems are most often used when
multiple samples need to be tested daily, for example in a hospital setting. However, the need to test multiple
samples simultaneously is not restricted to hospitals. The COVID-19 outbreak has outlined the need for rapidly
deployable immunoassays on a mass scale as a diagnostic but mostly as a screening measure. The same applies in a
smaller scale for disease outbreaks in secluded or closed communities, refugee camps, prisons and military bases
where timely diagnosis helps contain the contagion within the population. Interestingly, because these systems run
in batch mode (multiple samples are loaded as a batch), the turnaround time is sometimes increased compared to
small benchtop systems. This is also the case for large hospital analyzers where the requirement is not the timely
diagnosis of a single sample but the high throughput testing of groups of people. Gyrolab® xP3? is a family of
immunoassay systems by Gyros Protein Technologies based on the principles of centrifugal point of care systems
(Fig. 1.8). The larger model can output up to 560 data points/hour. The platform is frequently mentioned in
literature33-3 as a high throughput point of care system for in vitro diagnostics. However, its main application at the
time of writing of this work is as a research tool for the optimization of immunoassays, for vaccine development as
well as for cell and gene therapy. In conclusion, laboratory systems provide high throughput for multiple sample
testing but are also very useful for the development of assays which can in turn be used in smaller point of care
systems.
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Figure 1.8: Gyrolab is a family of high-throughput centrifugal point of care immunoassay systems (A) 3¢ The Gyrolab
xPand system outputs up to 560 data point / hour (B)*” The Gyrolab consumable disk

1.5 POINT OF CARE TECHNOLOGY

So far, different examples of POC system have been introduced with the key variable being their intended setting. It
has been shown that the term point-of-care is in fact quite broad and can encompass different scenarios, ranging
from the nasal swab rapid test to highly sophisticated benchtop analysis systems for decision making in the urgent
care. The different settings call for different technology. Keeping the focus on point of care immunoassays, their
technology can be divided in the following main areas:

e Immunoassay technology
e  Fluid handling
e Detection technology

Immunoassay technology is the biochemical process used to separate and capture the target molecule. Fluid
handling refers to the method by which reagents, buffers and samples are manipulated to perform this process. The
detection method is the way by which the test result is detected or quantified. In the following paragraphs, a short
introduction for each of these fields will be presented with more information being available in chapter 2 of this
work.

1.5.1 IMMUNOASSAY TECHNOLOGY

The biochemical process is in the core of every PoC system and it drives the device specifications and requirements.
The most common and versatile assay used in PoC systems but also in the lab is the sandwich ELISA3 assay . In Fig.
1.9, the basic components of a sandwich ELISA can be seen. The target molecule is the antigen. It is contained in the
sample and its presence is what needs to be quantified, verified or excluded. Two antibodies, the primary and
secondary, are selected so that they are specific to this antigen. This means that each antigen and the antibody will
form a bond if they are found close to each other and that other antigens will not as easily bind to these antibodies.
The primary antibody will usually be bound to a substrate. The substrate can be a plastic surface in a chip or a
magnetic microbead or even the interior of a microchannel. In most cases, the substrate is what is used to locate
the conjugate of antigens or antibodies. The secondary antibody is usually the label antibody. It is bound to the label
molecule. This can be a fluorescent molecule, a colored particle or even an enzyme that can catalyze a reaction. In
short, the label is what translates information about the presence of the antigen into signal.
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Figure 1.9: Key components of a sandwich immunoassay. In this scenario, the antigen is the target molecule. Many
variants exist to allow adaptation immunoassays to PoC systems

Many different variants exist for sandwich immunoassays: The primary antibody can be bound to a part of the chip
in which case this is also the reaction site of the chip. Alternatively, it can be bound to a paramagnetic microsphere
which can be manipulated using magnetic fields. This is known as a suspension array. In the special case of
Alphalisa®, the primary antibody is loose, but it is required to trigger the activation of the label in the secondary
antibody. This way conjugates without a primary antibody do not emit a signal. Variants for the label include a
fluorescent molecule that is excited using laser or led irradiation, colloidal gold or latex particles that have a distinct
color when they accumulate, or an enzyme, which will catalyze a reaction in the surrounding medium causing a color
change. One-site immunoassays, i.e. immunoassays with only one antibody, are also widely used and in fact are
more common in some clinical analysis settings while several adaptations of immunoassays exist to make them
compatible with PoC devices. Despite all these variants, the concept for these biochemical techniques is always the
same: A protein is detected by attaching to it another protein which is somehow labelled.

1.5.2 FLUID HANDLING IN POINT OF CARE SYSTEMS

THE REALM OF MICROFLUIDICS

Every available point of care immunoassay method relies on the handling of fluids. In the examples that have already
been presented in the previous section, different approaches for fluid handling are used depending on the
application requirements. Rapid tests use wicking force to transport a fluid across different reagent zones. The fluid
will carry with it the sample and conjugated reporter molecules such as colloidal gold particles. This is a cost effective
and simple approach suitable for a disposable device. Abbott’s i-stat is an electrochemistry based POC with
disposable cartridges*® where each cartridge includes all necessary buffers, reagents and sensors. The cartridge also
includes a flexible portion over an “air bladder” which is actuated by the system to provide fluid handling. This is a
mechanical approach that requires external actuators embedded in the POC device. The company Biosurfit, just like
Abaxis, has launched a centrifugal point of care system called Spinit® for a variety of tests including the detection of
covid-19 antibodies. Centrifugal point of care systems balance their fluid handling between the centrifugal forces
acting on a fluid mass while the disk-cartridge is rotating and between the capillary forces which dominate when the
disk is stationary. This allows the realization of multiple functions which will be presented in chapter 2 of this work.

The above examples represent just a few of the commercially applied technologies for fluid handling while several
others are being researched. However, one thing that is common for almost all these technologies is that they are
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designed to operate at the microscale. For this reason, they are called microfluidic technologies. Microfluidic
technologies or microfluidics* is the study of the behavior of fluids inside micron-sized channels and the exploitation
of this behavior for various medical, research and other applications. The ability to reduce the size of the fluidics in
a medical diagnostic system down to the microscale has several advantages:

e Complex, multistep processes can be miniaturized into small, portable devices
e  Fluid flows are laminar due to the small channel size

e Reaction times are reduced

e  Only a small quantity of sample and reagents is required

e  Multiplex/ high throughput applications can be realized

To further elaborate on the above points, both diagnostic and bioresearch applications often require multistep,
complex processes that include mixing, aliquoting, purging, priming and other fluid handling operations to be
performed. Microfluidics provide the ability to perform all these processes in a single plastic device by miniaturizing
them. The term given to such devices is “Lab on a Chip” to illustrate the potential of miniaturizing an entire lab into
a small chip (Fig 1.10 A). Such chips are produced commercially using injection molding or embossing processes while
soft lithography*? is a widely used technique for device prototyping in research. One of the unique characteristics of
microfluidics is that in almost all cases fluid flows are laminar due to the very small size of the channels. This can be
beneficial to applications which require a highly controllable liquid stream (ex. flow cytometry), but it can also be a
challenge in other cases, especially when fluid mixing is required (Fig. 1.10 B). Yet, the controllability provided by
laminar flows and the increased area-to-volume ratios in the chip can help to greatly reduce reaction times. Their
small size also allows the use of small amounts of sample (one drop of blood, saliva, nasal swab) and reagents, which
enables mobility and reduces costs. Both these attributes are important for point of care systems when examined
through the ASSURED guidelines.

Figure 1.10: (A)*® A microfluidic bioreactor for the study of bacteria (B)* Fluids remain immiscible in a junction
because of flow laminarity

MAIN OPERATING PRINCIPLES

Within the context of microfluidics for point of care devices, there has been extensive research with many proposed
technologies for fluid handling which have been thoroughly reviewed in the literature*>#¢. These technologies
include PDMS based active fluid handling*’, droplet based microfluidics*®, electrowetting fluid manipulation®® ,
acoustic methods*® as well as other application specific methodologies. In the field of applied diagnostics, the fluid
handling technologies that are employed are limited to the following:
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e  Passive fluid handling
e  Centrifugal systems
e Mechanical interaction fluid handling

Passive fluid handling is the most commonly used approach because of its simplicity and low cost. This is the method
used in rapid lateral flow tests and it is based on capillary action inside hydrophilic porous structures. In the simplest
form, a nitrocellulose strip acts as a carrier for a fluid buffer and sample which are carried through a sequence of
deposited, dried assay reagents. In more elaborate forms, the porous medium is processed by patterning® so that
microchannels are formed. These systems are known as paper based microfluidics, and while they are not currently
adopted commercially, they have significant potential to that endL. In Fig 1.11-A, the core of a rapid test is seen
with different porous pads through which the sample and buffer solution travel during the test. Passive fluid handling
is also achieved with hydrophilic microchannels in which the sample is inserted due to capillary forces. This is
commonly used to absorb and meter blood samples for glucose measurement. In Fig. 1.11-B, the consumable chip
of an electrochemical glucose point of care system uses microchannels formed between layers of plastic material to
draw a nanoliter volume of blood through capillary action.

Centrifugal systems have already been mentioned in some of the previous examples. Also called lab on a disk or
LOAD, centrifugal chips are disk-shaped microfluidics which are placed on a rotor of highly controlled angular velocity
and acceleration. The chip itself contains chambers and structures connected with channels of controlled wettability
and size. Hydrophilic channels will act as capillary pumps when the disk is not spinning, drawing the liquid until they
are primed. When the disk does start to spin, centrifugal force overcomes capillary forces and a different flow
sequence takes place. Numerous fluid handling functions have been realized commercially using centrifugal
microfluidics, some of which are analyzed in chapter 2 of this work. In Fig. 1.11-C, the operating principle can be
seen. A liquid volume moves outwards under the influence of the centrifugal force.

Other active fluid handling methods are employed through application specific solutions, usually involving a
mechanical interaction. One example is the actuation upon an air bladder embedded in the chip that is connected
pneumatically to a liquid reagent chamber. Another example is the interface of a microfluidic chip with an external
positive displacement pump. In Fig. 1.11-D, an air bladder is above a reservoir of a liquid reagent. If the bladder is
pushed using a mechanical interaction, the reagent will flow towards the other end of the circuit.

In summary, several approaches exist for fluid handling in point of care systems. Most of them operate in the realm
of microfluidics because of their inherent benefits for medical diagnostics applications. Commercially, a narrower
range of approaches exists which can be summarized in the following: Passive fluid handling using paper or capillary
microchannels, centrifugal systems or application specific systems usually involving mechanical interaction.
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Figure 1.11: Different fluid handling approaches for point of care systems. (A) Rapid lateral flow tests use wicking

action for the transport of sample and buffer across the reagent zones (B) In electrochemical glucose measurement

tests, capillary action is used to draw and meter a nanoliter volume of blood (C) In centrifugal systems, a spinning

disk is used for fluid handling (D) A mechanical interaction system with an air bladder connected to the microfluidic

circuit.

FLUIDIC FUNCTIONS OF A POC SYSTEM

The ability to perform complex or multistep processes in a PoC, would require that common fluidic functions used

in a laboratory assay can also be adapted to the PoC. In Table 1.2, common fluidic functions of PoC systems with

active fluid handling are listed with their counterparts in laboratory practice and each function is analyzed below

with exampled from commercial PoC systems.

Function Lab instrument

Pumping: Aspiration,

metering, dispensing Pipette

Plate shaker,

Mixing
vortex
. . Pipette,
Aliquoting multipipette
Valving -
Plasma extraction Centrifuge
Washing Plate washer

PoC system
Capillary
Centrifugal
External actuator

Diffusion

Capillary
Centrifugal

Hydrophobic

Sealed pouch
Centrifugal
Filtration
External
Application
specific solutions

Notes on PoC implementation

Single use, passive component

Will work on demand but restricted by geometry
Requires auxiliary equipment and interface

Need to keep volumes low and contact area high

Single use, passive component

Strong point of centrifugal systems

Requires chip post processing, heavily dependent
on geometry and surface roughness

Single use, requires a bursting mechanism
Standard method, some challenges in PoC
Requires special membrane filter

Limits PoC usability by non-trained users

By combining components seen above

Table 1.2: Different functions are implemented using different technology in the lab and in a PoC system
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Pumping: The first function refers to all aspiration, dispensing and metering requirements for a laboratory multistep
immunoassay. In a PoC application this would translate to moving a liquid volume from position A to position B
within the circuit. Three ways are commonly used to achieve this: A capillary channel, centrifugal liquid handling and
external pumps. Capillary channels are primed as soon as they come in contact with the liquid volume. In Fig. 1.12
A, the user dispenses a drop of blood in the sample port and the blood is automatically aspirated because of the
capillary action of the microfluidic channel connected to the port. However, this is a constrained method. The user
cannot delay the activation of this action. As such, microfluidics that rely solely on capillary fluid handling can only
perform one-step assays. Centrifugal fluid handling relies on centrifugal force. In Fig. 1.12 B, a liquid volume starts
from the position 1 and through centrifugal force moves to position 2. This is normally also constrained to one-step
assays, however if position 2 is connected to the lower position 3 through a hydrophilic channel like the one seen in
Fig. 1.12 B, it is possible to implement additional steps by stopping the disk until capillary action moves the fluid
front below the level of 2 and then restarting the disk. This is called siphoning. However, this approach towards
multistep protocols is constrained by the size of the disk and by the fact that spinning or stopping the disk will affect
the entire circuit, not just the specific fluidic component.

A ) B
oln's Electrochemic
al sensors

D

Waste

chamber = Calibrant pouch

Air bladder

Figure 1.12: Different functions of a PoC system for multistep protocols. (A)>? Inside the fluidics of I-stat® by Abbott
(B) Centrifugal fluid handling (C)>? Aliquoting in an Abaxis disk, (D)** A hydrophobic patch created by deposition of a
liquid patch
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The last option seen in commercial PoC system is the use of an external pump or actuator. In Fig. 1.12-A, an external
actuator will act upon the air bladder to do additional fluid handling. While external pumps and actuators are by
default a modular option, they increase device complexity and costs for small benchtop and handheld systems, and
they require interfacing with the microfluidic circuit which can be challenging plus it introduces failure modes into
the system.

Mixing: Mixing in microfluidic systems is mostly achieved through diffusion since flows are almost always laminar,
although there are several other methods that have been reviewed in literature®. Mixing may require the use of
special patterns on the microfluidic chip that enhance mixing, or the utilization of mixing aids, such as embedded
spheres. The need to keep very small dimensions to reap the benefits of diffusion in microfluidics in combination
with long mixing patterns can create clogging issues into the chip.

Aliquoting: Aliquoting is the distribution of a liquid volume into smaller, metered portions. This is useful for
parallelization/assay multiplexing. In the lab, this is done using a pipette or multi-pipette. In PoC systems, this is
either done using capillary channels or centrifugal action. For capillary systems, everything discussed in the pumping
section also applies to aliquoting. Centrifugal system have an inherit advantage for aliquoting since its
implementation is somewhat straightforward. In Fig. 1.12 C, in an application by Abaxis®3, a liquid volume moves
outward in a circular channels that is connected to multiple circular wells in the circumference of the chip. As each
well is primed, the liquid moves to the next one until all of them are filled. The remaining volume usually ends up on
a waste well at the end of the circular channel.

Valving: For PoC systems valving is used to allow, switch or prevent liquid flow on demand. Acommon way to achieve
this, is by creating a hydrophobic barrier that prevents flow below a pressure threshold. This is in fact a relief valve
and it is often used in commercial microfluidics. Some version of the relief valve is essential for most microfluidics,
even the ones performing one-step protocols, because it is used at the venting positions of microchannels to prevent
liquid from flowing out of the chip. The challenge with such valves is that they require post processing of the
microfluidic chip, either by deposition of liquid or by plasma treatment. Additionally, they are heavily depended on
geometry. In Fig. 1.12 D, a deposited hydrophobic patch can be seen.

Plasma extraction: Since many immunoassays require plasma or serum as sample, it is necessary to separate it from
whole blood. Centrifugal systems achieve this through centrifugation. Other systems use plasma separation
membranes to acquire the sample.

Washing: Washing is the removal of unbound assay reagents after each step of a multistep protocol to prevent them
from causing unwanted interactions. It is a common step in immunoassays and often omitted in PoC systems, for
example in rapid lateral flow assays.
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1.5.3 DETECTION TECHNOLOGY IN POINT OF CARE SYSTEMS

So far, the methods employed to perform an assay in a point of care system have been described. The final step for
the acquisition of the results is the detection of the target molecule. For immunoassays, this molecule is an antigen
or antibody. Just like with fluid handling, there is a vast range of proposed solution for PoC sensing in literature which
has been thoroughly reviewed**—8, The most widely used detection technologies in commercially available point of
care systems are the following:

e Visual (rapid tests)
e  Colorimetric

e Absorbance

e Fluorescence

e  Electrochemical

Visual detection is the method employed in rapid lateral flow tests and is based on gold or latex particles that
generate a visible band when they accumulate. For lateral flow assays, both colorimetry and fluorescence are used
when the rapid test is combined with a reading system to increase its sensitivity and allow signal quantification. In
this case a camera or photodiode is used to quantify the color intensity or the fluorescent signal of the test’s
detection line. However, colorimetry, fluorescence and absorbance are all classical detection techniques used in
conventional assays that have been adapted to all types of point of care systems. Apart from lateral flow applications,
they are widely used in microfluidic point of care systems to detect the signal emitted from a detection agent
dispersed in a liquid volume or adhering to a chip’s surface. The last category of detection methods is based on
electrochemistry, which includes amperometry, potentiometry, conductimetry and impedance measurement
techniques on electrodes. More information about sensors and their applications can be found on chapter 2 of this
work.

1.6 CHALLENGES OF POINT OF CARE SYSTEMS

Analytical diagnostics for the point-of-care is a field that is continuously increasing in attention both academically
and commercially. Its integration into healthcare practice can be quantified by the increasing market size of PoC
systems which is expected to exceed $28B BY 2026°°. More to that, their usage during the Covid-19 pandemic as a
screening or diagnostic tool is proof of their potential. Yet, commercial applications of PoC immunoassays remain
limited to a small number of technological approaches which is in contrast to the research conducted in this field as
represented in literature®®. Part of the reason is that there are still unmet challenges for PoC systems. The challenges
can be in part be traced back to the ASSURED criteria while at the same time there are additional technological and
performance challenges that create a gap between research and application in the field of PoC systems:

AFFORDABILITY

The cost of a system is dependent on many factors which may include R&D costs, intellectual property, marketing
and approval costs. However, a more tangible factor is the complexity of the PoC system. Highly precise positive
displacement pumps (Fig 1.13 A), valves, automation and mechanical actuators (Fig 1.13 C), all increase the device’s
complexity and cost. Rapid tests, the most successful example of immunoassay PoC system to date, partly owes its
popularity to its simplicity, low cost and availability. More elaborate and much more sensitive/ precise systems
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exist®®2 which are not as frequently used partly because of their increased acquisition and consumables cost. This
is not to say that such systems will not become more widely available with the increasing demand for PoC testing,
however the takeaway lesson from rapid tests adoption is that simplicity is an important factor. Another challenge
stemming from the affordability guideline is the need to keep consumable manufacturability within industry
standards. While lithography and PDMS techniques have been widely adopted in the research lab, the ability to
produce chips using injection molding or embossing is important for their commercial applicability. The same applies
for further localized processing such as the deposition of surface energy modifiers and wetting agents to produce
fluidic control elements (Fig 1.13 B).

MULTIPLEXABILITY

Multiplexability is the ability of a PoC system to conduct multiple tests simultaneously. Multiplexing emerges as an
increasing requirement for the complete evaluation of a pathological condition. For example, multiplexing could give
the ability to discriminate between different subtypes of a pathogen. Furthermore, it is often necessary to monitor
multiple biomarkers in order to evaluate just one condition, ex. cardiac markers, while in some diagnostic scenarios,
multiple conditions exist that could explain the patient’s symptoms, all of which need to be tested for. Multiplexing
also allows to enhance the detection of even a single biomarker either by adding positive and negative controls into
the assay or by detecting the same biomarker with different sensitivity levels, which eventually increases the
dynamic range of the test. Multiplexing becomes a significant challenge for PoC systems when complex fluidics are
required to perform the diagnostic protocol.

USER FRIENDLY / EQUIPMENT FREE

Keeping a PoC system user friendly can be about the interface or the user input or the interpretation of the results,
which are real challenges and are optimized by the test manufacturers. A major challenge that is also related to the
“Equipment free” guideline, is the sample and reagent preparation. Especially when the sample is blood, it is often
required to remove red and white blood cells to get plasma. This may require the use of micropipettes and
centrifugation equipment which severely restricts the accessibility of the test to most people. The same applies to
reagents when there is the need to reconstitute dried or lyophilized components and place them into the PoC
system. The challenge stemming from these guidelines is how to completely integrate sample preparation and
reagent fluidics into the PoC system (Fig 1.13 D).

ROBUSTNESS / RAPIDITY

A robust system needs to minimize errors and be able to detect them if they happen and perform accordingly. And
if most of the previous guidelines were pushing towards microfluidic PoC systems with the power of a lab analyzer,
robustness is one of the weak spots of microfluidic systems. Clogging, air bubbles, insufficient mixing, connectivity
issues with peripheral pumps and valves, volume displacement control, reagent damage due to poor storage, leaks
and wetting irregularities are common challenges into developing a PoC system. Rapid response is usually dependent
on surface-area-to-volume ratio for which microfluidic systems have an inherent advantage, although reducing the
test volumes increases the severity of the aforementioned challenges. Most commercial PoC systems in the United
States of America aim to acquire a CLIA waiver from the US Food & Drug Administration. This is achieved by
introducing failsafe measures into the PoC system so that even if an error occurs, the system is able to detect it and
not output a result that could be wrong or even harmful.

26



Figure 1.13: Components for sample and reagent handling in PoC systems. (A)%* a diaphragm precision pump by TTP
Ventusfor microfluidic applications. (B)®* Hydrophobic patch valving in Gyrolab discs requires localized treatment for
surface modification (C)®° I-stat® by Abbott uses cartridges with an elastic bladder (encircled in yellow). A mechanical
actuator pushes or releases the bladder to move the liquid forward or to make it reciprocate in order to perform a
mixing step. (D)?® Siemens minicare® includes an embedded filter on each disposable disk that separates blood cells
from the plasma before the sample enters the microfluidic circuit

THE IMMUNOASSAY ADAPTATION CHALLENGE

In the beginning of this chapter, the basic steps for a sandwich immunoassay have been described. This standard
practice that is used in the laboratory and requires a multistep protocol, is not employed in PoC systems. The reason
is the complexity of implementing multistep protocols in miniature, autonomous devices. Instead, adaptations of
immunoassays are used. In Fig. 1.14, different protocols for immunoassays are presented. On the top (A), the
standard process for a laboratory sandwich immunoassay is presented. It is a 12-step process including timed mixing,
washing and precision metering/dispensing steps. This step sequence has been established to ensure that non-
specific binding is minimized and that captured reagents do not need to complete with uncaptured species for
reaction sites. The sandwich format increases specificity further by using two sites on the antigen, one for each
antibody. The final result is measured in a device that typically includes a photosensitive diode, ccd camera or
photomultiplier. This process requires a level of automation which is not available in PoC devices. For this reason,
different versions that simplify the immunoassay process are typically used. In Fig. 1.14B, the lateral flow
immunoassay process is shown. The diluted sample is transferred through wicking force on the Ab/label conjugate
site where the two mix. The bound as well as the unbound proteins move together to the test line where the primary
antibody captures the antigen which should now be conjugated to the secondary antibody and the label. The result
is observed rather that measured.
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The lateral flow immunoassay adaptation is a simple, one-step process which omits all washing steps and has limited
capabilities when it comes to mixing and controlling incubation times. This simplification is necessary in order to
perform a complex immunoassay in a completely passive device. However, it results in decreased sensitivity
compared to full immunoassay protocols®’. In Fig. 1.14 C, a latex turbidimetric immunoassay process is shown. In
this assay, the target molecules bind to conjugated latex microspheres. The antigen-antibody-microbead complexes
have the ability to scatter incident light. By placing a light source and a detector across the measured solution, the
transmitted light can be measured, which in turn is correlated to the amount of antigen in the solution. This process
only requires mixing the sample with the assay reagents. Abaxis Piccolo Xpress CRP measurement® is based on this
technique. While these simplified assays may be optimized individually to yield acceptable clinical results, they need
to be treated per case and cannot be compared to gold standard processes such as sandwich ELISA when it comes
to sensitivity. The immunoassay challenge is therefore the requirement to adapt the assay to what the fluidic
technology permits because the implementation of a full immunoassay is considered not feasible.

OPEN vSs CLOSED TECHNOLOGY
The ability to create a technology that is open and can be used by others to develop their own tests, is an unmet
challenge for PoC systems. With the exception of rapid lateral flow tests, all other devices are made to operate with
a limited range of assays which is developed by the device manufacturer. This results in most of these devices having
a limited range of available tests.

RAPID DEPLOYMENT

This challenge became more obvious during the Covid-19 pandemic: In the case of novel infectious disease, a PoC
system should be able to be readily adapted and deployed in order to be usable in an emergency situation. Rapid
lateral flow systems are produced by depositing and then drying reagent lines on a sheet of porous material which
is then sliced into the strips that are inserted into the plastic test cassette. By changing the deposited antibody
solutions, the test is adapted to a new target molecule. But first, any new assay would need to be developed in the
laboratory, tested for affinity, specificity, cross reactivity, stability and more. The transferability of a test from the
laboratory protocol to a PoC system is also a challenge. For optimal integration, the PoC and the laboratory test
should be using the same technology.

In summary, several challenges remain unmet for PoC systems. The ASSURED criteria can partly be used as a starting
point to delve into why some technologies are commercialized and some are not, or why from already
commercialized technologies, some are widespread, and some are not. The example of the rapid lateral flow test in
the case of Covid-19 shows that there is a need to meet challenges of cost, simplicity, reliability and accessibility to
be able to provide usable solutions to the community that can be rapidly deployed.
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1.7 TOWARDS MODULAR POINT-OF-CARE IMMUNOASSAYS

This work aims to propose technologies that help meet the challenges mentioned in the previous paragraph. The
aspiration behind the different research objectives is the ability to create modular point of care immunoassays. A
modular system implies that it can be pieced together by individual modules that exist as standalone
components®7°, Preferably, these components are produced elsewhere and are assembled in, inserted to or used
by the immunoassay system. In the context of immunoassay PoC systems, modularity could apply to the following:

e Immunoassay substrate: The immunoassay substrate is the location of the primary antibody. If the antibody
needs to be covalently bonded to a microfluidic chip surface this creates the necessity for individual chip
treatment. However, if the substrate is produced externally, it becomes a modular component that can be
inserted to the chip on demand

e Development platform: Disconnecting the substrate from the PoC system would allow the assay
development to be done externally and only replicate the developed process in the PoC system

e  Fluid handling method: Regarding the fluid handling method, the creation of modular fluidic components
such as micropumps and microvalves, can enable the replication of full sandwich immunoassay protocols
on chip

e Reagents and their storage: Reagent storage and reconstitution is an important challenge for the creation
of functional diagnostic devices as it often requires on-chip lyophilization of reagents.

In the beginning of this chapter, superparamagnetic bead-based technology was presented forimmunoassays. Bead-
based technology is a modular immunoassay substrate since the primary antibodies are coupled on the surface of
suspended microbeads. Luminex® beads allow multiplexing for up to 500 targets in a single sample volume. While
other technologies exist’!, which use graphical barcodes and lithography-based particles for increased
multiplexability, color coded microbeads is a mature technology with multiplexing limits that already exceed the
limit imposed by antibody cross reactivity. Additionally, they are an open technology as the manufacturer provides
them with surface carboxyl groups so that the user can couple them with the antibodies required for their
application. Microbead technology also covers the rapid deployment challenge described in the previous chapter,
since once the assay has been developed, microbeads can be produces and distributed for use in any instrument
that is compatible with bead-based assays. Lastly, since the beads are superparamagnetic, they can be manipulated
using magnetic fields which is a big benefit for washing and mixing applications in the point of care. Due to these
merits, superparamagnetic microbeads are adopted in this work as the key immunoassay technology.

With bead-based technology in the center of research efforts, the vision of this work is that it is possible to create a
fully modular technology for PoC systems, which includes both laboratory and small benchtop devices that use the
same immunoassay methods. Laboratory systems can be used for assay development or for centralized testing.
Small benchtop devices can be used for decentralized testing and rapid diagnostics deployment. Several unmet
challenges need to be addressed in order to move closer to this vision. In Fig. 1.15, core technologies that could
support this vision are shown. In this work, three out of these topics will be addressed: Laboratory immunoassay
automation for assay development and diagnostics, on-chip micropumps and on-chip microvalves. Using these
technologies, concept microfluidic designs will be described as examples of the applicability of the developed
components.
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Figure 1.15: A breakdown structure of the technologies needed to enable the vision of this work for modular PoC
systems. In the scope of this thesis, three out of these topics will be addressed: Laboratory immunoassay automation
for assay development and diagnostics, on-chip micropumps and on-chip microvalves
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1.8 THESIS STRUCTURE

In the introduction of this work, Point-of-Care systems have been presented. Their merits and challenges have been
briefly discussed along with a short introduction into PoC technology that is currently used in clinical practice.

e In chapter 1, introduction, key concepts and thesis objectives have been discussed

e Inchapter 2, an analysis of commercialized PoC system, their technology and diagnostic targets is presented
e Inchapter 3, abenchtop ELISA system is presented for the development and performance of immunoassays
e In chapter 4, a modular micropumping method for microfluidic devices is presented

e In chapter 5, a modular microvalving method for microfluidic devices is presented

e In chapter 6, microfluidic immunoassay concepts based on the developed methods are discussed

e In chapter 7, conclusions and future work is discussed
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CHAPTER 2: POINT OF CARE SYSTEMS REVIEW

2.1 ABSTRACT

This chapter’? examines current trends in PoC technology for diagnostics. Using 105 PoC manufacturers as a starting
point, the most represented technologies are reviewed as per their fluid manipulation, signal detection, footprint,
main applications, multiplexing and diagnostic targets. Principles of operation for each of the main categories are
described based on literature and patents. Common design principles, materials and reagents as well as aspects of
sensitivity and quantification are described. A comprehensive list of the diagnostic targets used in commercial PoC
systems is compiled. Finally, the traits of applied PoC systems are discussed as a reference frame for developmental
efforts in the field.

2.2 INTRODUCTION

Point of Care (PoC) diagnostics have grown to become both academically and commercially a very challenging but
also rewarding field of research, development, innovation and commercialization. PoC systems can be found in the
ambulance, the hospital, the clinic, a doctor's office, a pharmacy, a patient's home or the bedside. For all of these
settings, there is a growing need for easier, less costly and more reliable diagnostic solutions for a wide range of
diagnostic, prognostic and predictive targets. The recent SARS-CoV-2 pandemic outbreak underlined the already
existing need for decentralized diagnostic. PoC systems aspire to cover that need. The systems and technologies
envisioned by researchers as future PoC in-vitro-diagnostic (IVD) candidate solutions are numerous, often very
exciting as to their potential impact on clinical care and have been thoroughly reviewed in literature’>’’. However,
it is true that the staggering number of proposed technologies for PoC seen in literature is disproportionate to the
ones that are eventually adapted in commercial systems. This disconnect has been attributed to the fact that
academia has for long been focused at methods that are not easily transferable to industry’®, while it is often the
case that a scientific achievement of the field might not present with a clinical impact that justifies the effort or cost
of the implementation. In recent years a number of excellent review articles have been published”®! regarding
Point of Care systems commercialization. There are different viewpoints that can be used to describe this subject,
notably market size, state of the art technological applications or promising research findings with potential impact
on commercial IVD systems. In this work, we shall attempt to review the status of Point of Care IVD as can be seen
through commercialized applications alone, with a focus on handheld and small benchtop systems. The specific
viewpoint is based on the technological and diagnostic target decisions of 105 PoC manufacturers that were selected
based on site visits on international trade fairs®?, PoC conferences and market reports®® for the PoC industry. The
selection process for trade fair participation was the inclusion of any company offering a PoC solution on settings
ranging from clinic to what is referred to as extreme point of care®. The scope of the selection is to get a
comprehensive image of the commercialized PoC landscape while minimizing bias in the inclusion process.
Subsequently, we proceed to categorize the technologies used by each of these companies. We identify 5 major
groups: 1) Lateral flow assays, 2) centrifugal microfluidics systems, 3) electrochemical systems 4) nucleic acid testing
systems 5) Blood gas analyzers. Those 5 technological categories encompass 98 out of 105 companies whereas 14
systems cannot be grouped into these categories. The technological groups are not strictly related to the sensing
approach or the fluidic manipulation approach, rather in key design similarities. However, PoC systems are at the
epicenter of a very active research field with new principles being applied constantly that may very well render this
categorization obsolete in the near future. In this sense, this article can be viewed as a snapshot of the commercial
PoC landscape at the time of writing that is sure to evolve in coming years. Using as a starting point the previously
mentioned 105 PoC firms, this review outlines the most prevalent technologies in the field and provides some insight
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on their functions, attributes and limitations. Furthermore, using the same starting point, we present a thorough list
of biomarkers that are currently the diagnostic objective of systems reviewed in this work. PoC systems for the
detection of SARS-CoV-2 antigens, antibodies or molecular targets are discussed in a separate paragraph at the end
of this chapter because of the staggering number of tests that have been issued with an emergency use license (152
in EU at the time of writing of this report)®

2.3 COMMERCIALIZED POINT OF CARE SYSTEMS - TECHNOLOGY CATEGORIZATION

A categorization of the commercially available PoC systems based on their technology is presented on the following
table with basic information on applications, attributes and adaption.

Number of
companies
Number of
biomarkers

Signal
detection

Fluid
manipulation

Device
Size

Main
applications

Quantitative

Mutliplexing

Lateral flow tests

and systems

81

143

Visual,

colorimetric,

absorbance,

fluorescence

Capillary

No device, Pocket
size, benchtop

small

Infectious disease,

cardiac stat

testing, Pregnancy

Usually no,

semiquantitative,

quantitative when
coupled with

detection device

Multiple test lines
(limited), Multiple

strips

Labona
Disk

36

absorbance,
fluorescence

Centrifugal /
capillary

Benchtop,
small

Clinical
Biochemistr

\Z
Hematology

Yes

Multiple test
chambers

Electrochemical
sensing systems

10

30

Amperometry,

potentiometry,

conductimetry,
impedance

Capillary / active

Pocket size,
benchtop small

Glucose,
Coagulation,
Hematocrit,

Blood gas,
electrolytes,
cardiac stat

testing

Yes

Multiple
electrodes

Nucleic
acid
detection

6
12

Fluorescen
ce,
impedance

Capillary /
active
Pocket size,
Benchtop
small and
large

Infectious
disease,
mutation

Yes

Multiple
fluorescent
probes,
multiple
electrodes

Table 2.1: Main attributes of the different technological approaches for PoC systems.

Blood Gasand Other
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electrodes

15
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Physical,
optical

Various

Various
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Hematology,
coagulation

Yes

Yes
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2.3.1 LATERAL FLOW ASSAYS

Lateral Flow Immunoassays or LFIA for short, constitute by far the most represented technology in terms of number
or companies as well as diversity of analytes commercially available for PoC settings. It is indicative that 81 out of
the 105 companies reviewed in this work deal partially or exclusively with LFIA and LFIA readers. Furthermore, 143
out of 173 biomarkers reported here are being detected also or exclusively using LFIA technology alone, or coupled
with a detection system at various levels of sensitivity, resolution and multiplexibility. The apparent domination of
these capillary-driven disposable tests be can traced into their inherent merits’®8, which are compactness, simplicity
in both manufacturing and operation, compatibility with small sample volumes and affordability. Closely modeled
to ELISA, this technology is not only rapidly growing on its current capabilities’>®’ , but is also emerging as a potential
alternative in the league of quantitative biomarker detection®,. Still, the innate simplicity of traditional LFIA comes
with the cost of incompatibility with automated multistep protocols, detection limits that are often imcompatible
with low abundance targets and the need to translate ELISA assays into their one-step counterpart for each
individual test, which can pose severe challenges both in porous media design and in reagent selection.

Figure 2.1. Inside a typical lateral flow test. (A) Sample pad, (B) Conjugate pad, (C) Reaction membrane, (D) Test line,
(E) Control line, (F) Wick pad, (G) Backing strip, (H) Cassette
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LFIA PRINCIPLE OF OPERATION

The driving force of lateral flow immunoassays is capillary flow in porous pads. Fig. 2.1 shows the main components
of a typical lateral flow test format. The strip assembly comprises 4 consecutive absorbing pads into which the
sample will flow in-line. There are 2 main architectures commonly used, the sandwich format and the competitive
inhibition format®°,

The sandwich format is primarily used when the target analyte is a large compound with multiple antigenic sites. In
this case, the conjugate pad (Fig. 2.1-B) embeds an air dried or lyophilized solution of a label (typically latex or gold
nanoparticles)®® conjugated with a recognition antibody or antigen specific to the target biomarker. The Reaction
membrane (Fig. 2.1-C) carries the test and the control line (Fig. 2.1-D&E), which are bound to its matrix. The test line
is a capture antibody or antigen specific to a targeted biomarker epitope. The control line is usually a species-specific
anti-immunoglobulin®! that will bind the initial recognition conjugate stored in the conjugate pad. The assay process
starts with the introduction of the sample and often an added buffer solution on the sample pad (Fig. 2.1-A).
Capillary forces drive the sample inside the pad in which a pretreatment may take place for pH adjustment, retention
of interfering components or removal of particulates and cells. Consequently, the assay-ready sample moves on to
the conjugate pad where the analyte, if present, will bind to the label conjugate and move on to the reaction
membrane. Once the sample reaches the test line, the analyte/label conjugates complex will bind to the immobilized
capture molecules and accrue thus forming a visible band. As the sample solution continues to flow on, excess or
unbound conjugates reach the control line and form a second visible band, that is, an accumulation of immobilized
label conjugates to confirm successful assay completion. The last pad (Fig. 2.1-F) will gather excess solution and
labels thus clearing the view from unbound label conjugates to the reaction matrix. Typical tests that utilize the
sandwich approach are the SARS-CoV-2 antigen test, HIV, hCG, Dengue 1gG/IgM and Ag NS1, Troponin | and many
others.

The competitive inhibition format is less common and is primarily used when the target analyte is a small molecule
with a single available antigenic site. In this case, the test line is drawn with an immobilized antigen which competes
for the same antibody epitope of the label conjugate as the analyte itself. This way, once the sample reaches the
conjugate pad, any present analyte will bind the label conjugate to epitope depletion thus preventing the
downstream binding that would occur on the test line. As such, in competitive assays the formation of a test line is
negatively correlated to the presence of the biomarker. The control line does not compete for the same binding site,
so it forms upon successful completion of the assay. In some cases the analyte may be incubated with the label
conjugate externally prior to strip usage®. A typical test that utilizes competitive inhibition is the detection of
microalbumin in human urine specimens for the diagnosis of renal dysfunction®.

DESIGN, MATERIALS AND REAGENTS IN LFIA

Lateral flow immunoassays are mostly found in the encased format (Fig. 2.1) or the dipstick format, a usually exposed
strip assembly which is dipped inside a sample container. Dipstick formats are more often used when there is a need
for larger sample quantities or a pretreated sample and may not include all of the pads seen in the previous
paragraph. Encased formats include the serial arrangement of pads which starts with the sample pad. The sample
pad is typically fabricated from cotton linter, glass fiber or cellulose® strips or sheets and serves the purpose of
pretreatment and smooth and homogeneous transportation of the sample to the conjugate pad. Filtration of
particulates, pH adjustment and leakage prevention are key design parameters. The conjugate pad contains the
recognition molecule bound on a label. Conjugate pads are commonly made from glass fibers, polyester or rayon’®
and are impregnated or sprayed with the label conjugate solution and eventually dried or lyophilized to store the
reagent. Design parameters here include the reproducible volumetric priming of the membrane with the reagent

36



and consistent release of conjugates during use. Attached to the conjugate pad lies the reaction matrix, a long strip
of porous membrane typically made from nitrocellulose onto which the capture and control molecules are
immobilized in discrete lines. This hydrophobic component by nature, needs to be treated with surfactants but at
the same time retain the ability to electrostatically adsorb antibodies®®. But the most important design parameter
of the reaction matrix is the capillary flow time — the time it takes for a sample to travel through the membrane
laterally, as it directly affects the time available for antibody-antigen interaction both for capture and recognition
molecules. Faster membranes make for faster tests but put stress both on quantity and association rate in the
reagent selection. Slower membranes allow for slow association rates and less reagents but increase the waiting
time of the user. Connected to the reaction matrix is the wick, the end station of the sample. The wick is typically
made from cotton linter or high density cellulose and is used to collect the sample after it goes over the control line
and keep the flow running. All the porous components are joined together and supported with a plastic backing strip
whose purpose is to keep everything together for easy manufacturing and assembly (Fig. 2.1- G). This final, processed
and supported strip is placed within a plastic cassette (Fig. 2.1-H) that exposes only the inlet and the test lines to the
user and protects the components from damage.

Labels are key components in the LFIA industry. While a variety of different components is proposed in the
literature®>%, the ones applied commercially are colloidal gold nanoparticles, monodisperse latex colored particles
and fluorescent particles. Gold nanoparticles are low cost, available in a variety of sizes and present high sensitivity
compared to latex. However, the quantification of a colloidal gold assay is limited, it is a sensitive label to pH and
salts, may not be suitable for multiplex systems and does not offer control over the orientation of the bound
antibody/antigen or covalent conjugation, rather passive adsorption 8?2, Latex on the other hand is also cost
effective, comes at a variety of colors, is amenable to a variety of surface chemistries and covalent conjugation of
recognition molecules, but it requires the use of surfactants as it is hydrophobic in its untreated form and it generates
a weaker signal thus it is not as sensitive. Fluorescent labels are used in device-based LFIAs to further increase
sensitivity or when the goal is quantification and can be organic or quantum dots.

While all of the above are essential components of an LFIA, antibodies are in the core of immunoassay
technologies®’. Aside from specificity and affinity, parameters such as the association rate constant and long term
storage become critical. Absent a sample incubation step, the performance of recognition element binding for an
antibody with a given association rate constant is directly linked to the capillary flow time of the porous components.
The same applies for the test line, where incubation is not an option at all. Slow kinetics will result in unbound but
also bound labels bypassing the test line for this reason. The available binding time is specified in literature®® as 1-6
s for the test line and 10-20 s for the conjugation pad. Both monoclonal and polyclonal antibodies are used in
commercial LFIAs, often in combination. Monoclonal Abs ensure consistency among product batches, are specific
and can achieve higher immobilization surface densities, however they are expensive to develop and produce and
may not achieve high affinities. Polyclonal Abs are inexpensive in comparison and can achieve high affinities but are
less specific and present variability between batches. A third option that is currently available from reagent vendors
are aptamers, single strands of DNA or RNA that can bind to target molecules, such as proteins and peptides.
Aptamers present great advantages over antibodies®” : They have increased stability and tolerance to temperature
and pH, they are produced using chemical or enzymatic synthesis and as such are highly reproducible, they can be
more economical and they can achieve high specificity and affinity. To the authors’ knowledge, at the time of writing,
aptamer technology has not been applied commercially in LFIAs. However it is the epicenter of a lot of discussion
and research®® and it is considered a good candidate for LFIA applications®”*°. The use of aptamers for SARS-CoV-2
antigen detection is investigated for applied diagnostic applications!?,
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ASPECTS OF SENSITIVITY AND QUANTIFICATION IN LFIAS

Lateral flow immunoassays can be described as a smart way to greatly simplify an ELISA assay into a low cost, one
step, rapid test. There is however a tradeoff to all this inherent simplicity and it lies in test sensitivity, quantification
of the results and the dynamic range of the test. Unlike its multistep counterpart, commercial LFIA technology is
mostly qualitative, giving a yes/no answer to a threshold related question. Part of this problem is implicit to the LFIA
architecture and part of it is user related. LFIA is typically a one-step assay that relies on a homogeneous distribution
and flow of reagents at all phases including reconstitution, mixing and binding to the capture molecules. Additionally,
many parameters such as membrane speed, capture Abs, label conjugate reagents and sample quantity are subject
to error due to manufacturing and fabrication tolerances of components and equipment, storage or environmental
conditions during use. The test line itself is typically visible to ~10 um depth*° exposing less than 1/10% of the bound
label conjugates to the user thus making the test susceptible to errors arising from wetting irregularities and batch
to batch variations®*. The user related limitation arises from the fact that even a perfectly correlated signal with an
assorted color chart is susceptible to subjective interpretation, perception of color, visual impairment and
psychological factors. More so, while adding an additional step to the rapid assay may improve the sensitivity of the
test, for example a sample pretreatment in a competitive assay or an enzymatic enhancement of the signal
generation, it also makes the test result susceptible to human error and deviations from the assay protocol. As such,
LFIAs have been mostly designated for cases in which a binary answer will suffice, such as infectious and venereal
disease diagnosis. Independent studies have been conducted to evaluate the performance of LFIAs in such diagnostic
scenarios. In the case of SARS-CoV-2, rapid tests were one of the first tools that were used for population screening
and for decentralized diagnostics. However, in a meta-analysis of 17171 cases, the sensitivity of these tests has been
reported to be less than 69% for suspected patients most of whom were symptomatic or confirmed positive at the
time of testing?®? compared to 92% for RT-PCR testing'®® and over 80% for laboratory serological tests!%4. HIV rapid
testing is considered to be one of the most successful implementations of lateral flow technology in terms of
sensitivity, with performance reaching that of laboratory testing. For HIV Antibody testing, high sensitivity values are
being reported'®>% ranging from ~97.5% to 100% for more than 10 LFIA brands with the lower values being
reported for patients taking antiretroviral medication. Specificity values (percentage of true negatives) are being
reported to be over 99% in 2 of the studies and 86% to 100% in the third with an outlier at 75%. In a different
application!®®, 4 LFIA tests for the detection of norovirus in fecal samples were evaluated for 3 virus genogroups.
The results show specificity equal to 100% for all manufacturers, but the sensitivity ranges from 17% to 52% for the
genogroup |, 39% to 64% for genogroup Il and 59% to 78% for genogroup Gll.4 with the latter being the most
common. As such, it was concluded that LFIA alone is not an acceptable solution if the goal is to rule out this
condition. Another diagnostic target for which LFIAs have been developed is visceral leishmaniasis. A global
comparative evaluation?® of 5 different brands showed sensitivity of 92.8%-100% and specificity of 96% to 100% for
panels performed using archived samples from the Indian subcontinent. However these values were significantly
lower for samples from Brazil and East Africa (sensitivity 61.5%-91%, specificity 36.8% - 87.2%). For non-infectious
disease applications, a common LFIA product marketed by manufacturers is a rapid troponin | test. One study'®
examines 4 different LFIA tests for cardiac troponin | and reports Positive Predictive Values (PPV) reaching 100% for
3 of the tests with Negative Predictive Values (NPV) ranging from 57.6% to 91.6% for the same tests. One test
performed differently with NPV over 99% and PPV less than 60%. Regarding sensitivity, out of the 4 tests only one
gave a positive result for Tp-I less than 0.5 ng/ml while the rest gave negative results for Tp-I less than 1.6 ng/ml.
Many other studies exist, both independent and ones conducted by manufacturers, that demonstrate performance
ranging from poor to as good as lab testing, depending on the diagnostic target, the manufacturer and the setting.
However, yes/no results cannot fully describe every clinical condition. For example, quantifying the b-hCG value can
assist in ruling out ectopic pregnancy, while quantification of CRP can assist in the differential diagnosis between a
viral or microbial infection. For this reason, quantitative LFIA technologies have been developed.
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There are both instrumented and stand-alone methods to render LFIAs quantitative or semi-quantitative. The ones
that are frequently seen in commercial applications are color comparison charts, ladder bar assays, colorimetric strip
readers and fluorescent systems. Color comparison charts are found in the packages of urinalysis strips, drug,
adulteration and alcohol test dipsticks, which do not share the definition of lateral flow tests. Less commonly this
method can be found in lateral flow tests for cholesterol (Prima® hometest)%°. This method is most susceptible to
human error and thus not very frequently used. As such, for biomarkers such as C-Reactive protein and fecal
calprotectin where screening and rapid testing is desirable, but clinical intervention may vary depending on the

concentration range, a ladder bar!!!

is introduced. This method is based on the careful deposition of specific
concentration and volume of capture Ab on two or more subsequent test lines. This way, in lower concentrations of
the analyte, the bound conjugate will be depleted before the final test line, so if the test includes two test lines, only
one will become visible. In larger concentrations the conjugate will be enough to bind both test lines and both lines
will appear. Since lateral flow tests lack the flexibility of analytical devices in detector adjustments, the dynamic
range of the measurement is often quite limited. As such, ladder assays exist for various ranges. For example the
diagnostics company Preventis® offers 2 different versions of a calprotectin rapid test, with cutoffs at 60 and 200
ug/g of fecal sample respectively. Another method with multiple bars is the deposition of reference lines along with
the test line (ABON™ CRP). This way, the intensity of the test line is compared to the intensity of two reference lines
(high and low) in order to evaluate whether the sample concentration is above, below, of between the two reference
concentrations. Many tests based on variations of this principle are marketed as semi-quantitative tests with one
(PreventID® CRP 1/3) or two reference lines in sandwich or competitive (Cortez Diagnostics inc. CRP) formats.
However, these non-instrumental approaches could not cover the market demands for more sensitive, user-
independent quantitative tests. For this reason, device-based and device-compatible LFIAs as well as LFIA-
compatible devices have been introduced to the market by a number of manufacturers, usually at a low cost. Among
the 81 LFIA rapid test companies examined in this study, 17 produce some sort of chromatographic imaging device
and 9 offer a urinalysis strip reader, while companies such as Skannex, Qiagen, Bioscitec, Cellmic and Axxin deal
exclusively with imaging technologies for LFIAs. The typical strip reader!'>11* includes a controlled illumination
source (LED/Laser diode), a detector which can be a CCD, CMOS or photodiode and suitable optics for colorimetric,
fluorescent (Trinity Biotech - Meritas® , Micropoint ezLabs®) or refractometric (ReaScan®) analysis. The advantages
of using such a system are numerous: subjective interpretation of the results is replaced with a machine
interpretation of the test line, either numeric or in the yes/no format that leaves no room for ambiguity. As such,
the user sourced errors are ruled out and it becomes possible to acquire quantitative results based on the test line
coloration/intensity. Also, in multi-pixel or scanning schemes, averaging over a non-uniform test line and white
balance/background removal assist in more robust quantifications/interpretations of the results. Typical detection
ranges for colorimetric systems are 0.5-50 and 0.2-20 ng/ml for Troponin | (Concile® Q100 , Humasis HUB-QUANpro)
and typical ranges for fluorescent systems are 50-10000 ng/ml for D-Dimer (Micropoint mLabs®) and 0.012-30
ng/ml** for Troponin | (Trinity Biotech - Meritas®, Fig. 2.2-D). Considering that the sensitivity of the plain
immunochromatographic lateral flow test for Tn-l is usually 1 ng/ml (Teco Diagnostics Tnl, PreventID Tnl and many
others) and that the diagnostic limit is set at 0.04 ng/ml'', one can see the value of using colorimetric and
fluorescent systems coupled with LFIAs. The downside in using such systems is losing the inherent simplicity of these
stand-alone disposable tests. Analytical devices even at this level require calibration, standards and even
maintenance, although much less than the typical clinical analytical instrument. An interesting line of products for
the digitization of an LFIA result are smartphone based systems, either devices that actually embed a smartphone
(Skannex Skansmart) or adapters that allow the user’s own smartphone to be used as an imaging and image
processing device for lateral flow tests (CellMic — HRDR 200). Since most modern smartphones include quality CMOS
sensors and illumination LEDs, they make a good fit for colorimetric applications at low cost. Cellmic has even
introduced a smartphone-compatible multi-wavelength fluorescence reader (CellMic HRDR-300). These solutions
remove the need for an elaborate optical system putting the pressure on the analysis software and making the
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technology ideal for e-health applications. However, they do suffer from platform obsolescence®” due to the
constant evolution of smartphone hardware and software.
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Figure 2.2: Lateral flow rapid tests and system: (A) an HIV rapid test (B) a multiplex rapid test for Troponin |,
Myoglobin and Cretine Kinase-MB (C) a semi quantitative rapid test for CRP based on reference lines (D) Meritas by
Trinity Biotech: a device-based LFIA with fluorescence detection for quantitative testing of Troponin | and Brain
Natriuretic Peptide.

MULTIPLEX ANALYSES IN LFIAS

The need for multiple measurements in a single disposable strip/cartridge is a constant challenge in PoC systems
design. A typical example is the cardiac triple test (Troponin I, Myoglobin, CK-MB), where different combinations of
even qualitative (threshold) results indicate different stages of myocardial infraction and cell necrosis. Other
examples include the differentiation between influenza types A or B, malaria types Pf or Pv and HIV types 1 or 2. In
all those case, detection of multiple analytes can assist in the identification of the subtype of the disease, the
selection of a suitable treatment and/or the prognosis of the disease outcome. In lateral flow tests there are two
main strategies to detect multiple analytes: The first method is simply the attachment side by side of two or more
strips in a common cassette. This technique is common in ToRCH rapid combo tests where newborns and pregnant
women are screened for Toxoplasmosis, Rubella, Cytomegalovirus and Herpes simplex virus antibodies. This method
does not share the classical definition of multiplex since a number of different samples is introduced to the same
number of different strips resulting in more steps needed by the user and more sample requested from the patient.
However it does have the advantage of being as robust and reliable as the individual tests. The second method —
that is common in cardiac triple, HIV and influenza multiplex tests- involves the deposition of multiple test lines and
the corresponding detection Abs in a single strip. The advantage in this “true multiplex” method is that a single drop
of sample can be used for two or more tests, which is compatible with finger-prick sampling, involves only one step
and does not suffer from sample aliquot variations. The disadvantage is that just like in multiplex ELISA, non-specific

117 while all assays must be

binding and cross-reactivity raise the bar for the selection of good quality antibodies
compatible with a single selection of membrane, sample pretreatment and incubation times that are dependent on
the positioning of the test lines. A third strategy, not frequently seen in commercial products, is the implementation
of a single sample pad that feeds multiple strips. While such a technique introduces parallelization into the assay, it

may not be compatible with conventional LFIA production equipment.
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2.3.2 CENTRIFUGAL POINT OF CARE SYSTEMS

Centrifugal PoCs, also known as Lab on a Disk or LOAD, are a group of analytical microfluidic systems that share
common fluid manipulation techniques based on the centrifugation of a disk-like consumable microfluidic chip. In
these systems, samples and reagents are transferred and mixed in a network or microfluidic channels and chambers
within a rotating disk to perform diagnostic assays. This technology is only employed by 4 out of 105 companies
examined here, however it is unique in many ways and also quite new in the field of commercial PoC systems with
increasing interest from diagnostics companies!!®. The main benefit of centrifugal microfluidics is that traditionally
troublesome aspects of Lab on a Chip such as pumping, aliquoting, bubble formation, plasma/serum extraction and
peripheral equipment necessities suddenly become a lot easier to tackle with simple exploits of geometry, spin and
wetting properties of the substrate. More so, LOAD can be designed in a way that fluid motion is discrete, from one
position to another with no stable intermediate states, which makes it conceptually and operationally preferable to
systems where everything is continuous and thus in need of carefully designed closed loop control. Having strong
affiliations with the optical disc industry, this technology has been commercially applied so far in quantitative PoC
devices for blood chemistry, hematology and limited immunoassay tests, however it possesses inherent universality
and parallelization capabilities that suggest there is more to come. That being said, these systems are by default
hard to miniaturize to a handheld level and they are more costly than LFIAs for low throughput settings.

Figure 2.3: Operation specific blocks that are found inside a LOAD disposable. (A) Hydrophobic valving block (B)
Aliquoting block with vents (C) Metering block (D) Siphon structure (E) Overflow aliquoting block
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LOAD PRINCIPLE OF OPERATION

Lab on a Disk operations rely on 4 different forces: Centrifugal, Capillary, Euler and Coriolis!'®. Centrifugal force is
used to pump fluid outwards. Capillary force is used for the initial sample priming and to move fluid in sufficiently
small channels where capillary effects are prevalent. Euler force is used to mix components when inertial forces are
large enough. Coriolis force is mostly used experimentally in flow direction switching schemes!?°. Aside from these
4 (pseudo)forces, the enabling technology for LOAD systems is the local hydrophobic patching of flow channels which
allows on/off valving dependent on rotational speed of the disc. However, unlike LFIAs, LOAD does not have a single
operating sequence adopted in all systems, rather consists of design blocks that perform a specific task and whose
interconnection results in a protocol-specific chip. Fig. 2.3 shows the typical blocks found in a LOAD consumable. (A)

121 where hydrophilic channels A1 and A3 are connected through a

is a simplified example of hydrophobic valving
smaller and hydrophobically treated section (A2, enclosed in a red circle). Liquid that is initially present in A1 will not
be able to move to A3 when the disc is motionless because of the contact angle difference at the intersection with
the hydrophobic patch. If the disc starts spinning, the liquid volume will experience a centrifugal force pushing it
against the hydrophobic barrier. Should this centrifugal force become large enough, the exerted pressure on the
fluid front will counter the superficial force at the air/fluid interface and the hydrophobic valve will open, i.e. it will
be wetted allowing the liquid to flow to A3. The structures are often vented so that air pressure buildup will not

122 '3 company that

interfere with pumping. (B) is a method of aliquoting of sample and reagents patented by Gyros
pioneered the field of commercial centrifugal microfluidics. In (B), a sample originally stored at B1 flows inside the
meander (B2) by capillary force alone while the disk is stationary. Hydrophobic patches (encircled sections) allow
venting of the channel but are not wetted by the inflowing liquid. Once the meander has been primed, the disc spins,
outer hydrophobic patches burst and the liquid gets distributed at the respective chambers (B3). (C) shows a
metering chamber. At low rotational speed, sample stored in chamber C1 flows outwards, filling chamber C2 but
stopping at C3 due to the hydrophobic patch. Once C2 is full, all excess liquid will flow towards C4. Once C1 is empty,
the disc is accelerated up to a point when C3 bursts and the metered liquid flows in chamber C5. In (D), a siphoning
block in depicted. In this arrangement, while the disc is spinning, fluid within D1 will flow due to capillary and
centrifugal force in channel D2 until the radial level in D1 matches the radial level in the first turn of D2. If the disc
stops, then the flow will continue up to the entrance of D3 where it will stop absent capillary force. However, since
the entrance of D3 is outwards in comparison to the exit of D1, upon spinning the disc again, D1 will empty. (E) is
again an aliquoting arrangement used by most commercial LOAD systems. In this block, when the disc is spinning,
liquid stored in E1 flows outwards priming each chamber consequently starting with E2. The last chamber (E3) is
used to gather excess liquid. Sufficiently large channels or vents are used to allow air to escape. Mixing can be
achieved in chambers of suitable size and shape by abruptly slowing down or stopping and then reaccelerating the
disk. Most systems are designed using variations and combinations of these blocks along with mixing chambers,
sample and reagent ports or liquid containing pouches embedded in the disk. Centrifugation adds the great benefit
of plasma/serum separation within the chip so typically these systems provide sample to result functionality without
the need for external separation steps. The result of the test is acquired using photometric or fluorescence sensing
in detection chambers?3,
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DESIGN, MATERIALS AND REAGENTS IN LOAD

Centrifugal microfluidic design, while mostly based on the same operating principles, are quite diverse. Interestingly,
each LOAD system researched in this article employs its own unique and innovative techniques of liquid handling
and detection. LOAD solutions dealing with blood chemistry (Abaxis - Piccolo Xpress'?*1?° | Cobas® b 101%30-133 )
typically use a spectrophotometric method of analyte detection, much like in a standard laboratory clinical analyzer.
In this type of measurement, the sample is diluted within the chip and then mixed with a detection reagent for
analyte quantification. The final fluid absorbs light at specific wavelengths in correlation to the concentration of the
sample/reagent reaction product. In order to produce measurable absorbance, the fluid needs to be accumulated
in a cuvette-like chamber measuring a few millimeters in layer thickness, much like in clinical analyzers. For this
reason, these disks are a lot thicker than typical microfluidic structures, embedding chambers and channels that are
well within the mesoscale. Since in centrifugal systems the fluid handling force acts on the entire mass of the liquid,
larger structures along with microchannels do not pose a problem. Cobas b 101 (Fig 2.4-D) takes advantage of this
thick design by incorporating a lateral sampling port protected by a hinged lid. Upon closing this lid, buffer/reagent
solution is released in the chip and thus the problem of reagent storage/reconstitution is solved. Similarly, Abaxis
(Fig 2.4-B) stores the buffer solution in a separate container at the center of the disk which opens by mechanical
interaction when the consumable is inserted in the machine. Biosurfit, (Fig 2.4-C) with their system Spinit'3*1%, use
a different approach that allows for a thinner design. The incident light is forced to undergo multiple internal
reflections within the detection chamber using a diffractive reflective layer at the bottom of the chamber. This gold
layer traps specific biomarkers using surface immobilized antibodies. The refractive index of the biomarker layer is
measured as light reflects out of the disk and is used to quantify the bound analyte!!. A different issue that LOAD

| “ |ll

designers need to address is that when the disk keeps spinning, the radial “gravitational” field keeps fluids secure
against a wall. However, if the disk stops, then capillary forces once again become predominant and in a half full
mixing/detection chamber this can be a problem. For this reason, it is often a requirement to do detection while the
disk is spinning. This can only be done stroboscopically. Abaxis uses a Xenon arc lamp to counter this problem. The
source is only open for 5 microseconds with a 50 kW radiant power output. The light travels through the sample and
apertures and ends up in a series of dichroic mirrors and interference filters where it is broken down into
wavelengths and measured by individual light detectors. This arrangement allows multiple measurements at 1200
rpm to acquire an average absorption per cuvette in the desired wavelengths. Biosurfit has patented plain LED source
illumination with CCD/CMOS detection for a 200 um sample layer. This 2D approach, in conjunction with the internal
reflection format and carefully designed apertures, allows simultaneous measurements that correspond to different
optical path lengths within the sample. A special case in the family of commercial LOAD is that of Samsung-Nexus
and their systems LABGEO#271%4 |B10 (Fig 2.4-A) and PA20. In this format, the disk is a carrier for up to 3 LFIA strips,
performing fully automated quantitative immunoassays for cardiac markers from whole blood. It is mentioned in
literature'® that this system, at least initially, used fluorescence with lanthanides to provide high sensitivity with
inexpensive optics. The typical materials used for centrifugal disk microfluidics are Polycarbonate (PC) and
Polymethyl Methacrylate (PMMA) because of their good optical characteristics, low cost and compatibility with mass
production methods such as injection molding. The hydrophobic treatment*¢-'> can be done using silane
derivatives or PTFE in spray or plasma deposition while superhydrophobic treatment is also possible by using surface

micropatterning?®?

prior to treatment. Apart from the fluidic aspects of LOAD, a key consideration is the storage of
the reagents within the chip. All 4 companies investigated here use dry reagents which are reconstituted during
usage of the disks. The drying can be conventional (ex. atmospheric or hot air) or by lyophilization when the required
stability cannot be achieved using other methods or when a porous structure of the pellet or spot is necessary for
rapid reconstitution and mixing. Taking into consideration all of the above, one can observe that centrifugal
microfluidics constitute a good canvas for a variety of design approaches and seem to be able to perform in different

types of tests such as immunoassays and clinical chemistry.
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Figure 2.4: Lab on a Disk systems and consumables: (A) The disk used in Samsung LabGeo IB10 (B) The Disk used in
Abaxis’ Piccolo Xpress (C) The system Spinit from Biosurfit (D) The system b 101 from Cobas.

ASPECTS OF SENSITIVITY AND PRECISION IN LOAD

Commercialized centrifugal microfluidics, as it has been described in the previous paragraph, utilize standard and
non-standard optical arrangements to acquire measurements indicative of the quantity or absence of an analyte. A
big benefit of this technology is the inclusion of control spots into the disposables to calibrate the device and assess
the state of the reagents!?#126127 These sophisticated systems clearly do not aim for the rough estimation in an
extreme point of care setting®, rather aspire to become mobile or benchtop, low cost alternatives to clinical
analyzers. Abaxis offers 26 different clinical chemistry tests in 17 individual disks/panels. Independent studies>?715>
produced generally favorable results with most measurements conforming with laboratory standards. For example,
liver function panel intra-assay precision, linearity and accuracy have been found to be acceptable for clinical
usage®®>1>* with the exception of TBIL. Also, lipid panel results have been found to be within the limits set by the
National Cholesterol Education Program with HDL falling out of the limit in one study*®. Abaxis reports'*’ linear
ranges for its assays with a wide dynamic range but less sensitivity than a clinical analyzer®®®, especially for electrolyte
panels?®, although within the limits of diagnostic significance. Cobas offers a lipid panel and glycated hemoglobin
measurement, with independent studies'®®63 for the latter reporting CVs ranging from less than 3% to more than
7%. Biosurfit offers complete blood count and a CRP immunoassay as well as SARS-CoV-2 serological antibody
testing. For the CBC, the company reports!®* CVs ranging from 4.8% for Hematocrit to 13.5% for Monocyte
differentiation in WBC. For CRP, the analytical range of the measurement is reported'®® to be 4-180 mg/L with a CV
of 6.6% against a standard. Samsung offers immunoassays for cardiac and cardiac STAT testing, thyroid function,
pregnancy and procalcitonin measurement. For cardiac triple measurements, Samsung’s LabGeo is reported?®® to
have high sensitivity (0.05-30 ng/mL Tpl, 2-60 ng/mL CK-MB, 30-500 ng/mL Myoglobin) with a total CV in the range
of 11% . It can be deduced from all of the above that these devices present high sensitivity in most cases, but
sometimes lack in repeatability when compared to standard clinical analyzers. However, their compactness, cost
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and ease of use might outweigh these drawbacks when there is no alternative for an in-situ measurement, such as
a doctor’s office, an ambulance or any other emergency or decentralized setting.

ASPECTS OF MULTIPLE MEASUREMENTS IN LOAD

Centrifugal microfluidics are inherently a multiple measurement technology, since pallarelization and aliquoting are
easily accomplished using standard techniques. These multiple measurements can be used for multiplexing, for real
time optics calibration, for disk and reagent stability assessment and for control measurements. The disks
manufactured by Abaxis and Biosurfit are prime examples of multiple measurements using a single disk. Panels like
CBC, cardiac triple and clinical chemistry analytes have already been implemented in centrifugal technology systems.
However, a multistep protocol, such as ELISA has yet to be realized in commercial PoC LOAD systems, and is perhaps
a natural next step for this technology that would also presumably have a positive effect on the coefficients of
variation of the devices.

2.3.3 ELECTROCHEMICAL SENSING SYSTEMS

Along with LFIAs, electrochemical sensing systems constitute the most established and applied technologies for PoC
settings. 10 out of 105 companies examined here deal with purely electrochemical or hybrid technology that may
also include optical detection. In these systems, the presence of an analyte is correlated to an electrical signal at the
electrodes of a disposable strip. With blood glucose portable meters being the most prominent of applications,
electrochemical sensors have been embedded into a wide range of commercial PoC systems covering blood gases,
electrolytes, metabolites and other analytes. Typically, in less the size of a smartphone, these systems are solid state,
low cost, highly sensitive and robust. These merits, along with the fact that they cover analytical targets incompatible
with LFIAs, have established them in a number of settings, such as home monitoring and emergency testing for
specific biomarkers. However, there are drawbacks to consider, including limited specificity from the
electrochemical activity of species other than the analyte, limited shelf life, and non-specific binding®”-168,
Nonetheless, electrochemical sensing systems' impact can be appreciated when considering that millions of people
rely on them every day to regulate medication intake of insulin and oral anticoagulants.

Vents

Sample chamber

Spacer

Reference Electrode

Working Electrode

Connector pads Volumetric Electrode

Figure 2.5: A simplified design of an electrochemical sensing disposable strip
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ELECTROCHEMICAL SENSING SYSTEMS PRINCIPLES OF OPERATION

Commercial PoC systems with an embedded electrochemical sensor are quite diverse in terms of operation and
analytical targets. Fig. 2.5 shows a simplified disposable electrode strip similar to the ones used for glucose
monitoring. In this embodiment, the sample, which can be a drop of blood from finger-prick, is metered in a vented
sample chamber. A volumetric electrode verifies that the chamber is full while a working and a reference electrode
are used to acquire the measurement. Electrochemical sensing PoC applications can be subdivided into different
categories as per their recognition element and the method of measurement. In regards to the recognition element,
the two main categories are Biocatalytic and Affinity biosensors®®’. In Biocatalytic sensors, the recognition element
is an enzyme that catalyzes the formation of an electroactive product when the sample is introduced to the cell. In
Affinity biosensors, the recognition molecule is most commonly an antibody that captures the antigen biomarker
while a secondary antibody, labeled with an enzyme, will complete the sandwich format. This enzyme label is
responsible for the formation of the electroactive product in affinity biosensors. As per the method of measurement,
the four main approaches are amperometry, potentiometry, conductometry and impedance spectroscopy. In
Amperometry 167168 the analyte and the sensor reagents are involved in reduction-oxidation reactions at inert metal
electrodes. During this process, the electrode gains electrons from the analyte. This results in a measurable current
that is linearly proportional to the concentration of the analyte. This technique is used for the quantification of
metabolites, such as glucose, cholesterol and lactate. In potentiometry, a potential difference described by the Nerst
equation is measured between two electrodes with minimal current drawn. The measurement has a logarithmic
dependence to the analyte concentration. Potentiometry is commonly used with ion selective electrodes for
electrolyte (K*, Na’, CI') quantification. Conductometry is the measurement of the sample’s conductivity that is in
turn related to the concentration of electrolytes. Since red blood cells have insulating properties due to their lipid
bilayer membrane, this method is used for hematocrit measurements. Impedance spectroscopy is primarily used in
affinity biosensors, in which a sinusoidal excitation signal with varying frequency is used to acquire the impedance
spectrum of the test zone. The measurement is proportional to the real time binding activity on the test zone?®,

DESIGN, MATERIALS AND REAGENTS IN ELECTROCHEMICAL SENSING SYSTEMS

Point of Care devices that embed an electrochemical sensor come in a wide range of footprints and designs, the
most common one being pocket size instruments for blood glucose monitoring. All of these systems share in
common the use of disposable strip in which the electrodes and reagents are packed and a device that connects
electrically to this strip. The disposable is in most cases a single use strip into which the sample, most commonly
whole blood, is inserted directly into a metering/testing chamber much like Fig. 2.5. However, more elaborate
approaches have been successfully commercialized. Abbot’s i-STATY’®17! (Fig 2.6-B) combines active and passive
microfluidic components with electrochemical sensing within a disposable plastic cartridge to perform a wide range
of tests including cardiac triple, blood gas, coagulation and electrolytes. Different cartridges utilize potentiometry,
amperometry and affinity methods depending on the analyte, however all are compatible with a single handheld
device containing pumps, actuators, heater and all necessary electronics to perform measurements in situ. In a
similar approach, Alere’s Epoc'’? (Fig 2.6-D) can perform 11 tests including blood gas, electrolytes and metabolites
in a single disposable cartridge utilizing microfluidics and different sensor technologies. The technological advantage
of such systems is the ability to perform multiplex assays with sample pretreatment and on-chip calibration. Another
notable approach is that of mobile phone integration. Just like in LFIA readers, the smartphone race to provide high
quality consumer goods has provided the technological basis that is compatible with some PoC specifications'’3174,
For example Dario!”>(Fig 2.6-C) offers glucose meters that utilize the audio jack of smartphones, an 1/0 port able to
both record and generate signals that can be used for electrochemical sensing. Regarding the electrode design in
electrochemical sensor systems, configurations include the use of at least two electrodes: a reference electrode and
a working electrode, while commonly an auxiliary electrode is included to function as a source or sink of electrons.
Additional probes can be used for volumetric verification or to compensate for working electrode fouling or non-
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specific binding. Electrodes are fabricated using either screen printing or laser ablation patterning on thin layers of
metal made with vapor deposition'’®. Materials include carbon, platinum, gold, silver and palladium. In biocatalytic
sensors'®’, the functionalization of the electrode is achieved by making sure that the targeted enzyme and the
electrode surface are in contact and that the enzyme remains functional. Methods to achieve this include
entrapment of the enzyme between membranes on the electrode surface, covalent bonding, encapsulation,
inclusion in a gel or paste, adsorption, and biotinylation of the enzyme to form a biotin-avidin complex with the
electrode. The enzymes used depend on the application. Glucose meters use glucose oxidase along with a redox
mediator often in the form of immobilized enzyme in a redox polymer?”’,*’8, For Cholesterol, cholesterol esterase
and cholesterol oxidase are used often in combination, while for electrolytes ion selective electrodes'’® are
integrated in the strips. Miniaturized Severinghaus and Clark electrodes are used for CO; and O, measurements
respectively. For prothrombin time (PT/INR) measurements, human recombinant thromboplastin is commonly used
along with buffer solution and human plasma-extracted coagulation factors for control purposes.

Figure 2.6: Electrochemical biosensing systems: (A) Typical glucose meter (B) i-STAT handheld blood analyzer, Abbott
Point of Care inc.(C) Dario’s smartphone compatible glucose meter (C) Epoc PoC system by Alere

PERFORMANCE OF ELECTROCHEMICAL POC SYSTEMS

Electrochemical methods are broadly applied in clinic analysis among other reasons because of their increased
sensitivity and selectivity. Their implementation in point of care systems has resulted in a wide range of devices that
provided access to measurements typically done in the lab, for example glucose or lipid panels, or replaced testing
principles with solid state technology, for example PT/INR measurements. Portable glucose meters have been
stringently evaluated as per their performance. Independent studies ¥8! have reported the accuracy of 43 and 27
commercial self monitoring blood glucose (SMBG) systems respectively according to ISO 15197:2003'#2, This
standard stipulates that 95% of measurements below 75 mg/dL must fall between a £ 15mg/dL zone from laboratory
results while measurements over 75 mg/dL must fall between + 20% from laboratory results to acquire a CE mark.
In these studies approximately 21% and 41% of the product did not perform according to these standards. It is worth
mentioning that the 2013 revision of 1ISO 15197 sets tighter standards for the regulation of SMBG systems, notably
by requiring that 99% of measurements should fall within the error margin. Interfering factors in SMBG have been
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widely investigated'®184, Temperature, altitude, certain drugs, such as acetaminophen and substances such as
maltose can significantly affect the reliability of the measurement. In PT/INR monitoring, where once again frequent
testing is used for the regulation of drug dosage, electrochemical systems have partly replaced classical methods
based on magnetic/mechanical principles to detect clotting. With companies generally abiding by an allowable £0.3
INR (International Normalized Ratio for prothrombin time) bias in comparison to a reference system, we examine

185 is reported by the

the coefficients of variation published by manufacturers for their systems. Alere's INRatio
manufacturer to have an 8% CV for normal and 7.7% CV for therapeutic samples in a wide range of 0.7-7.5 INR
values. Siemens, with Xprecia Stride'®, in a similar range of 0.8-7 INR reports CVs of 5.9% for INR<2, 4.1-4.2% for
INR ranging from 2 to 4.5, and 3.6% for INR>4.6 up to 8. Cobas with Coaguchek®” reports a CV of 2.6% for venous
blood and 3.5% for capillary blood for samples with INR<4.5. Abbott, with i-STAT*®, reports a CV of 4.7% for venous
blood with mean INR=2.4 and CV of 4.6% with mean INR=2.5. The ISO standard 17593:2007 defines that for samples
with INR<2 in a reference system, 90% of the allowable differences between the PoC and the reference system must
be +0.5 INR. For samples with INR from 2-4.5, this becomes £30% with an allowable bias of 0.3 INR. For values

larger than those, no performance criteria are set'®°,

2.3.4 NUCLEIC ACID TESTING SYSTEMS

Nucleid acid testing (NAT), as a diagnostic tool at the Point of Care, is a rapidly evolving field with potentially great
impact. Out of 105 companies reviewed in this work, 5 offer diagnostic tools based on NAT with company provided
assays, whereas 2 offer general use amplification/detection systems that are claimed to be directed for PoC
applications. In NAT PoC systems, the diagnostic targets are most commonly (1) DNA/RNA segments of
bacteria/viruses or (2) human genetic material. In the first case, human body fluids such as plasma, sputum, or nasal
swab are tested in an attempt to diagnose an infectious disease and differentiate between possible subtypes that
would alter the therapeutic intervention. In the second case, the clinical significance lies in the detection of
mutations or oncogenes, with the most widespread application being cancer treatment or prevention. One key
advantage of molecular diagnostic systems lies in their ability to amplify their target sequence, a trait that is unique
in comparison to other diagnostic approaches. This allows for extremely high sensitivity and specificity even at early
disease stages where immunological PoC methods fail to report a positive result due to lack of sufficient analyte. As
per the target analytes, nucleic acid methods ultimately look for the most primary pieces of information that describe
pathogenesis, and in this sense they can deliver high quality information to the Point of Care. These can be in regard
to, for example, the specific subtype of an influenza infection, or a mutation in a tumor suppressor gene. On the
downside, nucleic acid detection systems can only confirm the presence of a target sequence within the sample,
without providing any information on whether, for example, a microorganism is alive or dead, or whether there is
colonization without disease!®. Additionally, polymerase chain reaction (PCR), the most widely adopted method
employed in NAT, is a slow process that is hard to implement in PoC and has led to the introduction of alternative
amplification strategies®®.. Finally, the nucleic acid testing industry faces tremendous financial pressure from the
technological strides of the whole-genome sequencing technology and is thus limited to scenarios where a
centralized health structure is not present.

NAT PRINCIPLES OF OPERATION

Nucleic acid detection presents significant diversity as to the methods applied to make it compatible with
diagnostics'®11%, This is true for both amplification and detection of the amplicons. The first step in all of these
techniques is releasing the DNA/RNA into a buffer in order to perform amplification. This is most commonly achieved
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using chemical or enzymatic agents, however other methods, such as sonication and mechanical lysis have been
employed!®3, This step is commonly followed by purification and removal of particulates. At this point, the analyte,
if present, can be at very low numbers, so it is necessary to amplify, i.e. multiply the segments of interest. If the
target is a DNA segment, PCR is the most widely adopted approach. In PCR, the double DNA helix is denaturated at
high temperatures (~98°C) to allow separation of the two strands. Once this step is complete, the temperature is
lowered to allow chemically synthesized oligonucleotides called primers to pair with the separated strands on the
location of interest. After this, the enzyme polymerase is used to extend the primer with complementarity to the
preexisting strand in a way that it forms a copy of the previously separated strand, at least for the length of the
sequence of interest. The process is usually repeated for up to 30-35 times to acquire exponentially increasing
number of copies. If the target is RNA, a variation of this technique is used in which another enzyme, reverse
transcriptase, is first used to create complementary DNA to the RNA of interest. Biocartis with their system Idylla
(Fig. 2.7-A), Quantum DX (Fig. 2.7-C) with Q-POC, and NanoBiosys all use PCR as their amplification strategy. Another
approach to amplification is loop mediated isothermal amplification, or LAMP, In this method, the temperature is
constant at ~65°C and amplification takes place using 4 to 6 primers. An enzyme initiates synthesis by strand
displacement and 2 of the primers form loop structures to facilitate subsequent rounds of amplification®®. This
technique is used by HiberGene in their systems HG Swift and by Optigene in Genie (Fig 2.7-B). A third approach
which is utilized by Alere in their system Alere-i (Fig 2.7-D), is called Nicking Enzyme Amplification Reaction. NEAR
employs a nicking enzyme along with polymerase to exponentially amplify DNA at constant temperature. Both NEAR
and LAMP are faster than PCR and easier to integrate in PoC systems since no thermocycling is required. Regarding
detection, 5 out of 6 companies reviewed here use fluorescence in 2 or more channels, out of which 4 use a real
time method, meaning that the amplification and the detection of amplicons are done simultaneously. Quantum DX
uses nanowires with DNA probes whose impedance changes as DNA sequences hybridize onto their surface.
Cepheid'®’, a US based molecular diagnostics company, is considered to pioneer the field of molecular PoC systems.
The company has developed GeneXpert, a range of PoC benchtop devices that use a disposable cartridge to perform
6-plex real time PCR for infectious and venereal disease, oncology and nosocomial infections.

Figure 2.7: Nucleic acid testing PoC systems: (A) Idylla system from Biocartis (B) Genie Il system from Optigene (C)
Q-poc system from Quantum DX (D) Alere-I system from Alere.
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NAT PoC SYSTEMS PERFORMANCE

Nucleid acid testing systems, have the inherent advantage of amplification, which allows for very high sensitivity.
This feature has made them especially useful for SARS-CoV-2 screening and diagnostics in remote locations, although
performance has been found to vary among manufacturers. Alere’s ID-now has a reported average sensitivity of 73%
and a specificity of 99.7%, while Cepheid’s Xpert Xpress model is reported to have a 100% sensitivity and a 97.2%
specificity®® . Alere-ID NOW is also being used to test nasal swab samples for the diagnosis of influenza A and B.
Alere reports!®® sensitivity of 97.9% with specificity of 89.2% for influenza A against viral culture in a clinical study of
571 patients, while the same values are calculated for influenza B at 92.5% and 96.5% respectively. Results regarding
the limit of detection for this assay are also presented, with values ranging from 1.88x10° TCIDso/mL for subtype
A/H1N1 to 5.55x102 TCIDso/mL for subtype B/Yamamata lineage for direct swab testing. The same device is used for
the detection of Streptococcus pyogenes in throat swab. Alere reports?®° 95.9% sensitivity and 94.6% from a clinical
study of 481 patients against bacterial culture. The system HG-Swift by HiberGene is used for the detection of

201 sensivity and specificity equal to 100%, however

Meningococcus in a variety of samples. The company reports
using as a reference a laboratory PCR assay for a total of 137 samples. Additionally, the limit of detection of the assay
is claimed to be 1.4 copies/ul for whole blood and 1.9 copies/ul for respiratory swab. Idylla by Biocartis is used for
oncology assays but also for a respiratory panel to identify influenza virus subtypes and RSV. The company claims to

be able to provide high sensitivity however the clinical trials are ongoing at the time of writing of this paper?®.

2.3.5 BLOOD GAS / ELECTROLYTE BENCHTOP SYSTEMS

Blood gas and electrolyte testing is a requirement in critical care and emergency room testing to diagnose acute
conditions relating among others to respiratory problems, lung disease, kidney disease, dehydration or heart
condition. In this sense, centralized testing often needs to be circumvented in order to get stat measurements at the
point of care?®3, Various companies have developed benchtop systems with larger footprint compared to the devices
that have been presented so far to cover the needs of such settings. The specifications of these systems usually
include compatibility with capillary blood which is extremely useful in neonatal care, cartridge based reagents and
controls, reliability, operating simplicity and the ability to integrate into a broad data management system. These
devices are usually based on electrochemical sensing, however fluorescent based systems have been developed?®.
In this review 4 out of 105 companies have developed one or more blood gas/electrolyte PoC analyzers. Gem 40002
from Instrumentation Laboratory, Rapid Point 5002% from Siemens, Cobas b 123%%7 as well as Cobas b 2212% from
Roche and OPTI CCA-TS22%* from OPTIMedical perform blood gas and electrolyte testing, while some also include a
metabolic module, a co-oximetry module and hemoglobin measurement. Blood gas and electrolyte analyzers are in
general highly automated sophisticated devices that have become pretty much standard equipment in modern
clinical facilities.

2.3.6 OTHER TECHNOLOGIES

PHYSICAL DETERMINATION OF BIOMARKERS (COAGULATION)

Apart from electrochemical approaches, coagulation disorders can be diagnosed and monitored using physical
determination relating to the change of viscosity in a blood sample in the presence of clotting reagents. Accriva
diagnostics have developed a whole blood microcoagulation system called Hemochron Signature Elite?®. In this
system the blood is introduced in a disposable cartridge which in turn is inserted in a pocket-size point of care device.
Using a pumping system embedded in the device, the sample is mixed with coagulation reagents and forced into a
reciprocating motion within the cartridge. This motion is directly affected by the formation of clots and is monitored
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optically within the device?!°. The cessation of movement marks a clinically important clotting time and is used to
provide a series of measurements, such as PT/INR, activated partial thromboplastin time (APTT), citrated APTT and
activated clotting time. Similarly, Coagusense has developed a PT/INR monitoring system called Coag-Sense?*!. In
this system, a rotating spoke wheel is operating inside a mix of sample and recombinant rabbit thromboplastin.
When the sample clots, the clot is caught up in the spokes and interrupts a beam/sensor couple. Physical methods
are promoted by their manufacturers on the basis that alternative systems, such as electrochemical sensors, are
affected by the concentration of red blood cells or other substances in the sample.

OPTICAL DETECTION SYSTEMS

Optical detection in clinical testing is probably the most applied technology of all for the detection of biomarkers?*2,
Optical techniques such as fluorescence, turbidimetry, nephelometry, spectrophotometry, chemiluminescence and
others are routinely used in clinical settings. In fact, apart from electrochemical systems, most other automated PoC
systems mentioned in this article fall into this sensing category. However, the viewpoint of this article is the
categorization of devices based on discreet set of design choices that go beyond the sensing or the fluidic
manipulation method alone. In this sense, the single unifying principle of devices presented in this paragraph is an
optical detection method around which the system is built.

Immunofluorimetric?*®> methods have been employed widely in clinical testing. Siemens has developed the Stratus
CS200%'* which utilizes immunofluorimetry to perform STAT cardiac tests, notably CK-MB, Tp-I, Myoglobin and D-
Dimer. This device accepts whole blood in a test tube with anticoagulant. Test reagents are inserted in individual
single use cartridges. Up to 4 different cartridges can be used each time to create the emergency panel that is
deemed most useful at the time of measurement. The device contains a centrifuge and fluidic samplers and
components to perform the automated assay. This system has a comparably large footprint and a level of
automation complexity that exceeds what is commonly seen in point of care systems as they have been described
so far. However, it represents a different category of PoC systems, the ones that are placed inside a clinic or
emergency room to provide fast and reliable information outside the normal pipeline of biochemical testing. In this
sense, such devices are autonomous and easy to use, provide lab-quality results and have low sample to result times.
As such their intended use justifies a higher design sophistication and cost.

Siemens has also developed the DCA Vantage analyzer, that uses a colorimetric method along with a multi point
absorbance measurement from a competitive latex agglutination assay 2. The device is used to monitor glycemic
control and detect early kidney disease by measuring glycated hemoglobin ratio and urine albumin and creatinine
in self-contained immunoassay cartridges. In a similar approach by Alere with the system Affinion?!¢, glycated
hemoglobin is measured using a boronate affinitity assay. A spectral reflectance method is used to measure different
colors that correlate to the glycated and total hemoglobin in the sample, and whose ratio is proportional to the
required measurement. The same device with a different cartridge can be used to quantify albumin and creatinine
in human urine. These devices are simple to use, table top systems that are compatible with finger-prick sample
acquisition and are directed towards decentralized diabetes/hypertension management.

In a different application, Diagon with Coag S?*"?1® use optical turbidimetry to quantify cloudiness generated by a
reaction between the sample and recombinant thromboplastin. A disposable cuvette which includes lyophilized
reagents and a steel ball is introduced with the sample (whole blood) after being placed in the PoC device in a
controlled temperature position. The sphere is moved using a rotating magnetic field and clotting is monitored using
turbidimetry.
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A common application of optical detection is the quantitative determination of hemoglobin using a disposable chip
and a table top small footprint device. Alere’s Hemopoint?'>??° is an example of such systems. In this device a
disposable microcuvette is primed with finger prick blood and placed in the system. Reagents stored in the
microcuvette hemolyze the sample. A modified azide methemoglobin method is utilized, and the colored product
which is proportional to the Hgb concentration is quantified using an absorption method at 570 nm with an
additional wavelength at 880 nm for turbidity compensation. Alere has also developed a lipid panel PoC system
called Cholestech??¥2%4, This device is used to measure total cholesterol, high density lipoprotein cholesterol,
triglycerides and glucose in a single disposable cartridge from finger prick blood collected with a heparin coated
capillary tube . The device uses reflectance photometry to quantify quinoneimine dye produced by a series of
reactions??> for each individual analyte.

Of special interest to critical care testing is the measurement of ammonia in blood in order to assist in the diagnosis
of liver disease, kidney failure or a urea cycle disorder. Menarini diagnostics??® is one of the companies from this list
that produces a portable ammonia meter. These devices typically utilize a strip into which ammonium ions are
separated from whole blood vertically to react with a reagent producing a color change. This change is detected
using reflectance measurements at an appropriate wavelength typically provided using LED technology.

Finally, in a different application, Diesse has developed Chorus??”2%8, 3 cartridge based ELISA benchtop device for a
wide range of immunoassay tests ranging from infectious disease to autoimmunity markers. This system uses self
contained reagent cartridges and performs full ELISA protocols with washing steps to acquire results
photometrically. A carousel-type design allows for up to 30 different cartridges to be analyzed in one run with
integrated fluidic components handling all protocol steps.

2.4 COMMERCIALIZED POINT OF CARE SYSTEMS - BIOMARKERS

Selection of biomarkers/conditions has a great impact on the commercialization success of a PoC system. On the
first part of this work different technological approaches applied in commercial PoC systems have been described.
This second part will address the targeted biomarkers of these systems. While review articles referenced throughout
this work present notable applications of their reviewed technology, to the best knowledge of the authors, an
extended list of the conditions/biomarkers currently being tested using PoC technology has not been published. The
purpose of the second part of this work is to present a thorough list of biomarkers that are currently the diagnostic,
prognostic or predictive objective of the systems that have been investigated in this work. While it would fall outside
of the scope of this review to investigate each biomarker separately, it is the hope of the authors that this tabulated
form of analytes with their respective technologies could assist researches into identifying technological and
diagnostic gaps in PoC applications.

Table 2 includes 173 targets categorized based on their type and the sample that is used to perform the PoC test.
For each target all relevant tests/devices from companies investigated in this work are cited and categorized based
on their technology. Companies that deal exclusively with glucose monitoring and pregnancy testing and applications
dealing with allergen identification and veterinary testing have not been included in this table. Hematology panels
are grouped into one entry due to the low number of PoC systems currently performing them. SARS-CoV-2 is listed
separately on Table 3. The devices have been categorized based on the first section of this article. Table 4 includes
the references to the system presented in Tables 2 &3.
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Table 2: An extended list of conditions/biomarkers excluding SARS-CoV-2 that are tested by PoC technologies and the
companies investigated here that have developed relevant systems listed by technology: Lateral flow immunoassays
(LFIA), Lab on a Disk (LOAD), Electrochemical systems (EC), Blood gas and electrolyte PoC systems (BG) and Other

systems.

Test Category

Lipid panel

Lipid panel
Lipid panel
Lipid panel

Lipid panel

Atherosklerosis

Marker

Cardiac panel

Cardiac panel

Cardiac panel

Cardiac panel

Cardiac panel

Cardiac panel

Liver panel

Liver panel

Liver panel

Liver panel

Sample
type

S/P/WB

S/P/WB
S/P/WB
S/P/WB

WB

WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB
S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB
S/P/WB

Diagnostic
target

LFIA

Clinical Biochemistry

CHOL
Cholesterol
HDL (Direct)

LDL

TRIG

Triglyceride

Lipid Panel
(Cholesterol,
LDL,HDL,Triglyce
rides)

sPLA2-IIA
(Atherosklerosis
)

BNP (Brain
Natriuretic
peptide)

CK-MB

CK Creatine
Kinase
h-FABP

Myoglobin

Troponin |

ALT Alanine
Aminotransferas
e

AST  Aspartate
Aminotransferas
e

Gamma GT

ALP Alkaline
Phosphatase

94,119

119

94,119

57

41,57,72,111

40,41,44,47,49,5
4,64,67,69,72,75
,76,88,93,96,107
111,114

119

57,67,72,76,96

40,41,44,47,49,5
4,64,67,69,72,75
,76,77,88,93,96,
107,111,114
40,41,44,47,49,5
2,53,54,57,64,67
,69,70,72,74,75,
76,77,82,83,88,9
3,96,99,107,108,
111,114

119

119

119

LOAD

121,122

121,122
122
121,122

122

124,125

124,125

121

124,125

124,125

121

121

121

EC

27,32,
33
32

27,32,
33
27

29

29

29

NAT BG Other

7,10,20

7,10,20

7,10,20

10,19

10,19

20

10,19

10,19

7,20

7,20

7,20
7,20
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Test Category

Liver panel/Anemia
Marker/Body Fluid
analysis

Liver panel/Anemia
marker

Liver
panel/Hemolytic
Anemia Marker
Liver panel/Renal
panel/Nutritional
status

Liver
panel/Nutritional
Status Marker

Liver disease/
Kindey failure/ Reye
syndrome

Renal panel

Renal panel

Renal panel

Gout/Kidney
disease/Monitoring
cancers treatment
Marker
Electrolytes/Renal
panel/Acid-base
balance Marker
Electrolytes/Renal
panel/Acid-base
balance Marker
Electrolytes/Acid-
base balance
Marker
Electrolytes/Renal
panel/Parathyroid
Function Marker
Electrolytes/Renal
panel
Electrolytes/Renal
panel/Parathyroid
Function Marker
Electrolytes/Renal
disorders
Pancreatic Function
Marker

Pancreatic Function
Marker

Sample
type
S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

WB

S/P/WB
S/P/WB

S/P/WB
S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB
S/P/WB

Stool

Diagnostic
target

LDH Lactate
dehydrogenase
TBIL Total
Bilirubin

DBIL Direct
Bilirubin

ALB Albumin

TP Total Protein

Ammonia

BUN Blood Urea
Nitrogen
CREA Creatinine

Cystatine C
UA Uric Acid

K+ Potassium

NA+ Sodium

Cl- Chloride

Ca Calcium

iCa ionized
Calcium

PHOS
Phosphorus,
inorganic
Magnesium

AMY Amylase

Pancreas
Elastase 1

LFIA

119

42,64

119

119

72
119

119

119

60

LOAD

121

121

121

121

121

121

121

121

121

121

121

121

121

121

EC

29

29,35,
36

38

29,35

29,35

29,35

35

29

BG

1,3

1,2,
3,4,
5,6
1,2,
3,4,
5,6
1,2,
3,4,
5,6
1,2,
3,4,
5,6

Other

20

7,20

7,20

7,20

20

7,20

7,13,20

7,20

7,20

20

20

20
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Test Category

Diabetes
disease/Pancreatic
Function Marker

Diabetes disease
Marker

Diabetes disease
Marker

Diabetes  disease
Marker

Diabetes  disease
Marker

Diabetes  Disease
Marker

Acid-base balance
Marker

Blood Gases/Acid-
base balance
Marker

Blood Gases/Acid-
base balance
Marker

Blood Gases
Blood Gases/Acid-
base balance
Marker

Thyroid  Function
Marker

Thyroid  Function
Marker

Sex Hormone
(Female)

Sex Hormone
(Female)

Sample
type
S/P/WB

S/P/WB
WB

Urine

Urine

S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB
S/P/WB

S/P
S/P

Urine

Urine

Diagnostic
target
Insulin

Fructosamine

Glycated
Hemoglobin
Ketoacidosis (B-
hydroxybutyrate
)

Microalbumin

GLU Glucose

LAC Lactate

p0O2

pCO2

sO2

tC02 Total
Carbon Dioxide

TSH
Thyroxine free
Luteinizing

Hormone
(Ovulation)

FSH- Follicle
Stimulating
Hormone

LFIA

72

114

44,54,69,70,71,7
2,114
94,119

40,57,64,70,72,7
5,77,94
57

40,44,45,47,49,5
4,57,64,67,70,72
,73,74,76,77,80,
82,83,84,85,88,9
3,94,97,99,107,1
14
44,47,54,57,64,6
7,70,72,73,80,84
,93,94,99,107

LOAD

121

121

121

122

EC

27,32,
37
36,37

39

27,29,
32,33,
35,36,
37

29,33,
35,36,
37

29,35

29,35

29

NAT

BG

113l
4I51

1,3,
4151

1,2,
3,4,
5,6
1,2,
3,4,
5,6
1,2

Other

20

7,11,13

7,10,20
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Test Category

Sex
Hormone/Pregnacy
Marker

Sex Hormone

Tumor Markers

Tumor Markers
Tumor Markers
Tumor Markers

Tumor Markers

Tumor Markers

Tumor Markers

Tumor Markers
Tumor Markers
Tumor Markers
Metastatic cancer
Marker

Urinalysis

Other

Complete Blood
Count/Anemia
Marker

Sample
type
Urine

/P
S/P

S/P
S/P
S/P
S/P

Stool
S/P/WB

s/p

Urine

Urine

Urine

Urine/
WB

WB

Diagnostic
target
b-hcG

Testosterone
AFP

CA-125
CA-15-3
CA-19-9
CEA

M2-PK
PSA

PSA

PSA

Urinary Bladder
Cancer Ag
ctBRAF mutation

Urinalysis
Test

Strip

Drugs/Alcohol/A
dulterants

Hgb Blood
Hemoglobin

LFIA

40,44,45,47,48,49
,50,53,54,57,64,6
7,69,70,71,72,73,
74,76,77,80,82,83
,84,85,88,92,93,9
4,96,97,99,102,10
4,107,112,114
40,57

40,47,49,54,57,64
,67,72,73,74,75,7
6,77,85,93,99,114
57,72

57
57

40,47,49,54,57,64
,67,72,73,74,75,7
6,77,85,93,114

60

40,54,64,67,72,74
,75,76,77,85,94,9
6,99
47,49,52,54,72,73
,93,96,114

83

44,57,70,75,104

44,46,53,54,69,71
,72,73,74,75,77,8
2,85,93,94,99,107
,114,115
44,47,49,54,61,64
,65,71,72,73,74,7
5,77,83,85,88,91,
93,94,98,100,107,
116

Hematology

72,107,119

LOAD  EC NAT BG  Other
29 19
25
38
10
27,37, 1,2, 12
39 5
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Test Category
Complete Blood
Count/Anemia
Marker

Complete Blood
Count/Inflammatio
n Marker

Complete Blood
Count

Anemia Marker
Hemolytic Anemia
Marker

Other

Haemostasis
status/Coagulation
disorders
Coagulation
Disorders Marker

Inflammatory
Marker
Inflammatory
Marker
Inflammatory
Marker
Inflammatory
Marker
Inflammatory
Bowel Disease (IBD)
Marker
Inflammatory
Bowel Disease (IBD)
Marker
Oxidative
Marker
Rheumatoid
Arthritis Marker
Rheumatoid
Arthritis Marker
Rheumatoid
Arthritis/Autoimmu
ne Diseases Marker

stress

Sample
type
WB

WB

WwB

WB
WB

WwB

P/WB

P/WB

S/P/WB
S/P
S/P/WB
Tear

Stool

Stool

Urine
S/P/WB

S/P/WB

Diagnostic
target
Hct Haematocrit

WBC White
Blood Cell count
Haematology

Panels*
Ferritin

G6PD deficiency

Blood type
classification

INR PT

D DIMER

CRP - C Reactive
Protein
Neopterin

Procalcitonin
MMP-9 (Dry eye

disease)
Calprotectin

Lactoferrin

Malondialdehyd
e (ROS indicator)
Anti-CCP

Anti-MCV

Rheumatoid
Factor

LFIA

64,72,94
63

55

Coagulation

41,42,44,57,64,70,
72,75,76,106,111
Inflammation

42,44,51,54,57,64,
70,72,75,97,104
57

47,72

51

57,58,68,70,78,86

47,68,86,112

114
59
62,70

75,97

LOAD

123

123

123,12

124

121,12

EC NAT BG Other

29,35 2,3,
,37,3 4,5
8
39
8,9
28,29 17,18
,30,3
4
10,19
19

14

14

14

57



Test Category
Bacterial serology
tests

Bacterial serology
tests

Bacterial serology
tests

Bacterial  Antigen
Detection tests
Bacterial  Antigen

Detection tests

Bacterial  Antigen
Detection tests
Bacterial  Antigen
Detection tests
Bacterial  Antigen
Detection tests
Bacterial  Antigen
Detection tests
Bacterial serology
tests

Bacterial  Antigen

Detection tests

Bacterial Infection
Marker
Bacterial  Antigen

Detection tests

Sample
type

S/P/WB
S/P/WB
S/P
Stool

Stool

Stool
Stool
Stool
Stool

S/P/WB

Stool

Biopsy
sample
Urine

Diagnostic target

LFIA LOAD EC NAT BG

Infections Differential Diagnosis tests

Borrelia burgdorferi
IgG Ab

Borrelia burgdorferi
IgM Ab

Brucella spp. Abs

Campylobacter spp.
Ag

Vibrio cholerae spp.
(serotypes 01 &
0139) Ag
Clostridium Difficile
Ag

Clostridium Difficile
Toxin A/B
Clostridium
perfingens Ag

E.coli (serotype
0157) Ag
Helicobacter pylori
IgG Ab

Helicobacter pylori
Ag

Helicobacter pylori
(Liquid Urease Test)
Legionella
pneumophila Ag

72

72,75

73

56,68,86

75,93,96

56,66,68,72,86,
108,112
50,56,68,72,75,
86,108,112

68

47,56,68,75,86,
112
40,44,45,47,49,
52,53,54,61,64,
67,69,70,71,72,
73,74,75,76,88,
92,93,94,99,102
,107,112,114
40,44,47,50,54,
56,57,58,61,66,
68,69,70,71,72,
73,74,75,78,85,
86,88,93,96,104
,108

109

49,54,56,57,72,
73,75,80,86,93,
104,108,112

Other

14

14

14

14

58



Test Category
Parasite Antigen
Detection tests
Bacterial serology
tests

Bacterial  Antigen
Detection tests
Bacterial  Antigen
Detection tests
Bacterial serology
tests

Bacterial  Antigen
Detection tests
Bacterial  Antigen
Detection tests
Bacterial serology
tests

Bacterial serology
tests

Bacterial  Antigen
Detection tests
Bacterial  Antigen

Detection tests

Bacterial  Antigen
Detection tests

Bacterial  Antigen
Detection tests

Bacterial  Antigen
Detection tests

Bacterial  Antigen
Detection tests
Bacterial  Antigen
Detection tests

Sample
type
S/P

S/P/WB
Stool

WB,
CSF,
Nasoph
agal
swab
WB

(Stool)/
S/P
Stool/S/
P
S/P/WB

S/P/WB
Stool

Throat
Swab

Throat
Swab

Urine
Nasal &
Rectal
swab

Urine

WB

Diagnostic target

Leishmania spp.
(Kala-Azar) Ag
Leptospira spp.
IgG/IgM Abs
Listeria

monocytogenes Ag
Neisseria
meningitidis
(serogroups A, B, C,
29E, W135, X, Y, Z)
Ag

Orientia
tsutsugamushi 1gM
Ab

S. typhi /
S.paratyphi Ag

S. typhi Ag

S.typhi 1gG/IgM Abs

Rickettsia rickettsii
IgG/1gM Abs
Shigella spp. Ag

Streptococcus
group A
(S.pyogenes) Ag

Streptococcus
group B
(S.agalactiae) Ag
Streptococcus
group B
(S.agalactiae) Ag
Streptococcus
group B
(S.agalactiae) Ag
Streptococcus
pneumoniae Ag
Mpycobacterium
tuberculosis 1gG Ab

LFIA LOAD  EC NAT BG Other
47,54,66,73,75,

96,101

47,48,52,64,75,

79,96

68,86

21

63

47,49,52,53,64,
68,74
44,47,49,54,56,
64,68,73,74,86
44,47,49,53,73,
74,79,93,96
44,49

56,68,86

44,45,47,49,50, 26 14
54,57,64,68,69,

70,71,72,73,74,

75,80,86,88,92,

93,96,102,103,1

04,107,112

47,50,64,69,70,

71

44

72 21

57,72,75,86,108
,112
44,49,70,72

59



Test Category

Bacterial  Antigen
Detection tests

Bacterial serology
tests
Bacterial  Antigen

Detection tests

Bacterial  Antigen
Detection tests

Parasite Antigen
Detection &
serology tests

Parasite Antigen
Detection &
serology tests

Parasite Antigen
Detection &
serology tests

Parasite  serology
tests

Parasite Antigen
Detection tests
Parasite  serology
tests

Parasite Antigen

Detection tests

Parasite Antigen
Detection tests

Sample
type
WB

S/P/WB
Stool
Vaginal
swab

WB

WB

WB

S/P

Stool

S/P/WB

Stool

Urine

Diagnostic target

Mycobacterium
tuberculosis
IgM/IgG Abs
Mycobacterium
tuberculosis Abs
Yersinia
enterocolitica
(serotypes 0:3) Ag
Chlamydia spp. Ag

Plasmodium  spp.
(malaria Pan) Ag &
Abs

Plasmodium
falciparum (malaria
Pf) Ag & Abs

Plasmodium  vivax
(malaria Pv) Ag &
Abs

Trypanosoma cruzi
Ab
Entamoeba spp. Ag

Wuchereria
bancrofti,  Brugia
malayi or B. timori
IgG/IgM (Filariasis)

Giardia lamblia Ag
Schistosoma  spp
(mansoni,

japonicum) Ag

LFIA LOAD EC NAT BG

44,75,85,93,96

40,52,64,73,83, 23
88
68

50,54,64,67,69, 23
71,72,74,77,88,

92,93,96

40,44,47,48,49, 23
54,64,66,67,72,

73,74,75,79,82,

88,93,96,101,10

4,112

40,44,47,48,49, 23
52,53,54,63,64,

67,72,73,74,75,

76,79,82,83,88,

93,96,104,105,1

12,114

40,44,47,49,52, 23
53,54,63,64,67,

73,74,75,76,79,

82,83,93,96,105

,114

54,64,72,73,75,

9%

68,75

47,75

47,50,58,61,68,
71,72,75,86,108
,112

73,75,95

Other

14

60



Test Category

Parasite Antigen
Detection tests
Parasite  serology
tests/ToRCH

ToRCH Panel

Sexual Transmitted
Diseases (STDs)
panel
Sexual Transmitted
Diseases (STDs)
panel

Sexual Transmitted
Diseases (STDs)
panel

Virus Antigen
Detection tests
Virus Antigen

Detection tests

Virus Antigen
Detection tests

Virus serology tests
Virus serology tests
Virus serology
tests/ToRCH

Virus serology tests

Virus serology tests

Sample
type
Stool

S/P/WB
S/P/WB
Vaginal/
Throat

swab
S/P/WB

Vaginal
Swab

Tear

Stool

Nasal/T
hroat
swab
Stool

S/P/WB

S/P/WB

S/P/WB

Diagnostic target

Cryptosporidium
parvum Ag
Toxoplasma gondii
IgG/IgM Abs

ToRCH Panel ( TOX,
CMV, RUB, HSV-
1,HSV-2) Abs
Neisseria
gonorrhoeae Ag

Treponema
pallidum
IgG/1gM/IgA Abs

Trichomonas
vaginalis Ag

Adenovirus Ag

Adenovirus Ag

Adenovirus Ag

Astrovirus Ag

Chikungunya virus
IgG/IgM Abs
Cytomegalovirus
(CMV) IgG/I1gM Abs
Dobrava-Hantaan
virus IgM Ab
Dengue
IgG/IgM Abs

virus

LFIA

50,58,68,75,86,
108,112
47,53,73,93,96

47,53,64,73,74,
93

47,54,64,73,77,
88,93,96

40,44,47,48,49,
52,54,61,67,72,
73,74,76,82,83,
85,88,90,93,96,
108,114

45

51

40,47,49,50,54,
57,58,61,64,66,
68,72,74,75,78,
80,86,87,88,93,
97,104
45,68,86

44,68,75,86

47,49,64,75,79,
82
47,53,73,93,96

110

40,44,47,48,49,
52,54,63,64,74,
75,79,82,88,93,
96,101,114

LOAD

EC

NAT

23

BG

Other

14

14

14

61



Test Category

Virus Antigen
Detection tests
Virus serology tests

Virus Antigen
Detection tests
Virus serology tests

Virus serology tests
Virus serology
tests/Viral liver
disease

Virus serology
tests/Viral liver
disease

Virus Antigen
Detection
tests/Viral liver
disease

Virus serology
tests/Viral liver
disease

Virus serology
tests/ToRCH/Sexual
Transmitted
Diseases(STDs)

Virus Antigen

Detection tests

Sample
type
S/P/WB

S/P/WB
Stool

s/P

WB

s/P

S/P/WB

S/P

S/P/WB

S/P/WB

Nasal
Swab

Diagnostic target

Dengue virus Ag
(NS1)

Ebola virus 1gG/1gM
Abs

Enterovirus Ag (VP1
Peptide)

Epstein Barr virus
VCA-1gG/IgM Abs

Hantavirus 1gG/1gM
Abs

Hepatitis A virus
IgM Ab

Hepatits C virus Ab
(anti-HCV)

Hepatitis B virus
HBsAg

Hepatitis B virus
Panel (HBsAg,
HBsAb, HBeAg,
HBeAb, HBcAD)
HSV 1 1gG/IgM Abs

Influenza A+B
(differentiates) Ag

LFIA LOAD EC

40,54,63,75,79,
82,93,101
47,91

68,86

45,54,64,69,71,
72,74,75,88,92,
101,102,107,11
2

49,64

53,64,73,93,96

40,44,47,52,53,
54,64,67,69,71,
72,73,75,76,79,
82,83,88,91,93,
114
40,44,47,48,50,
52,53,54,64,67,
69,71,72,73,74,
75,76,82,85,88,
93,96,114
42,47,64,72,73,
75,79,83,104

40,47,73,80,93

40,44,45,47,49,
54,67,68,70,72,
74,75,76,77,78,
80,86,88,91,92,
96,97,103,104,1
12,114

NAT

25,26

Other

14

14

14
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Test Category

Viral Infection
Marker

Virus Antigen

Detection tests
Virus serology tests

Virus Antigen
Detection tests

Virus Antigen
Detection tests

Virus serology
tests/ToRCH
Virus serology tests

Virus serology tests

Virus serology
tests/ToRCH/Sexual
Transmitted
Diseases
panel

HIV treatment
Marker

(STDs)

Sexual Transmitted
Diseases(STDs)/HIV
marker

Sexual Transmitted
Diseases(STDs)/HIV
marker

Sample
type
S/P/WB
Stool

S/P/WB

Stool

Nasal
Swab

S/P/WB

S/P/WB

S/P/WB

WB

S/P/WB

S/P/WB

Diagnostic target

Myxovirus
resistance A protein
Norovirus Ag

PUUMALA virus IgM
Ab
Rotavirus Ag

RSV virus Ag

Rubella
IgG/1gM Abs
Tickborne
encephalitis
IgM Ab

Zika Virus 1gG/1gM
Abs

HSV 2 virus IgG/1gM
Abs

virus

virus

HIV (CD4 Cell Count
for treatment
determination)

HIV 1/2 Abs

HIV 1/2 Tri-Line Abs

LFIA LOAD EC

51

40,47,68,75,86,
87
110

40,44,47,50,54,
57,58,61,64,66,

68,72,74,75,78,

80,86,87,88,93,

97,104

45,47,50,57,61, 25
67,68,72,75,80,

86,92,103,112

47,73,93

110

49

47,73

48

40,44,47,48,49,
50,54,64,67,69,
71,72,73,74,75,
76,77,79,82,83,
85,88,90,91,93,
96,101,104,105,
108,114
40,47,53,64,73,
74,75,79,82,88,
93,96,101

NAT

BG

Other

14

14

14

63



Test Category

Sexual Transmitted
Diseases(STDs)/HIV
marker

Fungus Antigen
Detection tests
Other

Other

Gastrointestinal
bleeding Marker
Gastrointestinal
bleeding Marker

Gastrointestinal
bleeding Marker
Other

Sample
type
S/P/WB

Vaginal
Swab
WB

Vaginal
Swab

Stool

Stool

Stool

Breast
milk

Diagnostic target

HIV 4th generation
tests (Ag & Abs)

Candida spp. Ag

Clostridium  tetani
anti-toxoid Ab
(Immunization
status)
Sialidase
(Bacterial
Vaginosis)

Activity

LFIA LOAD

47,75,79,96
,112

50

72,75,94

45

Miscallaneous

Transferrin

occult blood (Hb)

occult blood
(Hb/Hp)
Creamatocrit

(optical)

47,68,93

40,45,47,54
,57,58,60,6
4,67,68,69,
70,71,72,73
,74,75,76,7
7,84,85,92,
93,94,96,99
,102,104,10
7,114
44,61,66,70
,75,86

Table 3. Different PoC tests related to SARS-CoV-2 and their manufacturers

Test Category

SARS-CoV-2

SARS-CoV-2

SARS-CoV-2
SARS-CoV-2

SARS-CoV-2 & Flu
A&B

Sample
type
Nasal
swab,
sputum

S/P/WB

S/P/WB

Nasal
swab,
sputum
Nasal
swab,
sputum

Diagnostic
target
Ag

IgA, 1gG,
total Abs

IgM,

Anti-S1/RBD
RNA

Ag

LFIA

20,40,41,48,49,50,51
,57,61,63,65,66,67,6
8,69,72,73,74,78,81,
82,83,85,86,91,92,94
,96,101,103,105,106,
107,109,111,112
20,40,47,48,50,52,57
,60,61,63,66,67,69,7
2,73,74,78,82,83,85,
86,88,94,96,98,105,1
06,107,109,113,117
40,72,73,85,86,94

40,67,68,73,103

EC

37

LOAD

123

NAT  BG
NAT
20,21,22,23
,24,25,26,1
26
45

Other

14

16

Other

14,20

14,20

14

14
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Table 4. The list of 125 systems/companies investigated in this work. The reference number corresponds to the biomarker

list in table 2.

Reference
Number

1

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Company/Product
Name

Optimedical
Cobas-Roche b 121
Cobas-Roche b 221

Cobas-Roche b 123

Instrumentation Lab

Siemens RAPIDPoint
500

Nexus - Samsung
LABGEO PT10

Nexus - Samsung

LABGEO HC10
Norma Diagnostica

Alere Cholestech
Alere Afinion

Alere Hemopoint
Siemens DCA Vantage
DIESSE

OJ Bio

Accumetrics
Coagusense

Diagon

Siemens Stratus CS 200
Menarini Diagnostics
Hibergene
NanoBioSys/ Mico Bio
QuantumDX
Optigene

BioCartis

Alere - Alere i

BioSys

Alere INRatio

Abbott i-stat

Siemens Xprecia Stride
MagellanDX
PTSdiagnostics

Cobas-Roche Accutrend

Category

Blood Gas / Electrolyte
analyzer

Blood Gas / Electrolyte
analyzer

Blood Gas / Electrolyte
analyzer

Blood Gas / Electrolyte
analyzer

Blood Gas / Electrolyte
analyzer

Blood Gas / Electrolyte
analyzer
Other -
chemistry
Other - Hematology

Clinical

Other - Hematology
Other

Other - Diabetes
Other Hemoglobin
Other - Diabetes
Other - Immunoassays
Other

Other - Coagulation
Other - Coagulation
Other - Coagulation
Other

Other

Nucleic Acid Testing
Nucleic Acid Testing
Nucleic Acid Testing
Nucleic Acid Testing
Nucleic Acid Testing
Nucleic Acid Testing
Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical

Electrochemical

Reference
Number

64

65

66

67

68

69

70

71

72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

Company/Product

Name
Amgenix

BioGMS
Apacor
Humasis
Certest Biotech
Futura System

Preventis

Sanymed Diagnostics

Vedalab

Atlas Link
Dialab

Nal von minden
HBI 21

MH Medical
Generic Assays
Jmitra. Co

SAS Scientific
Rapigen

BHAT biotech
Intecasi

Lobeck
Victorch

Vidia

Rimco
Prometheus Bio
Hemaprompt
Biolytical
Orasure

Quidel

Aluxbio
Primahometest
Rapid Medical
Audit Diagnostics

Category

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA

65



34

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

55

56
57

58

59

60

61

62

63

Cobas-Roche
Coagucheck
Alere epoc

NovaBiomedical

EKF Diagnostics

Urit

Hemocue

Nanoentek

Alere / Triage (Abbott)
Technoclone

Siemens Urinalysis
Dutch Diagnostics
Sekisui Diagnostics
YD Diagnostics

Biocan Diagnostics
Omega Diagnostics
Lumiquick Diagnostics
Sanyon Diagnostics
RPS Diag. / Lumos
LabCare Diagnostics

Spectrum Diagnostics
Cortez Diagnostics
MTC InVitro

Pro-Lab Diagnostics

Concile

Epitope Diagnostics
Eurodiagnostica
Schebo Biotech
Biomaxima
Orgentech

Accessbio

Electrochemical

Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA

LFIA

LFIA

LFIA
LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

97

98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

117

118

119
120

121

122

123

124

125

126

EVL

Drugcheck

Teco diagnostics
DST Diagnostics
BioRad

Beckman Coulter
Becton dickinson
Biomerieux
Atomo Diagnostics
Micropointbio
Clarity Diagnostics
IMMCO

AB Analytica
Reagena
Cobas-Roche
Alere Rapid (Abbott)
Sugentech

DFI Care

77 Elektronika

Cellmic
Abingdon Health
Skannex

Cobas-Roche Reflotron

Bioscitec
ABAXIS - Piccolo Xpress
Cobas-Roche b101

Biosurfit Spinit

Nexus - Samsung
LabGeo IB10
Nexus - Samsung

LabGeo PA20
Cepheid Xpress

LFIA

LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA

Devices

LFIA

Devices

LFIA

Devices

LFIA
LFIA

Devices

Lab
Disk
Lab
Disk
Lab
Disk
Lab
Disk
Lab
Disk
NAT

on

on

on

on

on
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2.5 CONCLUSIONS

In this review, a total of 105 PoC companies have been reviewed as per their technology, design, and target
analytes/applications. We identified 5 distinct technological approaches relating to the PoC design configurations
and sensing decisions. These are: 1) Lateral flow tests with or without a reader system, 2) Centrifugal systems (Lab
on a Disk) with optical sensing, 3) Handheld or small benchtop electrochemical systems 4) Handheld or small
benchtop nucleic acid testing systems 5) Benchtop blood gas and electrolyte analysis systems. One thing that
immediately becomes evident is that simpler approaches such as standalone LFIA tests or direct electrochemical
strip-based systems greatly outnumber more sophisticated systems such as lab on a disk or cartridge based
microfluidic devices, presumably because it is a well-established, accessible technology with off the shelf production
equipment available for most applications. The rapid development of LFIA diagnostics for SARS-CoV-2 is indicative
of the accessibility of this technology. This also becomes evident from the variety of analytes detected by such
systems. However clinical biochemistry and hematology measurements, but also all measurements for which the
objective is high quality quantitative testing in panels, are mostly designated to more complex systems. It is also
evident that from a large pool of fluidic and sensing methodologies reviewed in literature, only a few seem to make
their way into commercial applications. Centrifugal microfluidics, capillary microfluidics and active pump-based
systems seem to have become the gold standards when it comes to reagent and sample handling. Electrochemical
sensing is the prominent detection method for blood gases, electrolytes and metabolites. Immunochromatography,
absorbance, reflectance and fluorescence are mostly applied forimmunoassays, however there are targets for which
both methods are used. In addition, the implementation of user-friendly embellishments (device integrated lancets,
modified protocols to allow sample pretreatment in the device) defines a focus point of commercial systems that is
seldom seen in research efforts: usability might outweigh technology refinement or even new, groundbreaking
principles of operation. Moreover, it is clear that no single approach is better than all others for all settings and all
applications. Quantitation, detection limits, and repeatability are important specifications, although it is often the
case that an extremely sensitive system with unprecedented resolution might not justify its development costs when
examined against its impact in clinical practice. In the specific field of immunoassays, we identify two trends, the
lateral flow technology and the automated assay in a device approach. In LFIA it is pretty much established that the
vision is a one-step assay for all applications. As such, efforts are being directed into improving the antibody
performance, the labels and the instrumented quantification methods. In automated device-based immunoassay
PoC systems, the efforts are also directed into assimilating multistep and multiplex lab protocols, with a successful
example being the Lab on a Disk. Nucleic acid testing PoC systems are emerging as a highly sensitive and specific
method for infectious disease differential diagnosis with the focus being on reagents, the amplification and the
detection methodology. The targeted biomarkers of PoC systems are numerous and each has its own impact in a
wide range of diagnostic settings: SARS-CoV-2 Ag, antibodies including anti-spike Ab and viral RNA, B-hcG, Tp-I / CK-
MB / Myoglobin, fecal occult blood, Helicobacter Pylori, influenza A/B, HIV 1/2, Malaria species and glucose are the
most prominent diagnostic targets of PoC. As a concluding remark, it is the authors’ viewpoint that innovative and
applicable ideas in the field of PoC systems engineering have yet a lot to offer to this field as long as their
implementation is realistic and their merits outweigh the effort and cost of their development and production.
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CHAPTER 3: A LABORATORY DEVICE FOR
IMMUNOASSAY PROTOCOLS

3.1 ABSTRACT

In this chapter, the development of an automated system for bead-based immunoassays is presented. Standard
laboratory practices and equipment for bead-based assays are outlined and their challenges and limitations are
discussed. The specifications for an automated system for life science and clinical applications are set. System
architecture, basic modules and operations are presented and analyzed. A platform is developed combining fluid
handling, magnetic manipulation and motion system for microwell plate handling. The platform is presented and
basic tests to evaluate its functionality are conducted. Having established basic system functionality, the platform is
used for a diagnostic application where SARS-CoV-2 antibodies are quantified in a multiplex assay.

3.2 INTRODUCTION

3.2.1 ASSAY DEVELOPMENT FOR BIOMARKER DISCOVERY

The discovery of biomarkers for existing as well as for novel diseases is of high clinical importance for the early
diagnosis, prognosis and monitoring of a pathological condition, as well as for predicting and monitoring therapeutic
response. In the second chapter of this work, diagnostic solutions for the point-of-care have been reviewed along
with their respective biomarkers or biomarker combinations. However, apart from the adaptation of a diagnostic
test for the remote setting, the identification of the biomarker is often the bigger challenge. The multiple steps of
the biomarker discovery process have been discussed in literature??®. The unbiased discovery process deals with a
large pool of potential targets. Starting from 1000s of analytes with only 10s of samples and gradually moving to
1000s of samples with less than 10 analytes, the process requires different combinations of multiplexing and high-
throughput. In the early phases, liquid chromatography with tandem mass spectrometry?3%22%231 s 3 tool with the
ability to detect multiple different candidate biomarkers in a small number of samples. As the list of candidate
biomarkers becomes more narrow and the process more targeted, the need for multiplexing capacity is replaced by
the requirement for multiple sample processing. At the final stages of biomarker discovery, an immunoassay,
possibly relying on bead-based fluorescent technology, is employed due to the high sensitivity and specificity of the
method. In this chapter, an automated device that can perform immunoassays for life science or diagnostics is
presented, analyzed and tested in a diagnostic scenario.

3.2.2 LABORATORY AUTOMATION FOR IMMUNOASSAY PROTOCOLS

STANDARD INSTRUMENTS

Laboratory clinical testing as well as life science research practice are based in accurate and repeatable liquid
handling at the micro- or nanoliter level. Inmunoassay protocols but also other genomics and proteomics assays are
based in aliquoting, mixing, diluting, aspirating and dispensing liquid samples and reagents. In laboratory practice,
such process steps are performed using manual pipettors, either single or multi-channel (Fig. 3.1). These are piston-
based liquid handlers in which the piston travel is adjustable and calibrated. This way, the user can define the
aspiration/dispense volume in ranges around 0.1 pl to several ml, depending on the instrument size. Since it is most
often desirable to perform more than one reaction, either because the requirement is high-throughput or several
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simultaneous immunoassays or several repetitions of the same assay, the protocols are performed in multiple
position components that are called microtiter plates (Fig. 3.1). These are inert, plastic multi-well parts, usually in a
96, 384 and even 1536 position format in a standard size of 127.8 x 85.6 mm. With the 96/384 formats mostly used
forimmunoassay protocols, the need for high throughput in life science research and diagnostics becomes apparent.

Figure 3.1: On the left are single channel and an 8-channel pipette by Eppendorf. On the right, a standard 96-well
plate by NEST.

With the pipettor and the microwell plate being the core components for most assays, additional instruments are
typically required, such as shakers and washers (Fig. 3.2). Shakers are used to accelerate diffusion of different species
into the microwells or mixing between different reagents, samples and diluents. This is typically achieved
mechanically, by placing the microwell plate on an orbital or oscillatory motion system that is moving with a
frequency ranging from a few hundred RPM to 10s of thousands RPM. The use of shakers is widespread for volumes
over 10-20 ul, however mixing becomes especially challenging as volumes become smaller. This is because inertial
forces at the microscale become less important, while surface tension forces become dominant. Plate washers are
used to rinse microwells during process steps. The operating principle of washers relies on two needles that are
immersed in each well of the plate. The first needle rinses the well with diluent, while the second needle aspirates
the excess volume so that the well does not overflow.

Figure 3.2: On the left is an orbital mixer by SciLogex. On the right is a plate washer by DAS.

Focusing on bead-based immunoassays, the function of mixers and washers can be better understood through Fig.
3.3. Beads are mixed, captured and washed using specially designed equipment in order to perform the necessary
steps of an immunoassay.

69



A
00g ©
o o
2 '0‘:
o o
A

A

Figure 3.3: The main functions required to perform a bead-based immunoassay protocol are shown graphically. (1)
is a mixing step in a microtiter well shown from a top view. The well contains reagents and microbeads that are
mixed using orbital shaking (1B). In bead-based immunoassays, the separation of the magnetic particles from the
solution is required. In (2) a microtiter well shown from a front view has several microbeads dispersed within its
volume. Placing a permanent magnet on the bottom of the well will cause the microbeads to temporarily adhere to
the bottom. This way, a microplate washer can be used (3). The microplate washer includes an inlet and an outlet for
buffer solution which work in parallel until the original solution has been diluted to the point that it is considered
completely replaced by buffer solution. The magnetic microbeads remain trapped from the magnet and thus avoid
being aspirated from the inlet channel.
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AUTOMATED PLATFORMS

In diagnostic or life science scenarios it is often required to test 100s or 1000s of samples for a single or multiple
analytes. In this case immunoassay protocols cannot be performed manually. In life science research, drug discovery
and diagnostics, automatic liquid handling is an essential tool?32. While not often reviewed in literature, laboratory
automation is an enabling technology which has allowed the scaling up of research and diagnostics to tens of
thousands datapoints per assay or more. The requirements for high precision and accuracy, high throughput and
low sample/reagent volumes have led to the development of automated liquid handling platforms by several
manufacturers.

A typical liquid handling platform such as the one seen in Fig. 3.4 consists of a cartesian 3-axis motion system and a
pipetting module which performs the liquid handling (also called a pipette head). The pipetting module usually
includes one or more automated syringe pumps which may be moving on motion axes, or they can be stationary but
hydraulically connected to pipette tip adapters on the travelling effector. In Fig. 3.4-C, a standalone syringe pump
module by Tecan can be seen. These modules are mounted on a fixed position inside the platform and a liquid-filled
tube connects them with the pipette tip adapters. The pipette head can move over the platform work area where
microtiter plates, reagent and sample tubes as well as waste and cleaning positions can be found. In the most
common case, the pipette head consists of 8 or 12 liquid handling channels. For a 96-well format, the pipette head
will need to continuously load and unload pipettes so that there is no cross-contamination between the wells. For
this reason, 96 channel pipette heads also exist that allow simultaneous processing of the entire plate. Using the
pipette head and the motion system, aspiration and dispensing of ml / ul volumes can be moved from plate to plate
or aliquoted from larger containers to microwell plates. However, just like for the manual liquid handling, additional
modules are often required to complete diagnostic/life science assays. For example, washing modules and shakers
can be embedded inside the work area. For the special case of magnetic microbead assays (Refer to Ch. 1), a
magnetic trapping module (Fig. 3.4-B) is required to work together with the blade washer.
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BTECAN,

Figure 3.4: (A)**3*Freedom Evo by Tecan is a liquid handling automation system with different configurations that are
intended for diagnostic and life science applications. Syringe pumps (C)**
to the travelling pipette tips. (B)** Different modules can be used for different applications, for example a magnetic
plate by Alpaqua is used for magnetic bead-based assays.

are stationary but hydraulically connected

To better understand the modules of a typical liquid handling platform, a simplified configuration has been prepared
in Fig 3.5. A pipetting head (A) is seen mounted on a 3-axis motion system. In this configuration, the pipetting head
consists of a single syringe pump on which the pipette tip is attached directly, i.e., the syringe pump is moving on
the motion axes. On other configurations, more syringe pumps might be used either moving or stationary, operated
by a single actuator or independent from one another. The pipetting head needs to load pipetting tips which can be
found in position (B) in a typical 96-format pipette tip box. Since only one syringe pump is available, the pipette head
will need to unload the old tip and load a new one when moving from well to well. In some configurations the tips
may be washed between steps using an ultrasonic bath. In (C), tubes containing reagents, samples or buffers are
located. From there, the pipette head will aspirate the required quantity and distribute it to the reaction wells of the
microtiter plate (D) which in turn may already contain different samples or assay reagents. The reaction will
commonly take place using some mixing strategy, either with the aid of a plate shaker or by consecutive aspiration
and dispensing steps from the pipette head. Finally, a plate washer such as the one seen in (E) may be required in
between steps to facilitate assay protocols. If the assay is based on magnetic beads, then the washer will also need
to have an embedded magnetic separator or a filter plate for a washing though strategy (see Fig 3.3-2&3). In most
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platforms, waste stations such as the one seen here in (F) are included. In these stations, waste products from the
assays as well as pipette tips can be disposed from the pipette head

Figure 3.5: A simplified configuration of a typical liquid handling platform. (A) Pipetting head, (B) Pipette tip loading
station, (C) Reagent station, (D) Microwell plate, (E) Microwell plate in washing station, (F) Waste station.

3.2.3 STATE OF THE ART LIMITATIONS

The current state of the art in laboratory automation extends from robust robotic platforms for clinical settings to
highly versatile systems for life science research where manufacturers such as Agilent?3, Tecan?*” and Hamilton?®
are offering configurable systems for applications such as cell culture, Immunoassays, protein purification, PCR and
several others. The field is very wide with many available solutions and technical approaches often tailored for
individual applications. In this work, the method of focus is magnetic bead-based ELISA for life science applications
or diagnostics. As such, any attempt to identify technology limitations or challenges only aims at configurations
relevant to this method. On this basis, there are 3 main dimensions that are critical for bead-based ELISA protocols

and create room for improvement:

1. Efficient handling of beads
2. Process stability when reagent/sample volumes decrease
3. Automation simplicity and device footprint

Efficient handling of beads refers to the ability of the platform to magnetically manipulate the microbeads during
and between process steps. Bead-based sandwich ELISA, when compared to traditional sandwich ELISA where the
reaction takes place on immobilized antibodies on the well bottom, has the added requirement of bead
immobilization or release into the solution. However, this also requires the use of permanent magnets below the
microwell bottom or the inclusion of a full plate washer with a magnetic module inside the platform. Integrating the
trapping system into the platform is not trivial since an additional mechanical motion is usually required that will
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either move the magnets away from the plate or the plate away from the magnets. This may require custom
solutions for each platform further complicating the assay automation process.

Process stability with decreasing immunoassay volumes is an important dimension in assay development and
automation. Often, the minimum volume of reagents or samples that can be used in an immunoassay is driven by
the liquid handling capabilities. Lowering the assay volume is almost always desirable because of the several benefits
that come with it: decreased assay cost, faster reaction times and the ability to use larger plate formats (ex. 384
well plates). However, as volumes move more into the microfluidic realm, mixing through orbital shakers becomes
increasingly more difficult and surface tension forces can create significant challenges. Pipetting also becomes more
challenging and the possibility of bubbles due to aspiration of air increases.

Automation simplicity is a requirement for immunoassay applications. In the case of bead based immunoassays, the
automation options mostly come from highly versatile fluid handling platforms such as the freedom EVO%7 which
can be adapted to embed several additional modules, for example plate washers, magnetic modules and even plate
readers. However, this may require increased customization and development of modules adapted to fit a
commercial fluid handler. The need to fit additional modules into an already existing platform results in high
footprint systems with increased complexity in their programming and functionality.

The present work deals with the development of a system that is optimized for bead-based immunoassays and can
provide novel, technical solutions to the aforementioned limitations.

3.2.5 OBJECTIVES

As seen on the previous analysis, a system that could function as an assay development tool or diagnostic tool and
that could bridge the laboratory assay process and the Point of Care process could contribute to the faster
development of diagnostic assays, assist the biomarker discovery process and be used as a large scale PoC tool for
diagnostic. The main functions that are required to perform a bead-based immunoassay have been analyzed and the
standard laboratory automation to perform these tasks has been presented. For the case of bead-based
immunoassays, specific dimensions that have significance for the performance and scalability of the assay have been
discussed. Based on these dimensions, the development objectives of a novel bead-based immunoassay liquid
handling platform could be defined:

Compatibility with bead-based immunoassay technology

Small footprint

Ability to employ magnetic trapping methods for superparamagnetic microbeads
Ability to perform aspiration, dispensing and mixing operations for microliter volumes
Ability to perform washing operations

ok wNRE

Compeatibility with laboratory practices and formats, for example the use of 96-well plates and standard
pipette tips
Fully automated system with no need for user intervention for the completion of the assay

% N

Fully programmable in a conceptually uncomplicated way
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3.3 METHODS

3.3.1 PLATFORM OVERVIEW

Based on the previous analysis, several objectives have been set in the form of functions and compatibilities that an
automated system should have in order to be able to be used as an assay development tool and as a diagnostic
system. The main reasoning and concepts behind such a platform have been analyzed in the diploma thesis of the
author?®. In that work, concept architectures were proposed and discussed. In this work, the completed system (Fig
3.6) will be presented and discussed. The platform has been named SampleX combining the word “Sample” and the
letter “X” from the Xmap technology which is the most prominent bead-based immunoassay tech during the
platform’s development.

Figure 3.6: The automated platform which was named SampleX was designed to perform fluid handling operations
and magnetic trapping of microbeads for ELISA protocols. On the left is a 3d model of the system, on the right a photo
of the actual system

The system consists of three main parts (Fig. 3.7):

1. The fluid/microbead handling head
2. The motion system
3. The sample/reagent plate carriers
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Figure 3.7: The main components of the platform are the head, the motion system and the microplate carriers

In part, the platform concept is similar to commercial fluid handling robots. The fluid handling head is positioned
over the sample plates using a motion system. The sample/reagents are metered, aspirated and released by the fluid
handling head in order to perform the experimental protocol. However, additional ideas are employed to tailor the
platforms functionality to bead-based immunoassay protocols. The different ideas employed to match the required
objectives are listed and analyzed below:

Stacked plate architecture
A fluid handling head with a 96-tip design for high-throughput
Magnetic trapping within the pipette tip

P wn e

Washing through the pipette tip

STACKED PLATE ARCHITECTURE

The standard architecture for a fluid handling robot like Tecan Freedom Evo includes a worktable space
with an overhanging XYZ motion system onto which the fluid handler is mounted. The reagent and sample plates
are placed on the worktable and the robot is programmed to perform the experimental protocol. The fluid handler
is typically an 8-channel or 96-channel pipette head which is positioned over the microtiter plates and can aspirate
or release reagents and samples in microliter quantities. This format is highly flexible and allows for many different
configurations. Different modules such as plate shakers and magnetic bead separators can be embedded in the
platform which makes it suitable for multiple applications. The drawback from this design is that the work envelope
can result in a large system footprint. Also, the need of accurate alignment of the fluid handler with the plates
necessitates a closed loop motion system.
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The proposed architecture relies on a stacked plate format where plates are placed one on top of another
(Fig 3.8). Each plate lies on its own slide and can be moved in (towards the fluid handling head) or out (towards the
user). The motion system has 2 axes, a Z motion for the head to move to the position of each microtiter plate and a
Y motion which pulls the plate in towards the fluid handling position. This allows for a much smaller footprint than
commercial fluid handling robots and at the same time simplifies the operation of the system since only two
positions exist for any plate: the “user” position when the plate is on the outer side of the platform and thus
accessible by the user and the “head” position when the plate is below the fluid handling head and can be processed.
A typical sequence can be seen in the Fig 3.8: In frame A the fluid handling head (purple) is on the top position and
all the plates (blue) are on the user side. In B, the head is moving downwards to the position of the first plate. The Y
end effector (green) grabs the first plate handle and in frame C the plate is pulled below the head. In D, the head
moves downwards for the pipette tips to reach within the microtiter plate wells. In this position the liquid handling
steps and magnetic manipulation of microbeads take place. When this is complete, the head and Y end effector
move to the previous position (D) to grab the plate and in (E) it is returned to its original position. The above process
can be repeated for each of the 6 plate positions in order to complete an immunoassay protocol.

The benefits of this format over the standard XYZ architecture is a reduced platform footprint since the
work envelope is much smaller. The first version that has been developed has a footprint of 300 x 500 x 800 mm
(XYZ) whereas a standard small format automated fluid handler is close to 4 times that in X and 2 times in Y. An
additional benefit of this format is that the user and head positions for each plate are terminal positions and no
intermediate positions exist that need to be attained as part of the system’s normal functionality. This, in
combination with contact switches both for the plate positions and the contact of the head with each plate, allows
the use of stepper motors with open loop controls for all motion axes and a simplified automation strategy that does
not rely in precision positioning. The Y axis effector moves the plate from the user to the head position. There, the
fluid handling head is aligned with the plate and can perform the various processes. This can be viewed in more
detail in Fig 3.9, where essentially the same steps described in Fig 3.8 can be seen performed by the platforms head
(2) and plate (Y) motion subassembly mechanism. In 3.9 D the Y effector has captured a plate and brought it in to
the head position. Locating pins are used for final plate alignment which can be seen in a magnified view. In 3.9 C,
the Y effector has moved below the gripping point of the plate and the plate is now aligned using the locating pins.
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Figure 3.8: A simplified depiction of the SampleX platform logic. Plates( blue) are pulled inwards by a Y effector

(green) towards the liquid & microbead handling head (purple). The platform is based on a 2 axis motion system

where plates are either at an outward (user) position or inward (process) position.

78



Figure 3.9: The process of capturing, moving and aligning a microtiter plate within the SampleX platform. The steps
are the same as in the previous figure and the role of the alignment pins can be seen in positions D&E.
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3.3.2 FLUID HANDLING SYSTEM DESIGN

Fluid handling in life science automation typically requires precision metering of low viscosity liquids for transfer
between microtiter plates, tubes and other liquid containers. The standard functions for fluid handling system are
aspiration and dispensing. Depending on the application the volumes that need to be transferred range from 1-2 ml
down to nl. For laboratory suspension immunoassay applications, a typical range is 1-100 pl. The fluid handling
system of the platform was designed for that range in a 96-well format.

The standard operating principle for precision aspiration and dispensing are plunger-based pumps like the Cavro
syringe by Tecan which is seen in Fig. 3.4. These pumps operate just like a plain syringe. The plunger is moved using
a linear actuation system such as a leadscrew or a ballscrew. The plunger tip is typically manufactured from a low
friction plastic, for example PTFE, while the syringe sleeve is usually made from borosilicate glass. A three-way valve
is sometimes used to allow the pump to handle larger volumes by resetting the plunger position while the flow
channel is isolated.

The liquid handling system of SampleX follows the same operating principle with multiple plungers being actuated
together. In Fig. 3.10, a section of the liquid handling head is shown. The plungers are sliding in the pump sleeves to
aspirate or dispense liquid volumes in and out of the pipette tips. The sealing between the plungers and the sleeves
is achieved using two EPDM o-rings. In order to maintain a low friction between moving parts, PTFE tubing with a
@3.5 mm ID was used for the sleeves. The plungers are mounted to a main actuated plate which moves upwards for
aspiration and downwards for dispensing. The fluid handling heads includes a plate with adapters sized for
disposable 20 ul pipette tips. For each pipetting position, a washing channel is included. The outlets for washing
buffer that can be seen in Fig. 3.10 are 26S needles (@130 um ID) connecting each channel with a main washing
buffer container. The washing container needs to be primed with buffer before any pipetting operation takes place.
Due to the small gauge and the length of the needles, there is significant pressure drop across their length. This
allows aspiration and dispensing to happen without drawing buffer from within the washing circuit. In order to
perform washing, assay buffer is pumped to the container using an external peristaltic pump. The washing buffer is
pumped from the needle into the pipette tip and then towards a waste container on the lower part of the platform.
Once the washing process is completed, a quantity of washing buffer remains in the pipette tip and needs to be
emptied using the plunger. In summary the fluid handling system has been designed in order to perform the
following functions:

e  Fluid aspiration by moving the actuated plate upwards

e  Fluid dispensing by moving the actuated plate downwards

e  Flow-through washing by pumping washing buffer through the pipette tips

e  Fluid mixing by oscillating the actuated plate upwards and downwards continuously

Going back to Fig. 3.2, the fluid handling system in this case also performs the function of a microplate mixer and
the function of a plate washer.
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Figure 3.10: A section view of the fluid handling head. The components participating in the fluid handling operations
are noted.

The arrangement with the flow through washing system, while very similar to commercial washing systems for bead-
based applications, can become a source of error when combined with a pipetting system, for example if a pipette
tip becomes blocked during an aspiration step or if the washing buffer flow through one of the needles is obstructed.
For this reason, a second arrangement for the fluid handling system exists (Fig. 3.11) in which the washing through
capability is not used and the washing buffer container is replaced with a sealing plate that isolates each channel
from the rest. In this arrangement the washing buffer outlets are not used and washing steps are done using buffer-
containing microtiter plates. This arrangement will be used throughout for the experimental section of this work.
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Figure 3.11: A section view of the fluid handling head showing an arrangement without washing-through capabilities.

The motion system of the fluid handling module is presented in Fig. 3.12. The main plunger plate is moved upwards
and downwards using two leadscrews which are located diagonally on two out of its four edges. The leadscrews are
rotated using a timing belt which is driven by a stepper motor mounted on the head’s top plate. In total, there are
five timing pulleys participating in the motion system: One driving pulley, two pulleys which are mounted on the
leadscrews and two idler pulleys. The shafts on which the idler pulleys are located are also used for the mounting of
linear ball bearings on which the actuated plunger plate is sliding during its vertical motion. For an S3M driving pulley
with a 1:1 transmission ratio and a leadscrew with 2 mm pitch, the calculated resolution of the vertical motion axis
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is 10 um for a full step of the motor (standard 200 steps/rev). This, combined with the sleeve’s internal diameter,
yields a volumetric resolution of 0.1 ul for the motor’s full step.

Driving pulley

Leadscrew

Idle pulley

Timing belt
Leadscrew

Linear ball
bearing
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A

Figure 3.12: The motion system for the fluid handling operations. A driving pulley rotates two leadscrews which move
the main plunger plate in the vertical direction.

In summary, the fluid handling system of the SampleX platform includes 96 plunger-based pipettes which operate
in parallel with a resolution of 0.1 pl. The key function of this module are aspiration and dispensing, mixing and
washing. Two different arrangements exist, one with a washing through module in which washing buffer is directly
run into the pipette tips and a simpler one in which the washing is not performed automatically but needs to be
done using a washing buffer containing microtiter plate. A prototype fluid handling head can be seen in Fig 3.13.
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Figure 3.13: A prototype of the fluid handling head used in the SampleX platform during an assay

3.3.3 MAGNETIC SEPARATION SYSTEM DESIGN

Magnetic separation of superparamagnetic microbead for immunoassays is typically achieved using strong
permanent magnets to attract the microspheres towards a physical barrier. The objective is to exert a magnetic
attraction force that is stronger than the fluid flow or other forces that will be applied during assay steps such as
washing or aspiration. While stationary magnetic separation modules usually rely on large block magnets, this is not
possible for the configuration that is attempted in this work. For this reason, alternative designs have been explored,
modeled and tested.
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MAGNETIC SEPARATION SYSTEM CONCEPT

The magnetic separation procedure in an automated system requires that a permanent magnet is manipulated so
that microbeads can be trapped or released depending on the requirement of the process step. In bead-based
assays, this is typically achieved using a magnet plate such as the one seen in Fig. 3.4B. The solution containing the
microbeads which need to be separated, is dispensed in a standard microtiter plate. The microtiter plate is then
placed on a magnetic separation plate. When the microbeads settle on the bottom of the plate drawn by the
attractive magnetic force, the liquid solution is removed using aspiration or simply by emptying the entire plate by
turning it over. The plate is then refilled with a different reagent or a washing buffer. This process requires the use
of a separate magnetic plate as well as fluid handling steps to move the beads from plate to plate whenever a
separation step is required. An alternative method is proposed here, in which the beads are trapped within pipette
tips. Using this approach, the process can potentially be simplified by turning the pipette tip into a reaction site. By
doing so, the need to transfer reagents and buffers between plates is removed. This greatly simplifies the protocol
required to perform an immunoassay in an automated environment. The concept can be seen in Fig 3.14, where
initially a bead-containing solution is aspirated using a pipette tip. A permanent ring magnet is then placed around
the pipette tip, which results in the microbeads being drawn towards the magnet and eventually trapped on the
inner pipette tip walls. Once the beads have been immobilized, the solution can be dispensed leaving only the
microbeads in the tip. If necessary, a washing step can take place using an additional buffer-containing plate or the
fluid handling head’s washing system (see previous section). Following that, the protocol can continue by aspirating
the sample, the secondary Ab and finally the label substance while the beads remain in the pipette tip. The
comparison of the proposed process against a conventional protocol for bead-based assays can be seen in Table 3.1
with plates A to E corresponding to the reagents used for a bead-based sandwich ELISA immunoassay. Compared to
the current state of the art, the proposed method requires less actions for each assay step while the different
stations-equipment required, have been replaced by the fluid handling head.
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Figure 3.14: A microbead separation approach is proposed in which the bead trapping happens within the tip. In (A)
a bead-containing solution is aspirated and the beads are suspended in the pipette tip. In (B), a permanent magnet
is placed around the tip which attracts and eventually traps the microbeads. Once the microbeads are immobilized,
the rest of the solution can be disposed of in its original plate
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Standard

SampleX process-

Assay step Standard process - Action . SampleX process - Action .
process- Station Station
1. Separate beads Magnet plate 1. D|sper.15e solution | Fluid handling
—retain beads head
) ) Fluid handler & ) Fluid handling
2. Aspirate solution magnet plate 2. Aspirate sample head
Introduce Washing system 3. Pipette up & Fluid handling
3. Wash with magnet down for head
Sample . .
plate incubation
4. Move sample
from plate B to Fluid handler
plate A
5. Incubate Mixer
1. Separate beads Magnet plate 1. Dlsper.15e solution | Fluid handling
— retain beads head
5 Aspi \uti Fluid handler & 2. Aspirate contents Fluid handling
. Aspirate solution magnet plate of plate C head
Introduce Washing system 3. Pipette up & Fluid handling
secondary Ab 3. Wash with magnet down for head
plate incubation
4. Move Ab from Fluid handler
plate C to plate A
5. Incubate Mixer
1. Separate beads Magnet plate 1. Dlsper.15e solution | Fluid handling
—retain beads head
5 Asp ut Fluid handler & 2. Aspirate contents | Fluid handling
- Aspirate solution magnet plate of plate D head
Introduce Washing system 3. Pipette up & Fluid handling
label 3. Wash with magnet down for head
plate incubation
4. Move label from Fluid handler
plate D to plate A
5. Incubate Mixer
1. Separate beads Magnet plate 1. D|sper.15e solution | Fluid handling
— retain beads head
Fluid handler & 2. Dispense beads Fluid handling
2. Aspirate solution head
magnet plate on plate E €a
Prepare for -
Washing system
reader .
3. Wash with magnet
plate
4. Move buffer from Fluid handler

plate E to plate A

Table 3.1: Standard vs SampleX bead-based immunoassay preparation process and required process stations.

Plates used for this example: A: Microbeads with primary Ab, B: Sample & standards, C: Secondary Ab, D: Label
(Streptavidin-PE), E: Buffer solution
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The development of a system that allows the introduction and removal of permanent magnets on 96 positions
simultaneously requires the design of a magnet plate with an arrangement of magnets. In order to be able to switch
in and out of the separation mode, the magnet plate, driven by a stepper motor, aligns with the pipette tips in two
distinct positions: A position where 96 magnets are aligned with the tips and a position where through holes are
aligned with the tips. The functionality of this submodule can be seen in Fig 3.15. The magnet plate can move
upwards and downwards so that the magnets can be placed around the pipette tips. Moving at the upper position
(A) the magnet plate is brought at the pipette tip level, while moving at the lower position (B) the magnet plate is
no longer interfering with the pipette tips. At the same time, the entire magnet plate can perform a translation on a
cyclic path which switches between the magnets on (C) and the magnets off (D) positions. The magnets-off position
is an array of 96 holes on the magnet plate which are offset at 180° from the magnet positions on the cyclic
translation path of the plate. These holes are larger than the largest diameter on the pipette tip, so when the magnet
plate is moved at the uppermost position, pipette tips can be loaded and unloaded through the plate.

In summary, the magnetic separation system of the fluid handling unit includes a magnetic plate which can move
upwards or downwards and switch between a magnets-on and a magnets-off position. The purpose of these motions
is to use permanent magnets to separate microbeads from their carrier solution and subsequently release them into
other positions according to the immunoassay protocol. The purpose of this 2-axis design is to be able to perform
bead separation in a fully automated platform without the need for auxiliary equipment and multistep processes
such as the ones typically used in conventional bead-based immunoassays. A prototype of the magnetic separation
system can be seen in Fig. 3.16.
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Stepper motor for Magnet plate
magnet plate vertical
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between magnets-on and
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Off center bearings

Figure 3.15: The magnet plate can move near the pipette tips (A) or disengage from the pipette tips and move
downwards (B). While in this position, a stepper motor on the magnet plate can switch between magnets-on (C) or
magnets-off position (D). The plate can then move up again with either the magnets or the through holes aligned to

the pipette tips.
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Figure 3.16: A prototype of the magnetic separation system. (A) The entire system assembled on the fluid handling
head. (B) A magnet plate using ring magnets

FORCES ACTING ON A PARA/DIAMAGNETIC MICROBEAD

The theoretical foundation for the calculation of the forces acting on a superparamagnetic or diamagnetic
microbead has been thoroughly explored in literature?*>2*2, For the case of superparamagnetic microbeads under
the influence of a non-uniform magnetic field, the magnetic force can be calculated:

The general equation for a magnetic force acting upon a superparamagnetic bead?*3244 js:
(1) Fy=@m "B

with 771 being the magnetic moment of the bead and B the external magnetic field affecting that bead. 77 can be

expressed as a function of the volume V and magnetization M of the beads:
(2) m =pVM

The magnetization of the beads is dependent on the initial magnetization of the material m and the effect of the

external magnetic field. Breaking M into these two components, (2) becomes:
(3) i = pV(My + M(B))=pV (Mg + 2L B)
0

where y; is the initial magnetic susceptibility of the microbead, p, is the magnetic constant and p is the material
density. By substituting (3) into (1) we get:

_ . e Vi = =
“) Fm=(77i-|7)B=pV(Mo-V)B+%(B-V)B
0
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Expanding (4) into its components for cartesian coordinates we get:

(5) Fp= pV(M,- V)B+ (B V)B =

M aB — 4+ M, 0By + M, 9Bx B aﬂﬂ? 9By Baﬂ

X gx T T gy T 02 5, Xox Yoy 7oz

0B, dB, 9B, | Vx, 0B, 0B, 0B,

=pV Moxa +M0ya + Mo, > +I BXW+Bya BZa—Z
\M + M, 9B, + M, aB/ \B 9B, B@H;@/

% ox Y gy %% gy Xox Yoy %oz

Assuming that the microbeads have no initial magnetization, we can again substitute (3) into (1) to get:
= _ 5 _ VXp ;5 -
0

Expanding (6) into its components for cartesian coordinates we get:

g, 2% p 9Px L p OOx
xox TG, Thg,

e Vi, ns V|, 9B, 9B, 9B,
7) E=X2(F.V)B = e N s N Wi’
(7) Fn=-—=(B-7) Xax+ya oz

\B 0B, B aBZ+BaBZ/
Xox Yoy %oz
Eq. 7 is most frequently used in literature for the calculation of magnetic forces acting upon a superparamagnetic

microbead. While eq. 4 is a more accurate form since it includes initial magnetization of the microbeads, the
simplified form is a commonly used approximation and it will be used throughout this chapter.

Apart from the magnetic forces acting upon the microbeads, drag forces and gravitational forces are affecting the
microbead behavior:

€)) F—d) = 6T Rpeqq (uparticle — Umeaium) (Stokes’ law)
(9) E = V(pbead - pmedium)g

where E and E are the drag and gravitational forces respectively, n is the medium viscosity, Uparticie, Umedium
are the microbead and fluid medium velocities, Ry.qq is the bead radius, ppeqq is the bead material density and
Pmedium 1S the medium density.

In order to explore the magnitude of these forces, we will assume a superparamagnetic polystyrene microbead of
6.5 um in diameter with embedded iron oxide nanoparticles giving it an an average density of 1.1 g/cm?3. Let us also
assume that this microbead is magnetically fixed on a barrier and it is resisting the flow of a medium of 1 mPa-s
viscosity and 1 g/cm? density at a flow velocity of 10 mm/s. What becomes evident is that eq. 8 yields drag forces
in the order of 101° N while eq. 9 yields gravitational forces in the order 10 N. In effect, gravitational forces are
much smaller than fluid flow interaction forces and as such, they will not be considered when magnetic forces or
drag forces are acting upon the microbeads. As such, in the general case of bead separation, the hydrodynamic drag
and the magnetic attraction forces will be taken into account based on eq. (7) and eq. (8).
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DEFINITION OF THE PROBLEM

The objective of a magnetic bead separation system is to be able to immobilize the beads while other process steps
are taking place, for example washing. Additionally, it needs to be able to switch between bead immobilization and
release positions. The immobilization is achieved using N48-N52 Nd magnets directly in contact with the pipettes. In
Fig 6.9, a cross section of a row of pipettes can be seen. The magenta-colored part is where the magnets are located.
As the pipette aspirates the solution which contains the microbeads, the flow goes through a cross section of the tip
which has a diameter of 1000 um where permanent magnets are positioned around the tip. In this way, when the
microbeads go through the area encircled in Fig 3.17, they are immobilized by the magnets. We can define the
aspiration volume of a pipette tip to be 20 pl and the time required to pipette this volume in and out of the tip
(mixing) to be 4 sec with no dwell (so 2 seconds per each step). Based on these:

Vol, 20 mm3
(10) umedium,c‘s = A ¢ = 1 mm 2 = 127 ‘m‘m/S
CaNEETY

mm
(11) Fycs = 6mnR (Uparticie cs — Umedium cs) = 6 1 mPa s 6.5 um (0 - 12.77) =~ —15.6-10"1°N

where CS notation refers to calculations on the pipette cross section where bead immobilization is done, Vol is the
aspiration volume of the tip, 4, is the required flow rate and t is the available time to complete the step.

Figure 3.17: The objective of the magnetic separation system is to trap the microbeads within the pipette tips. This is
achieved by retractable permanent magnets.

Using the theoretical background from the previous section, the appropriate type, shape and size of the magnet
needs to be selected in order to overcome the drag force calculated in eq. 11. Since the magnet-carrying part
needs to be able to switch between bead immobilization and release positions, both magnet positions and
clearance holes for the pipettes exist and correspond to antipodal points in the motion profile of this part. This
creates a geometrical constraint for the design of the magnets, since they need to fit in the space allowed by the
pitch of the pipettes, which is predefined and equal to 9 mm for 96-well formats. As can be seen in Fig 3.18, the
maximum space that can be used for the placement of magnets needs to be encircled within a diameter of 5 mm.
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To maintain structural integrity of the magnet-carrying part, this is reduced to 4.5 mm. The inner diameter needs
to be kept at or near 1.5 mm which is the outer pipette diameter at the middle of its functional length.

Figure 3.18: The main constraint of the separation module is geometrical. The permanent magnets need to be able
to fit between the clearance holes which are used when magnetic trapping is undesirable. This leaves a maximum
space of 4 mm in diameter in order to maintain the structural integrity of the magnet-carrying part

A secondary constrain is the requirement for the pipette tip to be able to reach a standard microwell bottom in both
the bead immobilization and release positions. Particularly in the bead immobilization position, the maximum
available space is 3 mm. However, to maintain structural integrity of the magnet-carrying part and in order to
facilitate the magnet assembly, the total magnet height needs to be less than 3 mm (Fig 3.19).

Figure 3.19: The magnet height is restricted by the total pipette tip length. The pipette needs to be able to reach the
bottom of a standard microwell, so the maximum height of a separation magnet needs to be less than 3 mm.

In summary of this section, the design problem definition is the following:

e A permanent magnet arrangement is required to attract and immobilize superparamagnetic microbeads
e The magnetic trapping force needs to be able to overcome the drag forces of ~ 13 - 1071% N exerted upon
any microbead as a result of fluid flow
e The permanent magnets need to fit within a ring-shaped space of the following dimensions:
o Outer max diameter= @4.5 mm
o Inner max diameter= @1.5 mm
o Height<3 mm
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FINITE ELEMENT MODELLING | RING SHAPED MAGNET

For the geometry of a pipette tip and a magnetic field caused by a permanent magnet, eq. 7 can be solved using a
finite element model of a permanent magnet. Assuming we are using a ring-shaped magnet (Fig 3.20), the problem
becomes axisymmetric. Additionally, we can make the following assumptions:

e The magnetic field of one tip position is not strong enough to affect other positions, each tip is modelled
independently

e The rest of the materials in the assembly are not magnetic/ superparamagnetic and will be considered to
have a relative magnetic permeability of u,, = 1

e [tis assumed that bead immobilization will take place near the magnet

e The magnetic polarity will be coaxial to the flow direction

|1 .°
lo 0 @ 1 mm

_____ L

Figure 3.20: Using a ring-shaped magnet makes the trapping problem axisymmetric. The yellow dashed lines
represent the bead immobilization zone, i.e. where the beads are expected to be trapped during aspiration/release
steps

Based on these assumptions, an axisymmetric model can be built for each pipette individually. The following
definitions are going to be used in the model:

The magnetic constant:

lo = 1.25664 10~ H/m

The magnetic susceptibility of a superparamagnetic microbead?*
xp = 0.17

The volume of a MagPlex superparamagnetic microbead?* by Luminex:

4 4
V= §7rr3 = 571(6.5 +107%)%3 = 1.44 1071 m3
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The flux density of a neodymium N48 magnet in the direction of magnetization:
B, =138T
Using these parameters, a model is set up in COMSOL Multiphysics:

Model setup - Ring magnet Mesh - Ring magnet
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Figure 3.21: An axisymmetric model of bead separation within a pipette tip in COMSOL Multiphysics. On the left, the
model setup. The microbeads are initially floating in the pipette tip interior. The magnet attracts and immobilizes the
microbeads on the pipette tip wall. On the right, the mesh generation for the model.

The 2d model contains 3 boundaries: The magnet, the pipette interior and the free space. In effect, the pipette
interior and free space have identical properties for this initial simulation. All domains are meshed using mapped
guad elements. The model mesh size was selected by calculating the force upon a bead positioned at any length of
the pipette tip wall. The mesh was refined until the force calculation converged to a smooth curve that would remain
unchanged upon further refinement (Fig. 3.22)
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Calculation of magnetic force vs mesh size

— 0.02 mm |
— 0.05 mm | 7
— 01lmm |7
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1 1.5 2 2.5 3 3.5
Position on barrier (mm)

Figure 3.22: Mesh size was selected by refining the model until the force exerted upon a random bead on the pipette
tip wall would converge and not change upon further mesh refinement

Solving a stationary study for these conditions gives the magnetic flux density B = (B, By, B,) inside the pipette tip.

Using Eqg. 6 and B the force m can be calculated. Since the problem is axisymmetric, Eq. 6 needs to be written in
cylindrical coordinates:

0B, +B, 0B, 0B, B}
v v Tor r 06 29z r
(12) B, =-22(F-v)B=-22| p 9Bo  Bo 0Bs 0By BobBr
Ho Ho or r 00 0z r
B, B, 0B, 9B,
Bt 30 TP 5,

Because of the symmetry around z, Bg = 0 and Z—I; will also yield zero. Eq. 12 becomes:

dB, _ 8B,
v B

T =3 — 174 [ z
(13)  Ep = (Fur Finz) = ﬁ(B 'V)B =X ar 0z
' Ho Ho B aBZ +B aBz
"or 7oz

And the magnitude can be calculated for every point within the work area:

Vo dBr dBr\* 0Bz dBz\*
(14) ||, || = 22 (Br— + Br—) + (Br— + Bz—)
Uo or 0z ar 0z

Using the flux density data which are calculated using the FEA model in Eq. 13 & Eq. 14, the force applied to a
microbead by the permanent magnet can be calculated within the pipette tip (Fig. 3.23).
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Force on microbeads within pipette tip (N)
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Figure 3.23: The magnetic force exerted on superparamagnetic microbeads by a ring-shaped magnet (up).
Streamline plot to indicate microbead paths (down) (effects of fluid flow are ignored)



What can be seen in Fig 3.23 is that the force vectors indicate a movement of the microbeads towards the tip barrier
where they will be immobilized. However, the force vectors above and below the magnet indicate that the
microbeads will not be pulled towards the magnet but further away before they stop at the pipette tip wall. This can
be better viewed in the streamline plot of Fig 3.23. While the starting point of the microbeads is near the upper or
lower level of the magnet in the Z axis, they follow paths that move them towards the pipette tip barrier but away
from the magnet. In a bead separation process, this could pose a challenge for the trapping efficiency since the
microbead will move away from the magnet where the magnetic field is weak. In those positions, the drag force is
likely to dominate over the magnetic immobilization force exerted by the magnet. So, if we were to use the magnetic
immobilization technique as a flow through scheme for a binding assay, the microbeads could potentially be lost
during an incubation or washing step.

The effect of the magnet size on the exerted force needs to be quantified to further explore the applicability of this
solution. Since the endpoint of each microbead streamline is the pipette tip inner wall, it makes sense to calculate
the force upon this barrier. The size range of the magnet has already been defined in the problem definition section.
Solving the model for a range of magnet outer radiuses and heights gives the radial component of the magnetic
attraction force which can be used for magnet sizing (Fig. 3.24). In the top part of this figure, the effect of the outer
radius of a ring magnet on the magnetic force experienced by a microbead is calculated for different radiuses. The
x-axis represents the position on the pipette’s inner wall, starting from 1.5 mm over the top level of the magnet and
moving 3 mm below the magnet bottom level. The inner radius and magnet height are kept at 0.75 mm and 1.5 mm
respectively while the magnet top level corresponds to the 1.5 mm position on the figure’s x-axis. What can be
observed on the top part of the figure, is that the maximum outer diameter that can fit in this design, will also yield
the maximum magnetic force. Additionally, there are 2 zones where the radial force is maximized, just below the
magnet top level and just over the magnet bottom level. This can be seen by the double peak of each curve. On the
bottom part of Fig. 6.16, the effect of magnet height is explored. Magnet heights ranging from 0.25 to 3 mm are
used for the calculation, while the inner and outer radiuses are kept at 0.75 and 2 mm respectively. The magnet’s
top level again corresponds to 1.5 mm in the figure’s x axis. In this case, the maximum attractive radial force occurs
for a magnet height equal to 0.5 mm, while the force decreases both for smaller and larger magnet heights.
Additionally, for the 0.25 & 0.5 mm magnet heights there is only one distinct trapping zone, while for the bigger
magnets there are, again, two peaks. From these results, it can be deduced that the maximum attainable trapping
radial force for a magnetic microbead at the pipette wall, will occur for the maximized outer diameter of a ring
shaped magnet, which in this case is 4.5 mm, and a magnet height equal to 0.5 mm.

While the above provide an insight on the required magnet design for maximum trapping force on the pipette inner
wall, the design of a microbead retention device cannot be fully described using this approach. The reason is that in
this case, the design for maximum retention force on the pipette wall does not necessarily guarantee maximum
radial force in positions further away from the tip wall. On the top of Fig 3.24, the magnetic forces on a microbead
have been calculated for different magnet heights at the cross section in which the maximum trapping force was
attained from Fig 3.23. However, what can be seen is that the magnet size with the highest trapping force on the
pipette barrier (h=0.5 mm) is outperformed in positions closer to the pipette center by the magnet with h=1 mm.
Additionally, the axial forces acted upon the microbeads in combination with the fluid flow within the tip will also
affect the microbead orbit and its end position. In the bottom part of Fig. 3.25, the axial forces on a microbead have
been calculated for different magnet heights in different positions of the pipette tip barrier. The results can be more
easily visualized by also looking at the top part of Fig 3.25. The magnet with h=1 mm will give a magnetic force with
a stronger z-component compared to the other magnets. But as can be seen in Fig 3.24, this component has the
potential to either move the beads within the trapping zone or move them away over or under the magnet. This can
result in inefficient trapping or even beads being lost.
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Radial force vs outer magnet radius
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Figure 3.24: The radial component of the magnetic force on the pipette inner wall as a function of the magnet
outer radius (top) and the magnet height (bottom)
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Radial force vs magnet height within tip cross section
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Figure 3.25: The radial component of the magnetic force within the cross section at the position of maximum
trapping force(top) and the axial component of the magnetic force for different magnet heights (bottom)
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PARTICLE TRACING | RING SHAPED MAGNET

In the previous section, the magnetic force components acting upon a microbead in various positions within a pipette
tip have been shown. Different calculations have been made for different ring magnet sizes and the results have
been shown for the pipette tip wall but also within a tip cross section. However, the existence of both axial and radial
magnetic force components, the fact that there is fluid flow affecting the microbead orbit and the existence of
multiple trapping zones -some of which may be undesirable-, necessitate a different approach that can model all of
these conditions simultaneously and yield a result about the trapping efficiency vs the magnet size. Particle tracing
is a straightforward way to evaluate the performance of a microbead retention mechanism.

In order to perform a particle tracing analysis for this problem, the following two vector fields need to be calculated:

e The magnetic forces acting upon a microbead in every position within the pipette tip
e The drag force due to the fluid flow velocity field within the pipette tip

The magnetic forces are calculated in the same way as in the previous section. In order to calculate the drag forces,
we first define the required flow in and out of the pipette. Following the norm of the previous section, we can assume
that for a mixing protocol, it is reasonable to aspirate and dispense a nominal volume of 20 pl in 4 seconds with no
dwell time in between the steps. Therefore, each of the two steps will last 2 seconds. This corresponds to a mass
inflow to the pipette tip equal to 10 kg/s. For a tip inner diameter of 840 um, the average flow velocity will be
Ugyg = 18 mm/s. With these given, the Reynolds number for the flow within the tip can be calculated:

mm_  Dh (mm) 0.84
(17) Re = uavg(T - W =18- T =15.2
v (5

The Reynolds number indicates that the flow within the tip can modeled as laminar, which is typical for applications
near or in the microscale.

Using the same model as before, additional physics is added to the Comsol model:

e Laminar flow inside the pipette tip
e  Particle tracing for fluid flow

For the laminar flow simulation we use an incompressible flow with no turbulence model. The bottom part of the
pipette tip is set as an inlet with a condition of mass flow rate i = 107> kg/s and the upper part is set as an outlet.
The pipette tip walls are modeled with a no slip boundary condition. The problem remains axisymmetric and the
mesh remains the same for both the magnetic and fluid flow problems. The solution for the fluid flow problem can
be found in the top part of Fig 3.26. The problem is solved to acquire a velocity vector field. Using this vector field
and Stokes law (Eq.8) the forces acting upon a microbead due to fluid flow can be calculated for every position with
the pipette tip.

For the magnetic force vector field, the model from the previous section as it was described by Eq. 12, is used here
as well. In the bottom part of Fig 3.26, the force vector field acting upon a microbead can be seen. The arrows
represent the force direction in different positions, while the color scale represents the force magnitude.
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Figure 3.26: Two different physics models are required to model particle tracing: Fluid flow (top) for Stokes drag
model on the microbeads and the magnetic forces on the microbeads (bottom) as described in Eq. 12

102



Having calculated the fluid velocity and the magnetic force on every position within the pipette tip, the particle
tracing analysis becomes straightforward. The bead properties from the previous section are used here as well:

6.5
Rpeqa = 7 um
g
Preaa = 1-1%

Based on the previous input, a time dependent model is built to simulate the behavior of 20 microbeads that are
found on the pipette tip entry point at t=0 sec. The study duration is set at 1 second (defined by trial and error, may
be different for some setups). The 20 microbeads are uniformly distributed at the inlet so that the dependence of
the initial position can be effectively modeled. A time step of 0.01 seconds is defined for the model. The output is a
sequence of positions for each microbead.

From the results of the previous section, a magnet outer radius ro,t=2.25 mm and a magnet height h=0.5 mm were
found to generate the stronger effect in terms of radial magnetic force. Using these parameters, the magnetic force
field is calculated and the resultant microbead paths are recorded for each timepoint. In Fig. 3.27, the results of this
simulation are presented in characteristic timepoints:

e t=0.01 s: The microbeads are still unaffected by the magnetic field and are following the parabolic flow
profile

e t=0.1s: The microbeads that initiated near the center of the pipette tip are now approaching the position
where there the magnet’s radial force peaks (See Fig 3.24)

e t=0.2 s: 10/20 microbeads have been immobilized at the position where the radial magnetic force peaks,
8/20 microbeads are approaching the magnet, but 2 microbeads have overshot the trapping position and
will not be trapped

e t=0.3-1.0s: The remaining 8 microbeads are immobilized, however not at the intended trapping position
but at a position below the magnet where the radial force is much weaker

What can be deduced from the above analysis is that the maximization of the radial forces alone may not be enough
to maximize the efficiency of the magnetic separation. The particle tracing analysis provides additional information,
in particular the number of beads that is expected to overshoot the trapping position and the number of beads that
may be immobilized in positions that are not intended for microbead trapping. It can be argued that the microbeads
that overshot the immobilization positions may again be trapped when the flow is reversed, i.e. during the
dispending step. However, it is also possible that they will be immobilized at any position over the magnet, which
could potentially cause them to be lost or affect subsequent process steps.

Additionally, while the position time series is an effective tool to display the effect of the magnetic field, only the
end position of the microbeads is necessary to evaluate the trapping efficiency of the magnet.
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Microbead trapping timepoints | Ring Magnet (r_out=2.25, h=0.5)
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Figure 3.27: A time series displaying the effect of the magnetic field from a ring magnet on several
superparamagnetic microbeads that are aspirated by the pipette.
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Based on the previous, an effective way to optimize the magnet design would be to run a particle tracing analysis
across the diameter and magnet height range. Using the same parameters as before, the magnetics model is solved
for different magnet designs and a particle tracing analysis is done for each case. A compilation of the results can be
seen in table 6.20 while the microbead paths per case can be observed in figures 6.21-6.24.

In table 3.2, the trapping efficiency of a range of ring magnet heights and outer radiuses combined is presented. A
column for trapping (%) denotes the percentage of beads that were attracted by the magnetic forces and eventually
ended up on the pipette tip wall. A column for overshot (%) shows the percentage of beads that were not able to be
trapped by the magnet and overshot the magnet zone. A threshold is set at 95% trapping above which the solution
is considered acceptable. However, some of the magnet designs are structurally undesirable. Designs with a magnet
height of 3 mm and diameters equal or over 4 mm will weaken the magnet holding structure excessively as can be
seen in Fig. 3.18. For this reason, 4 of the solutions are excluded from the selection as structurally undesirable.

Magnet height (mm)  Magnet outer radius (mm)  Trapping (%) Overshot (%) Comments
0.25 0.5 40% 60% Low efficiency
0.25 1.5 55% 45% Low efficiency
0.25 2 60% 40% Low efficiency
0.25 2.25 60% 40% Low efficiency
0.5 1 55% 45% Low efficiency
0.5 1.5 80% 20% Low efficiency
0.5 2 90% 10% Low efficiency
0.5 2.25 90% 10% Low efficiency
1 1 65% 35% Low efficiency
1 1.5 100% 0% v
1 2 100% 0% v
1 2.25 100% 0% v
1.5 1 65% 35% Low efficiency
1.5 1.5 100% 0% v
1.5 2 100% 0% v
1.5 2.25 100% 0% v
2 1 60% 40% Low efficiency
2 1.5 95% 5% v
2 2 100% 0% v
2 2.25 100% 0% Structurally undesirable
3 1 55% 45% Low efficiency
3 1.5 90% 10% Low efficiency
3 2 100% 0% Structurally undesirable
3 2.25 100% 0% Structurally undesirable

Table 3.2: Trapping efficiency of different ring magnet size with varying magnet height and outer radius.
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Microbead trapping paths vs magnet size 1
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Figure 3.28: Paths and end positions of microbeads entering the pipette tip driven by a laminar flow under the
influence of a magnetic field from ring magnets of different height (h_mag) and outer radius (r_out). Microbeads
that appear to have reached the top of the pipette tip, are considered to have overshot the trapping position.
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Microbead trapping paths vs magnet size 2
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Figure 3.29: Paths and end positions of microbeads entering the pipette tip driven by a laminar flow under the

influence of a magnetic field from ring magnets of different height (h_mag) and outer radius (r_out). Microbeads

that appear to have reached the top of the pipette tip, are considered to have overshot the trapping position.
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Microbead trapping paths vs magnet size 3
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Figure 3.30: Paths and end positions of microbeads entering the pipette tip driven by a laminar flow under the
influence of a magnetic field from ring magnets of different height (h_mag) and outer radius (r_out). Microbeads

that appear to have reached the top of the pipette tip, are considered to have overshot the trapping position.
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Microbead trapping paths vs magnet size 4
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Figure 3.31: Paths and end positions of microbeads entering the pipette tip driven by a laminar flow under the
influence of a magnetic field from ring magnets of different height (h_mag) and outer radius (r_out). Microbeads
that appear to have reached the top of the pipette tip, are considered to have overshot the trapping position.

109



Out of the 24 different combinations, 8 designs yield trapping efficiencies >95% based on the particle tracing model.
Among these 8 designs, there are groups which share the same magnet height but a different magnet radius. As it
has been shown in Fig 3.24, while the effect of the magnet height on the bead trapping may not be straightforward,
larger outer radiuses result in an increase of the magnetic attraction. As such, out of the 8 designs we can assume
that the three with the larger radius will yield the highest efficiency. This leaves 3 candidate combinations to be

compared against each other:

Design No Magnet height (mm) Magnet outer radius (mm)
1 1 2.25
2 15 2.25
3 2 2

Table 3.3: Three different ring magnet designs are promoted from the particle tracing analysis as the more suitable
design choices for efficient microbead trapping

One criterion which can be used as a comparison is the total force a microbead experiences near the pipette inner
wall. Using as a calculation position a line within the pipette tip distanced 0.1 mm from the pipette wall, the magnetic
attraction force towards the magnet can be estimated for microbeads in the pipette near the magnet. This is an
indication of how strongly the magnet will affect particles that are near it. The results for the three promoted designs
from the previous analysis can be seen on Fig. 3.32. The dashed yellow line represents the calculation position. The
magnetic attraction force is calculated on this line starting from the top of the work area and moving downwards
with the magnet upper level being at 1.5 mm. What can be seen is that the magnet design (1) with the smaller height
has an advantage over the other two designs with the difference being smaller for the design (2) with h_mag=1.5
mm. The two peaks of the attraction force correspond roughly to the top and bottom level of each magnet and
appear in different positions for each design due to the different magnet heights.
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Magnetic attraction force within tip for different magnet designs
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Figure 3.32: The total magnetic attraction force inside the pipette tip for the three different magnet sizes that were
promoted from the analysis seen in table 6.20. This is an indication for the attraction of the different magnet designs
in positions near the magnet.

A second criterion that can be used to evaluate the performance of the trapping system is the magnetic force on the
pipette inlet. Since it is undesirable for the pipette to aspirate air, part of the liquid volume will remain on the bottom
part of the pipette tip and will not be aspirated further upwards. For this volume, the particle tracing analysis does
not provide any information. In order to achieve trapping, these microbeads will require a dwell step in which the
liquid rests and the microbeads are left to move towards the magnet. This process step can be seen in Fig. 3.33.
Starting at t=0 sec, a microbead-containing liquid volume has been aspirated by the pipette tip but the aspiration
has stopped before these beads can reach the magnet level. The microbeads contained within this volume are left
to float within the liquid buffer and approach the magnet due to the magnetic force alone. In the following time
steps, the microbeads are seen to move towards the magnet following paths defined by the magnetic force vector
field (Fig 3.33).
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Figure 3.33: For microbeads that remain at the lower part of the pipette tip when the aspiration stops, the magnetic
force alone needs to pull them towards the magnet so that efficient separation can be achieved
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As seen during the analysis of Eq. 9, the effect of gravity in combination with buoyancy on the microbeads vyield
forces in the order of 101* N, while the magnetic forces at the most distant part of the working field are in the order
of 10! N. As such, and in absence of a fluid velocity field, the magnetic forces dominate. Because of this, it makes
sense that all three promoted designs will also result in the microbeads being trapped, although it would require
different dwell times depending on their force vector throughout the capture paths. In order to compare the three
designs as to their effect on microbeads further away from the magnet, the magnetic force for a pipette tip cross
section at a lower position of the work area will be calculated. In Fig 3.23, a line crossing the pipette tip at y=0.5 mm
is drawn and on this line the total magnetic attraction force is calculated for all three designs. The vector directions
seen in Fig. 3.23 which are plotted again in 3.34, indicate that at further positions from the magnet level, the
dominant component of the magnetic force is axial. This is the force acting upon the stationary microspheres that
pulls them towards the magnet. What can be seen in Fig 3.34, is that the magnet design (3), which has the largest
magnet height (h_mag=2 mm) yields the strongest magnetic force among the three designs. Design (1) -which gave
the highest attraction force in positions near the magnet- yields the lowest force in this instance while design (2) is
in between the other two.

Magnetic force on pipette inlet for different magnet designs
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Figure 3.34: The total magnetic attraction force at the lower part of the pipette tip for the three different magnet
sizes that were promoted from the analysis seen in table 3.2. The magnetic force at this distance from the magnet
has a dominant axial component.
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In summary, a particle tracing analysis resulted in the selection of 7 different ring magnet designs which would be
expected to have an increased trapping efficiency over the rest. Because it was shown in Fig. 3.24 that ring magnets
with larger diameters output larger magnetic forces, these 7 solutions were narrowed down to 3 solutions by
excluding designs which had the same height but a smaller diameter than another promoted design. These 3
solutions were compared to one another using two different criteria: (A) The magnetic attraction in microbeads near
the magnet and (B) the magnetic attraction in microbeads far from the magnet. In these final two analyses, design
1 yielded the best performance near the magnet but the worst far from the magnet. Design 3 yielded the best
performance far from the magnet but the worst near the magnet. Design 2 had comparable results with design 1
near the magnet and was between the other two solutions far from the magnet. In all of these cases the inner
magnet radius remains 1.5 mm and the calculations are made for an N48 neodymium magnet.

Overall, design 2 (height=1.5 mm, Outer radius=2.25 mm) yielded the most promising results as per its expected
performance in a magnetic separation system for microbeads that is based on a ring magnet design.

FINITE ELEMENT MODELLING | QUATREFOIL MAGNET ARRANGEMENT

In the previous section, the trapping efficiency of a ring magnet placed around a pipette tip which is aspirating a
solution containing superparamagnetic microbeads was modelled using finite elements and particle tracing. While
the ring magnet is an intuitively obvious choice, a different arrangement can also be used which includes 4
symmetrically positioned cylindrical magnets around the pipette tip. The shape formed by the magnets can be seen
in Fig. 3.35 and is known as a quatrefoil.

Figure 3.35: An arrangement based on 4 cylindrical magnets positioned around the pipette tip in order to trap
microbeads within the pipette tip.

The potential benefit of this approach is that in this arrangement, larger magnets can be used without compromising
the structural integrity of the magnet carrier as was the case with the ring magnets. In figure 3.35, four magnets
have been placed within the area of a circumscribed circle of 4.5 mm in diameter. In the case of the ring magnet,
solutions with a diameter of 4.5 mm and a height over 1.5 mm had to be rejected because they were structurally

114



undesirable. However, in this scenario, magnet heights of over 2 mm can be used since this arrangement does not
weaken the part as much.

Since this arrangement is not axisymmetric, the cartesian space is more suited for the mathematical formulation.
For this model, Eq. 7 will again be used for the calculation of magnetic forces within the pipette tip:
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By——+B,—+ B,—

Xox t y6y+ Z 9z

— Vxp,» = Vi 0B, 0B, 0B,
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xox TB g, T B,

In terms of analysis, this scenario requires a 3D model with a quarter symmetry (Fig 3.36). Since this is a more
demanding application computationally, the model was built with a coarse 0.3 mm mesh size of free tetrahedral
elements applied across all domains. The metric used for the evaluation of the magnet size is the magnetic force on
a microbead resting at the inner pipette tip wall adjacent to the magnet. This can be modelled as a line segment
resting on the intersection of the plane generated by the pipette tip centerline and the magnet centerline and the
inner pipette tip wall. This line can be seen in both parts of Fig 3.36. Since the evaluation of the magnetic force (Eq.
7) requires the calculation of derivatives across the magnetic flux density vector field, the results tend to be noisy
and require a mesh refinement to better capture the magnetic flux density in the first place. For this reason, a
refinement of 0.01 mm with a growth rate of 1.1 is used on the line of calculation (Fig 3.37). Using this model, the
magnetics problem can be solved and the magnetic force acting upon a superparamagnetic particle can be calculated
for the pipette tip domain. The magnetic material remains Neodymium N48 with a magnetization of 850 [kA/m] and
every other material is considered to share a relative permeability equal to 1.
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Figure 3.36: A 3D model of the quatrefoil magnet arrangement with a quarter symmetry. Calculations for the
determination of the magnet size are done on the inner pipette tip wall on the line nearest to the magnet
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Figure 3.37: The model is meshed with a 0.3 mm element size across all domains and a refinement of 0.01 mm on
the line where forces will be calculated

For the purpose of mapping the effects of different magnet geometric attributes, the model is solved (A) for magnets
of a 1 mm diameter and heights ranging from 0.5 to 2.5 mm and (B) for magnets of 1.5 mm height and radiuses
ranging from 0.25 to 0.75 mm. The results can be seen in Fig. 3.38. What is calculated is the radial magnetic force
across the line of calculation which is used as a metric that indicates the trapping force of a microbead once that
microbead has been immobilized on the pipette tip wall. This value is important because it indicates the ability of
the system to retain trapped microbeads during assay operations. However, just like in the previous section, it
cannot be the only criterion since it does not provide information about the ability of the system to capture the
microbeads in the first place.

On the top part of Fig 3.38, the effect of different magnet heights is explored. The magnet radius is kept at 1 mm for
all designs and the height is varied from 0.5 to 2.5 mm. What can be observed, is there is a small decreasing trend
for the peak force of larger magnets, however the differences are within ~10% of the nominal value. Depending on
the results of the particle tracing analysis that will follow, this difference could be unimportant.

On the bottom part of Fig. 3.38, the effect of different magnet radiuses is explored. The magnet height is kept at 1.5
mm for all designs and the radius is varied from 0.25 to 0.75 mm. What can be observed is that, just like with the
ring magnets, the increasing diameter yields larger retention forces. This is an indication that larger diameters would
most likely result in higher separation efficiency and retention ability.

Based on all the previous, for the case of the quatrefoil arrangement, a large magnet diameter appears to favor
higher separation efficiencies, while the effect of the magnet height should be evaluated through a particle tracing
study.
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Radial force vs Magnet height
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Figure 3.38: The effect of different magnet heights (top) and diameters (bottom) is explored independently for the
quatrefoil magnet arrangement
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PARTICLE TRACING | QUATREFOIL MAGNET

In the previous section, the magnetic force components acting upon a microbead in various positions within a pipette
tip have been shown for the quatrefoil magnet arrangement. Different calculations have been made for different
magnet sizes and the results have been shown for a microbead immobilized on the pipette tip wall. However,
following the same rationale as in the ring magnet analysis, a particle tracing model is going to be used to assist in
the design of the magnetic separation system.

As with the ring magnet, in order to perform a particle tracing analysis for this problem it is necessary to calculate
the magnetic force vector field and the fluid flow velocity field within the pipette tip. Keeping the ring magnet
conditions to produce comparable solutions, the mass inflow to the pipette tip is set to 10 kg/s. The pipette tip
remains the same, thus the Reynolds number does not change. The force and fluid flow fields can be seen in Fig.
3.39.

On the top part, the velocity field during fluid aspiration is calculated for the 3D model using a laminar flow model.
Just like in the previous section the model is set with a total fluid mass inlet of i = 107> kg/s, no-slip boundary
condition at the pipette tip walls and no turbulence model. The results are identical to the axisymmetric model seen
in the previous section which was expected. On the bottom part of Fig 3.39, Eq. 7 is solved for the magnet flux
density vector field to yield the magnetic force acting on a superparamagnetic microbead in any position within the
pipette tip. Only the force magnitude on the pipette wall is visible, however the field within the entire tip has been
calculated to be used as input for the particle tracing problem.
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Figure 3.39: Two different physics models are required to model particle tracing: Fluid flow (top) for Stokes drag
model on the microbeads and the magnetic forces on the microbeads (bottom) as described in Eq. 12
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Using the two fields shown in Fig. 3.39, the 3D particle tracing problem is solved. The fluid inlet is set as a starting
point for microbeads. The number of microbeads is set to 60 for each quarter section. The trapping efficiency of this
arrangement has been compiled for all designs in Table 3.4 while each separate case can be seen in Fig. 3.40 — 3.42.
Microbeads that overshoot the magnet position and flow towards the outlet of the model reduce the trapping
efficiency of the magnet arrangement. Microbeads that are immobilized on the pipette tip wall are considered to be

captured.

The results from this analysis (Table 3.4) show 4 magnet designs that yield trapping efficiency over 95%, the

threshold over which a solution is considered acceptable. The promoted solutions include designs with the largest

magnet radius (0.75 mm) and a range of magnet heights (1-2.5 mm)

Magnet height (mm)

0.5
0.5
0.5

15
15
15

25
2.5
25

Magnet outer radius (mm)

0.25
0.5
0.75
0.25
0.5
0.75
0.25
0.5
0.75
0.25
0.5
0.75
0.25
0.5
0.75

Trapping (%)

47%
72%
83%
57%
83%
98%
57%
88%
100%
57%
87%
98%
57%
87%
98%

Overshot (%)

53%
28%
17%
43%
17%
2%
43%
12%
0%
43%
13%
2%
43%
13%
2%

Comments

Low efficiency

Low efficiency

Low efficiency

Low efficiency

Low efficiency
v

Low efficiency

Low efficiency
v

Low efficiency

Low efficiency
v

Low efficiency

Low efficiency

v

Table 3.4: Trapping efficiency of different magnet sizes in the quatrefoil magnet arrangement with varying magnet

height and outer radius.
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Fig 3.40: End positions of microbeads entering the pipette tip driven by a laminar flow under the influence of a
magnetic field from a quatrefoil magnets arrangement with cylindrical magnets of different height (h_mag) and
radius (r_mag). Microbeads that appear to have reached the top of the pipette tip, are considered to have overshot
the trapping position.
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Fig 3.41: End positions of microbeads entering the pipette tip driven by a laminar flow under the influence of a
magnetic field from a quatrefoil magnets arrangement with cylindrical magnets of different height (h_mag) and

radius (r_mag). Microbeads that appear to have reached the top of the pipette tip, are considered to have overshot
the trapping position.
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Fig 3.42: End positions of microbeads entering the pipette tip driven by a laminar flow under the influence of a
magnetic field from a quatrefoil magnets arrangement with cylindrical magnets of different height (h_mag) and
radius (r_mag). Microbeads that appear to have reached the top of the pipette tip, are considered to have overshot
the trapping position

Following the previous analysis, there are 4 available solutions to be compared to each other (Table 3.5). In order to
perform the comparison, the same methodology that was used for the ring magnet design will be used in this case

too.
Design No Magnet height (mm) Magnet outer radius (mm)
1 0.75
2 1.5 0.75
3 2 0.75
4 2.5 0.75

Table 3.5: Five different magnet designs for the quatrefoil arrangement are promoted from the particle tracing
analysis as the more suitable design choices for efficient microbead trapping
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Using the same approach as in the ring magnet design, the following two criteria are explored in order to compare
the different magnet sizes:

1. The total magnetic force within the pipette tip in an area near the magnet
2. The total magnetic force within the pipette tip in an area far from the magnet

The magnetic force within the pipette tip in an area near the magnet is an indication of the magnets ability to attract
and trap microbeads that have been aspirated near the magnets level. In order to explore the effect of the different
designs, a calculation line is drawn 0.1 mm from the pipette inner wall and the total magnetic force magnitude on a
microbead is calculated on this line. The results can be seen in Fig. 6.38. The dashed yellow line is where the
calculation is performed starting from the top of the work area and moving downwards. Just like in the ring magnet
study, the promoted designs display a reverse correlation of the total magnetic force magnitude and the magnet
height. Shorter magnets yield better performance for areas near the magnet. The double peaks present in most
designs are again related to the magnet height and located roughly at the bottom and top plane of each magnet
design. Design (1) with a magnet height of 1 mm yields the highest attraction force and design (4) with a magnet
height of 2.5 mm yields the lowest attraction force.

Magnetic attraction force within tip for promoted magnet designs
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Figure 3.43: The total magnetic attraction force inside the pipette tip for the five different magnet sizes that were
promoted from the analysis seen in table 3.4. This is an indication for the attraction of the different magnet designs
in positions near the magnet.
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The magnetic force within the pipette tip in an area far from the magnet is an indication of the magnets ability to
attract and stationary microbeads that are not aspirated to positions near the magnet level. As described in the
previous chapter, the entire liquid volume cannot be aspirated to the magnet level because this would result in air
being drawn into the pipette tip which in turn could cause the formation in bubbles, an undesirable condition for
fluidic and microfluidic assay systems. For this reason, the microbeads that remain into that liquid volume will need
to move towards the magnet unassisted by fluid flow. The magnetic force in the lower positions of the pipette is the
dominant force which will draw these microbeads into trapping positions. For this reason, magnetic forces are
calculated at the position y=0.5 mm on a cross section of the pipette diameter. The results can be seen in Fig. 3.44.
The dotted black line is the pipette tip cross section on which the calculation is performed. Just like in the ring magnet
design, the larger magnets perform better on the far regions of the pipette tip compared to the smaller magnets.
However, there is an overlap between designs 3&4 near the pipette tip centerline. The force vectors on the line of
calculation point upwards and towards the magnet.

Magnetic force on pipette inlet for promoted magnet designs
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Figure 3.44: The total magnetic attraction force at the lower part of the pipette tip for the five different magnet sizes
that were promoted from the analysis seen in table 3.4.

In summary, for the quatrefoil magnet arrangement, a particle tracing analysis resulted in the selection of 10
different cylinder magnet designs which are expected to have an increased trapping efficiency over the rest. Because
it was shown in Fig. 3.38 that ring magnets with larger diameters output larger magnetic forces, these 10 solutions
were narrowed down to 5 solutions by excluding designs which had the same height but a smaller diameter than
another promoted design. These 5 solutions were compared to one another using two different criteria: (A) The
magnetic attraction in microbeads near the magnet and (B) the magnetic attraction in microbeads far from the
magnet. In these final two analyses, design 1 (h=1 mm) yielded the best performance near the magnet but a poor
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result far from the magnet. Design 4 (h=2.5 mm) yielded the best performance far from the magnet but the worst
near the magnet. Design 3 (h= 2 mm) displayed an average performance in both analyses. In all of these cases, the
magnets re position so as to be tangent to a 1.5 mm tip radius and the calculations are made for an N48 neodymium
magnet.

Overall, design 3 (h=2.5 mm , Outer radius=0.75 mm) yielded the most promising results as per its expected
performance in a magnetic separation system for microbeads that is based on a quatrefoil magnet arrangement.

MAGNETIC SEPARATION SYSTEM DESIGN | SUMMARY

The purpose of the magnetic separation system is to retain superparamagnetic microbeads that are used as the
primary antibody substrate in suspension immunoassays. The novelty compared to the state of the art is that the
magnetic separation takes place within the pipette tip. This could potentially simplify and accelerate the assay
process. In order to achieve effective separation, two different designs have been modeled using finite element
analysis: A ring magnet separation system and a quatrefoil separation system. The two approaches have been
explored as per their performance in correlation to different magnet sizes. The promoted solution from each
approach is presented in table 6.40.

Desi
esien Arrangem‘ent No of Magnet height (mm) Magnet outer radius (mm)
approach (cross section) magnets
Ring magnet @ 1 15 2.25
Quatr:efoﬂ 2 5 0.75
design

Table 3.6: Two different magnet arrangements have been modelled and explored for magnetic separation systems.
The dimensions that have been found to be optimal for each arrangement are summarized here.
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3.3.4 MOTION SYSTEM

The fluid handling functionality and the bead trapping module have been presented in the previous sections. In order
to automate the assay protocols, a motion system is used that is responsible for the manipulation of the fluid
handling head, the microtiter plates and the loading and unloading of pipette tips. The motion system, as described
in the system architecture section, includes a Z axis that is coupled to the fluid handling head as well as a Y axis that
latches and manipulates microtiter plate carriers. In Fig 3.45 The main components of the motion system are shown.

Fluid handling head

Y-axis

Microtiter plate
carriers

Z-axis

Figure 3.45: The motion system components of SampleX that are used for plate and head manipulation
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Z axis motion is achieved using a ballscrew driven by a stepper motor with endstops at the terminal positions. The
fluid handling head as well as the Y axis assembly are moved by the z axis leadscrew in the vertical direction while
sliding on linear slides that are visible as part of the Z axis assembly of Fig. 3.45 are resting on the inner side of the
back and side mid-positioned aluminum profile beams.

Y axis motion is achieved using a round rack and pinion motion transmission. The rack is stationary and the driving
motor is the moving part. A stepper motor with endstops at the terminal position is again used for this axis. The
end effector of the Y axis has a pear-shaped geometry and is responsible for latching onto the microtiter plate
carrier so that the plates can be moved below the fluid handling head. The main components of the Y axis motion
system can be seen in Fig. 3.46. By moving the Z axis downwards, the Y axis end effector couples into the plate
carrier latch geometry. The plate can then move towards the fluid handling head using the Y axis rack and pinion
drive.

Adapter for fluid handling head

Linear slides for Z motion

Driving motor

Round rack

Linear bearing

Plate carrier latch geometry

Y axis end effector

Figure 3.46: The Y axis motion system is used to bring the microtiter plates in and out of the working position of the
fluid handling head
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Figure 3.47: Part of the motion system of the SampleX platform

The microtiter plates are inserted into trays that assist in the alignment of the plate with the fluid handling head.
The trays are placed on the plate carrier into which are aligned using ball plungers. The plate carriers are sliding on
linear shafts using polymer linear guides and can freely move in the horizontal direction when they are not coupled
to the Y axis end effector. The tray/carrier assembly as well as prototype plate trays can be seen in Fig. 3.48.
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Figure 3.48: The microtiter plates are inserted into trays which are then placed in the plate carriers. (A) The tray
assembly and carrier in exploded view. (B) Prototype plate trays with spring loaded plungers for plate alignment

3.3.5 ELECTRONICS AND SYSTEM PROGRAMMING

The SampleX system control relies primarily on open loop stepper motor actuators. There are 5 motors in total: Z
axis motor, Y axis motor, stepping gearmotor for switching between magnets on and off position, linear stepping
motor for the vertical translation of the magnet plate, pipetting motor and a stepper motor used for the unloading
of pipette tips. The motors are controlled using TMC2209 trinamic drivers and a 32bit SKRV1.3 controller with an
ARM Cortex-M3 processor. The open firmware for additive manufacturing Marlin is being used with a G-code
interpreter. All protocols have been programmed using G-code subroutines and Pure Python to control stepper
motion position sequences. Axes zeroing is performed using homing with terminal switches for Z,Y and pipetting
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motors. Current control is applied on all motions to promptly sense machine crashes in order to activate an
emergency stop.

Figure 3.49: The electronics controlling the SampleX platform are based on the open source firmware Marlin. (A)
The main electronic components are stepper motors and endstops, most of which are located on the moving Z axis.
(B) The SKR V1.3 with on board stepper motor drivers.

3.3.6 IMMUNOASSAY PROCESS IN SAMPLEX

In the previous chapters, the fluid handling, microbead separation and motion systems have been presented. All of
these systems combined can be used to perform a full immunoassay in a completely automated manner. In a
bead-based sandwich ELISA, the required process steps are the following:

e Capture/ the microbeads

e Incubate with sample

e Incubate with secondary Ab

e Incubate with label

e Dispense microbeads for storage or reading

Between each of the previous steps, a washing process takes place to purge the microbeads from unbound
reagents and prevent cross contamination. Incubations typically last several minutes or hours and they take place
inside plate mixers. Each of these listed steps requires manual handling to be performed. The same process in
SampleX requires the preloading of the plates with the necessary reagents and after that the immunoassay process
is performed in an automated manner. In Figure 3.50, two different modes to perform immunoassays are shown.
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In Fig. 3.50 A, each plate position is loaded with a different reagent. The fluid handling head performs each process
step by loading the appropriate reagent plate. The two bottom plates are cooled using peltier elements to allow
temporary storage of the more sensitive reagents (Secondary Ab) and to store the microbeads once the assay is
complete for cases when the reading ( the quantification of the assay results) is not done immediately, for example
for assays that are completed overnight or during a weekend. For washing steps, either the flow-through system is
used, or a plate is dedicated for washing buffer, or just below all plates there is a washing fluid container that can
be used for aspiration of washing buffer.

In Fig. 3.50 B, all the reagents are loaded into a single plate. This is more convenient when less samples need to be
processed. In a 96-well plate, up to 16 data points (samples) can be prepared from a single plate leaving two rows
(16 positions) for microbead storage after assay completion and another two rows for assay buffer storage.

Fluid handling head

-3
o
(o2}

One row of pipettes loaded

Microbeads
Sample

Label

Secondary Ab

Storage plate

:
"
B
i
n
i

Y-motion of plate allows operation to any
position on the plate using any row of pipettes

Figure 3.50: The immunoassay process in SampleX. (A) In the standard mode, each plate position holds a different
reagent and the fluid handling head goes through all of them. (B) In the single plate mode, where only few data
points are required, for example 8 or 16, all the reagents can be loaded in just one plate. SampleX will then use its
Y-axis to align 1 or more rows of pipettes over the required positions of the plate, changing each time for the next
process step.

Overall, this system has been designed to automate all the manual processes normally performed by laboratory
personnel for sandwich ELISA assays. It could be used both as an assay development or as a clinical diagnostics
tool, offering high throughput and versatility to the research and point-of-care setting.
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3.4 RESULTS

3.4.1 MICROBEADS IN PIPETTE TIPS | MICROSCOPY

The finite element models presented in the previous sections were used to predict the end position of
superparamagnetic microbeads that enter a pipette tip and are influenced by a permanent magnet’s magnetic field.
Two different arrangements have been examined, a ring magnet capture scheme and a quatrefoil shaped
arrangement. In both designs, the model yielded the expected capture positions for microbeads the were entering
the tip under the effect of a flow velocity field and when there was no flow in the tip. A useful tool to examine the
separation method proposed in this work, is optical microscopy. An experimental setup to align a plunger driver
pipette tip was used to allow the examination of the microbeads within the tip while under the influence of a
magnetic field from a ring magnet. The magnet used is an N35 neodymium magnet with an external diameter of
@4.5 mm, an internal diameter of @1.5 mm and a height of 1.5 mm. The experimental setup can be viewed
schematically in Fig 3.51.

Flow

7

I —

Figure 3.51: An optical microscopy setup to examine the behavior of paramagnetic microbeads under the influence
of a magnetic field from a ring magnet. The scenarios examined are the following: (A) Captured microbeads are
examined near the magnet without any flow (B) Captured microbeads are examined near the magnet while the
liquid volume is dispensed (C) Captured microbeads are examined just after the magnet has been removed and
while the liquid volume is dispensed
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For the purpose of examining the behavior of microbeads, a pipette tip is positioned horizontally below a microscope
objective lens. The ring magnet is already positioned on the tip and a microbead containing solution has been
aspirated. In this setup, 3 different cases are examined: The already captured beads are seen in a position near the
magnet (Fig 3.51-A), captured beads are seen in a position near the magnet while the pipette volume is dispensed
(Fig 3.51-B), captured beads are seen in the same position after the magnet has been removed and while the pipette
volume is dispensed (Fig 3.51-C). Each of these three is presented and discussed in the following figures.

Figure 3.52: Captured microbeads inside the pipette tip. On the right side, the ring magnet can be discerned as an
out of focus object. The beads are seen inside the red dashed rectangle.

In Fig. 3.52, captured microbeads within a pipette tip are seen. This is the case described in Fig. 3.51-A. The
microbead solution was aspirated so that the average flow speed within the tip is approximately u,,, = 18 mm/s.
On the right side of Fig. 3.52, the ring magnet can be seen as an out of focus object. The microbeads have been
captured at a position approximately 0.8 mm from the magnet’s bottom plane. This is very close to the results
obtained from the particle tracing model for h_mag=1.5 mm and r_out=2.25 mm which can be seen in Fig 3.30.
While this observation does not provide any information on the capture efficiency of the method, it is evident that
the beads are indeed being captured using the proposed method.
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Figure 3.53: Captured microbeads inside the pipette tip under the influence of a ring magnet’s magnetic field. The
liquid solution is dispensed out of the tip but the microbeads remain trapped on the inner wall. The magnet (not seen)
is located on the left side of the frames
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Figure 3.54: Captured microbeads inside the pipette tip under the influence of a ring magnet’s magnetic field. The
liquid solution is dispensed out of the tip but the microbeads remain trapped on the inner wall. The magnet (not seen)
in this case is located on the right side of the frames

The second case as it has been described in Fig. 3.51-B, can be seen in Fig. 3.53. Captured microbeads within a pipette
tip remain under the influence of a ring magnet’s field while the liquid content of the tip is being emptied at an
average flow speed of 2 mm/sec. The magnet is located on the left side of the picture (not seen in these frames), so
these are beads that have been captured over the magnet’s upper plane. Starting from 3.53-A and ending in 3.53-F,
the liquid front is seen to go over the microbeads and move away from them while emptying the tip. In this figure,
it can be observed that the captured microbeads remain captured even when the liquid content of the tip is
dispensed. This is an important observation because it validates the proposed operating principle for the bead
capturing displaying that the microbeads are not removed together with the liquid, but they remain immobilized
under the influence of the magnetic field. The same process has been repeated for the case where the beads have
been captured below the magnet’s lower plane (Fig. 3.54). Again, it can be observed that the liquid is dispensed out
of the tip but the microbeads remain immobilized on their initial positions. So, in both scenarios where microbeads
are captured over or under the magnet, they remain captured after the liquid solution in the tip is dispensed.
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Figure 3.55: Captured microbeads inside the pipette tip just after the magnet has been removed. The liquid solution
is dispensed out of the tip. The microbeads, in absence of the magnetic field, are removed along with the liquid

content of the tip.

The third case as described in Fig 3.51-C, can be seen in Fig 3.55. A large number of microbeads previously captured
by a ring magnet, are seen just after the magnet has been removed. Initially and in absence of any fluid flow, the
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microbeads remain in position (Fig 3.55-A). However, immediately after a fluid flow (~¥2 mm/sec) is initiated, the
microbeads drift away (Fig 3.55-B..F). While intuitively obvious, this experiment displays the ability of the proposed
principle to capture microbeads when a magnet is present or release them by removing the magnet.

In summary, by optical observation of the captured microbeads within a pipette tip, the following have been shown:

e The microbeads are captured in positions very similar to the ones predicted by the particle tracing model
e Captured microbeads will remain captured under the influence of an appropriate magnetic field even after
the liquid content of the tip has been dispensed

e In absence of a magnetic field, the microbeads will be dispensed along with the tip’s liquid content
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3.4.2 MAGNETIC SEPARATION EFFICIENCY

In order to evaluate the separation efficiency of the microbeads, a single step experimental process was created.
For these experiments, 20 ul of a bead containing solution with a nominal concentration of 20000 beads/ml are
placed into a v-bottom microwell plate. The plate is inserted into the SampleX and a separation protocol is executed.
The captured microbeads are then suspended in a 40 ul reading buffer solution and are inserted into a Luminex
MAGPIX system for counting. A control group on which no trapping tool place is also counted to monitor counting
and fluid flow errors from the MAGPIX system or dispensing errors during experimental setup. Each experiment is
repeated at least 4 times. The average bead count for captured and control wells is calculated, as well as the standard
error for these counts. The average bead counts are used to calculate the separation efficiency of the protocol. The
bead count standard errors are used to calculate the propagated standard error of the mean separation efficiency
yielded by the protocol.

The setup used for these experiments includes a magnetic plate with the quatrefoil magnet arrangement in each of
the 96 positions. Summarizing the results from the particle tracing analyses that were presented in the previous
section, magnet designs for both the ring magnet and the quatrefoil arrangement were promoted. Initial testing
showed that from a functionality perspective, the quatrefoil arrangement has some advantages over the ring magnet
design:

e The ring magnets may have a tighter fit with the pipette tip than intended. This leads to the tip jamming
onto the magnet. When the magnets are removed in order to release the microbeads, jammed tips are
removed along with them. This issue is less frequent when using the quatrefoil arrangement presumably
because the contact between the magnets and the tip is much more localized.

e The tip assembly onto the liquid handling adapter sometimes yields coaxiality problems because of the
pipette tips sealing feature and often because the tip itself is curved. This sometimes leads to the tips
crashing onto the ring magnet. This is less significant when using the quatrefoil arrangement because the
magnets take up less space leaving more room for the tip to go through.

For the reasons seen above, among the two promoted solutions, priority was given to the quatrefoil arrangement.
The optimal design as seen in the previous section included 4 magnets with a h=2 mm height and an r=0.75 mm
radius. Due to reasons of component availability, an h=2.5 mm / r=0.75 mm magnet was used here instead. This
design was also among the top performing ones in the particle tracing analysis of the previous section. The magnet
type for these experiments is an SH45 gold plated neodymium magnet (1.32 T flux density).

In a first set of experiments, the microbead containing volume is aspirated at a rate of 16 pl/sec which corresponds
to an average velocity of ¥20 mm/sec inside the pipette tip. The aspirated volume is left to rest for 4 mins to allow
microbeads further away from the magnet to be drawn towards it so that they can be captured. The solution is
released back into the microwell at a rate of 1.6 pul/sec which corresponds to a velocity of 2 mm/sec inside the tip.
The G-code used to generate the capturing processes is also included with the results to provide with a more concise
form of the separation protocol. G1 denotes liner motion, Y2.8 is used to state that the motion concerns axis X
(pipetting motor axis) which is to move to position 2.8 mm (the position at which 20 pl are aspirated). F100 is used
to define a feed rate of 100 mm/min through which the flowrate can be calculated for a 3.5 mm plunger diameter.
G4 is used for dwell operations and 5240 defines the dwell time as 240 seconds. G1 X1 F10 dispenses the previously
aspirated volume using a feed rate of 10 mm/sec. The results from the first set of experiments can be viewed in
Table 3.7.
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Experiment set number 1
Process description Aspirate, dwell for 4 mins
G1 X2.8 F100
G4 5240
Process code
G1 X1 F10
G4 S0
Experiment repetitions 4
Control group bead count avg 151
Control group bead count standard error 35
Capture group bead count avg 106
Capture group bead count standard error 16
Separation efficiency 75%
Separation efficiency standard error 13%

Table 3.7: Experiment set 1, separation efficiency results

The calculated trapping efficiency for this protocol is 75% with a standard error of +13%. This is already a high
separation efficiency when compared to standard protocols?*® that require an initial quantity of 1000 beads in order
to recover 50 for measurement. However, it is possible that during a multistep process there will be additional loss
of microbeads. For this reason, it makes sense to improve the separation efficiency. Optical microscopy in this case
has revealed microbeads that remain at the bottom of the microwell, potentially because of sedimentation. It is
obvious that microbeads not entering the pipette tip will not be captured, for this reason a strategy to improve the
separation efficiency could be to prevent microbead sedimentation during this process step.

In the second set of experiments, the dwell time is increased to 12 mins and a mixing step is added after each minute
in which the plunger moves rapidly up and down to pipette ~2.8 ul of solution in and out of the pipette. This is done
to force beads that have settled at the bottom of the microwell to resuspend. The added dwell time is meant to
allow time for resuspended microbeads to reach the magnet position. The results can be seen in Table 3.8.
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Experiment set number 2
Aspirate, dwell for 12 x 1
Process description mins, pipette up & down
every 60 seconds
G1 X2.8 F100
llim=12
1i1=0
lwhile i1<lim:
1lim2=30
1i2=0
Process code lwhile i2<lim2:
G1X2.5F120
G1 X2.8 F120
li2+=1
G4 S60
lil+=1
G1X1F5
Experiment repetitions 4
Control group bead count avg 199
Control group bead count standard error 29
Capture group bead count avg 187
Capture group bead count standard error 7
Separation efficiency 94%
Separation efficiency standard error 14%

Table 3.8: Experiment set 2, separation efficiency results

The separation efficiency is increased to 94%. Since this percentage is acceptable, a dwell time reduction is
attempted to reduce the duration of unnecessarily long process steps. A duration of 8 minutes is set. The mixing

process is extended to take place throughout the step duration so that the solution is not allowed to rest during the
separation process. The results are presented in Table 3.9.
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Experiment set number

3

Process description

Aspirate, dwell for 8 mins
while continually
pipetting up & down

G1 X2.8 F100
1lim2=480
1i2=0
Iwhile i2<lim2:
G1 X2.5F120

Process code G1X2.8F120
G1 X2.5F120
G1 X2.8 F120
G450.4
li2+=1

G1X1F5

Experiment repetitions 8
Control group bead count avg 192
Control group bead count standard error 12
Capture group bead count avg 174
Capture group bead count standard error 3
Separation efficiency 91%
Separation efficiency standard error 6%

Table 3.9: Experiment set 3, separation efficiency results

Reducing the dwell time to 8 minutes does not severely impact the separation efficiency of the process. Following
this process, 91% of the microbeads are captured within the pipette tip. This is still an acceptable capture percentage
for the purpose of a bead-based immunoassay protocol. The dwell time can be further reduced in order to optimize

the separation process.

The results for a dwell time of 4 minutes can be seen in Table 3.10. The mixing process is again used continually

during this process step. The separation efficiency yielded by this protocol step is 89%.
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Experiment set number

4

Process description

Aspirate, dwell for 4 mins
while continually
pipetting up & down

G1 X2.8 F100
llim2=240
1i2=0
lwhile i2<lim2:
G1 X2.5F120
Process code G1X2.8F120
G1 X2.5F120
G1 X2.8 F120
G450.4
li2+=1
G1X1F5
Experiment repetitions 4
Control group bead count avg 223
Control group bead count standard error 17
Capture group bead count avg 198
Capture group bead count standard error 2
Separation efficiency 89%
Separation efficiency standard error 7%

Table 3.10: Experiment set 4, separation efficiency results

Since an adequate separation efficiency has been obtained for a 1-step process, the ability to retain microbeads is

examined for multi-step processes. In these tests, the beads are captured and then go through 10-minute incubation

steps during which a liquid reagent is aspirated and released continuously to facilitate mixing. The experimental

process includes aspiration from microwell positions, mixing with 3 reagents using alternating aspiration and release

action, and releasing the beads in a separate microwell position. In Fig. 3.56, the plate arrangement for this

experiment is shown. (B) denotes the position where the beads are initially located, (R) is reagent positions and (C)

is where the captured beads are released.
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Figure 3.56: A three-step incubation assay is performed to evaluate the amount of microbeads lost during incubation
steps In column 1 is the initial position where the bead solution is stored. In 2,3 &4 the reagents are stored. In 5, the
captured beads will be released at the end of the process.

Experiment set number 5

e Perform separation using process from exp. 5 (Col. 1)
e Incubate with reagent 1 (Col. 2)

e Incubate with reagent 2 (Col. 3)

Process description e Incubate with reagent 3 (Col. 4)

e Release captured beads to storage position (Col. 5)
e Measure remaining beads in all positions

Experiment repetitions 3
Initial position bead count average 90
Initial position bead count standard error 35
Reagent position 1 bead count average 0
Reagent position 1 bead count standard error 0
Reagent position 2 bead count average 0
Reagent position 2 bead count standard error 0
Reagent position 3 bead count average 31
Reagent position 3 bead count standard error 13
Capture group bead count avg 646
Capture group bead count standard error 59
Control group bead count avg 1116
Control group bead count standard error 84
Separation efficiency 58%
Separation efficiency standard error 12%

Table 3.11: Experiment set 5, separation efficiency results

The results of the previous experiment display reduced retention of microbeads after multiple process steps
compared to the previous results. However, the final capture ratio is still quite high compared to the typical retention
requirements of a clinical bead-based assay using a manual protocol. (~ 5%). Therefore, the bead capturing
capabilities of the SampleX system can be assumed to be adequate for a full bead-based sandwich immunoassay,
which will be presented in the following paragraph.
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3.4.3 SARS-CoV-2 ELISA pPROTOCOL IN SAMPLEX

In the previous paragraphs, the bead capturing abilities of the SampleX system have been investigated for an initial
bead separation process and for consecutive incubation steps. In this paragraph, the results from an actual
serological assay for SARS-CoV-2 IgG antibodies are presented. A research-use bead based sandwich ELISA assay was
used by Prot-At-Once?*” . The assay has been designed to detect antibodies against coronavirus N, S1 and RBD
antigens. The Nucleocapside (N) protein is located in the viral core. It is not elicited by available SARS-CoV-2 vaccines
at the time of writing of this work?*%. Therefore, an elevated measurement for this target during a clinical assay could
indicate recent or past infection although this may not be highly specific to SARS-CoV-2%%°. S1 is a subunit of the
SARS-CoV-2 spike protein and the least conserved among coronaviruses??’. RBD is the receptor binding domain of
S1 which binds onto ACE2, a protein found on the surface of many cells, and thus facilitates viral entry into the host
cells.

ASSAY PRINCIPLE

The assay is based on the suspension array technology XMAP® developed by Luminex®. N, S1 and RBD antigens are
immobilized onto the surface of superparamagnetic microspheres. The microspheres contain fluorescent dyes at
different concentrations which allow the differentiation of each microsphere family by its emitted signal. The
microspheres are suspended into a buffer solution. When diluted human serum is introduced to this solution,
antibodies specific to the used antigens will bind to them. To facilitate the binding, an incubation step needs to take
place during which the microbeads will be continuously mixed into with the diluted sample. Any unbound antibody
will then be removed by washing the microbeads using a magnetic separation method. A secondary antibody mix
will then be introduced to the now conjugated antigen-antibody pairs. The secondary Ab is a goat anti-human IgG
coupled with a biotin molecule. The secondary Ab is incubated with the microbead mix allowing the binding to the
anti-SARS-CoV-2 Abs. Excess Ab is then washed to purge the microbeads of unwanted reagents. In the next step,
streptavidin-coupled R-phycoerythrin is incubated with the bead mix. The biotin of the secondary antibodies displays
strong affinity with streptavidin which leads to the formation of Secondary Ab-Biotin-Streptavidin-R Phycoerythrin
conjugates. Since R-phycoerythrin is a fluorescent molecule, its emission can be used to quantify the binding of the
targeted antibodies to the microbeads. This quantification is done using specialized analyzers that are usually based
on flow cytometry and fluorescent detection principles (See Ch. 1). The mean fluorescent intensity of the bead is
correlated to the presence of the target antibody.
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ASSAY REAGENTS AND REQUIRED EQUIPMENT

The following reagents are used to perform this assay:

Description Comments

SARS-CoV-2 bead mix 3 bead families, one for each antigen: N, S1 & RBD. Each family is
distinguished from the other by its red/IR emission when excited with a 611
nm radiation

Assay buffer Used for washing and dilutions

Sample diluent buffer Used to dilute the sample

SAPE (Streptavidin R- The fluorescent assay label. When excited with a green source, ex. a 532 nm
Phycoerythrin) laser, it emits light at 575 + 10 nm

SARS-CoV-2 positive serum The positive control for this assay

SARS-CoV-2 negative serum The negative control for this assay

Table 3.12: Reagents used for a laboratory assay for SARS-CoV-2

In order to perform this assay in the laboratory, a plate shaker, a vortex mixer, a sonication bath, a magnetic plate
separator, multi and singe channel pipettes and optionally a plate washing station are required. For the
qguoantification of the results, a Luminex analyzer such as a Flexmap 3D or a MagPix system are needed.

MANUAL ASSAY PROCESS

In order to perform the assay, a detailed process® is followed by the user to prepare, mix, incubate and wash the
microbeads in each step. A summary of the manual process is the following:

1. A microwell plate is prepared with the microbead solution in each tested position. 2500 beads per well are
used.
The beads are separated from their original suspension solution and washed
The sample is diluted at 1:400 with sample diluent and mixed with the microbeads
The mixture is incubated for 2 hrs at room temperature while shaken at 900 RPM
The beads are separated and washed using a magnetic separator / plate washer
The secondary antibody is diluted and mixed with the microbeads
The mixture is incubated for 1 hr at room temperature while shaken at 900 RPM
The beads are separated and washed using a magnetic separator / plate washer
SAPE is diluted and mixed with the microbeads
. The mixture is incubated for 30 minutes at room temperature while shaken at 900 RPM
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. The beads are separated and washed using a magnetic separator / plate washer

[
N

. The beads are suspended in assay buffer and stored at 4°C until they can be loaded on an analyzer for
testing

PROCESS AUTOMATION IN SAMPLEX

The automation of the process in SampleX required the definition of macros to perform tasks such as bead capturing,
position switching and mixing. The approach for bead capturing has already been discussed in the previous
experiments. Similarly, incubation and washing steps are performed by aspirating reagents or washing buffer and
then releasing it back into the microwell plate. The concept in both cases is that the liquid reagent/buffer is aspirated
into the pipette and then mixed by performing a plunger reciprocating motion continually for a multitude of times.
The process lasts more for incubation steps that require time for the coupling of the protein sites to take place and
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less for washing where the requirement is to wash away unbound reagents. During the incubation processes, some
dwell times are placed in between mixing steps to allow microbeads that may have been detached during the
reciprocating motion to move back to the magnet. For this assay, indicative processes for incubation and washing
that were used are the following:

Incubation of Sample Washing
Description Macros Description Macros
macro REASTART Applies to all process
Go to height position for G1Z133.7 steps
sample aspiration macro WASH
Aspirate 20 ul of sample G1Y2.6 F5 Repeat once llim2=1
1i2=0
macro IN_SAMPLE lwhile i2<lim2:
Repeat 120 times (2 hrs) llim2=120 Repeat 8 times llim3=8
li2=1 1i3=0
lwhile i2<lim2: lwhile i3<lim3:
Repeat 8 times lim3=8 Release 6 pl G1Y2.1F10
1i3=0 Aspirate 6 pl G1Y2.8F10
lwhile i3<lim3: li3+=1
Release 6 pl G1Y2.1F10 Wait for 19.6 sec G4 519.6
Aspirate 6 pl G1Y2.6 F10 li2+=1
li3+=1 M114
Wait for 19.6 sec G4 S19.6
li2+=1 macro REASTOP
M114 G1Y1F5
macro REASTOP macro CLEAN
Release all the sample G1Y1F5 G1YOF5
G91
macro CLEAN G1Z-10 F300
Dispense some air to make  G1YOF5 G1Y1F30
sure no reagent is left in the  G91 G1Z710 F300
pipette. G12Z-10 F300 G90
G1Y1F30
G1 710 F300
G90

Table 3.13: Macros used to perform incubation of sample and washing in the SampleX platform.
For SampleX this assay translates to the following process steps:

Load pipettes

Activate magnets

Go to microbead position (plate 1, column 7)

Aspirate microbeads and perform trapping

Go to wash buffer position (plate 1, column 4)

Perform washing

Go to sample position (plate 1, column 1)

Incubate with sample for 120 minutes (macro sequence for sample incubation)
Go to wash buffer position (plate 1, column 10)

10. Perform washing

LN U e WD R
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11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

Go to secondary Ab position (plate 2, column 1)
Incubate with secondary Ab for 60 minutes

Go to wash buffer position (plate 2, column 4)
Perform washing

Go to SAPE position (plate 2, column 7)
Incubate with SAPE for 30 minutes

Go to wash buffer position (plate 2, column 10)
Perform washing

Go to storage position (plate 3, column 1)
Deactivate magnets

Dispense microbeads

The plate layout for this experiment can be seen in Fig. 3.57. The symbols for each well are described in a table in
the same figure. In this assay, serum samples from 3 patients are tested for SARS-CoV-2 antibodies. The samples are
tested in triplicates to obtain average measurements and if necessary exclude outlier values from sample

contamination. The samples from each patient are denoted by the patient number: 1-3. Two more samples are

included, a positive and a negative control to set the baseline for a positive and negative test result. Three plates
with buffer only are used are a failsafe. The rest of the reagents are distributed between two plates as described in
the process step sequence. For this assay both the standard operation mode and the single plate operation mode
described in the previous section are used. The assay buffer is stored in the microwell plates. If the main washing
buffer container of SampleX was used, the washing buffer positions could be avoided and the reagents could be
merged in a single plate instead of two.
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Buffer only, no sample

Positive control sample

Negative control sample

Sample from patient 1

Sample from patient 2

Sample from patient 3

Washing buffer

Microbead solution

Secondary antibody

Label (SAPE)

Figure 3.57: The plate layout for a SARS-COV-2 immunoassay for triplicates of 3 samples in SampleX
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SARS-CoV-2 RESULTS FROM SAMPLEX

The serology assay for SARS-CoV-2 was performed both manually and using SampleX and the results were quantified
using a Flexmap 3D analyzer. The results are summarized in Table 3.14 and in Figure 3.58. As notable events during
the execution of these assay is a negative sample contamination due to user error for the SampleX protocol This
resulted in excluding one of the three negative sample measurements from the analysis.

Manual Process Mean Fluorescent Intensity

Antibody SARS-CoV-2 S1 SARS-CoV-2 RBD SARS-CoV-2 N

Sample Average cv Average Ccv Average cv
Blank 50.5 | 206.4% 190.5 | 407.1% 43.0 64.7%
Positive Ctrl 36028.0 0.5% 55495.5 1.0% 58185.0 1.6%
Negative Ctrl 1597.0 | 13.1% 1504.0 | 23.9% 1117.5 15.4%
Sample 1 58854 2.5% 58462 2.2% 5573 9.6%
Sample 2 51687.5 2.5% 60285 1.1% 4548.5 3.7%
Sample 3 58484.5 0.6% 59708 0.9% 1367.5 7.3%
SampleX Mean Fluorescent Intensity

Antibody SARS-CoV-2 S1 cv SARS-CoV-2 RBD Ccv SARS-CoV-2 N Ccv
Sample Average CcVv Average cv Average Ccv
Blank 256.0 | 10.5% 648.0 | 10.3% 88.0 10.8%
Positive Ctrl 34312.0 9.3% 54931.0 4.0% 56789.5 7.3%
Negative Ctrl 1431.8 6.8% 1065.5 7.6% 918.8 8.1%
Sample 1 62574 3.6% 63140 1.6% 4774 3.6%
Sample 2 47773 5.7% 56074 2.3% 3427 2.0%
Sample 3 62077.5 0.7% 64548 1.6% 964 | 11.2%

Table 3.14: A comparison of assay results for processes performed manually and using SampleX
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Figure 3.58: A comparison of assay results for processes performed manually and using SampleX in bar graph

visualization
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Several observations can be made from the comparison of the results of SampleX vs the manual assay. Firstly, the
coefficients of variation for the two assays are comparable with the automated process presenting a more balanced
performance than the manual one for most assay points. This indicates that the mixing approach used for the assay
automation is at least comparable to the mixing performed by the plate mixer. Secondly, the measured values are
close between the two tests considering that they have been performed in different occasions using different sample
aliquots and reagents. Most SampleX measurement values are within 10% from the value obtained from the manual
assay, which is close considering that the expected CV of a single test can be close to 10%. The highest percentage
difference in the datapoints used for assay evaluation is at the negative control values which can be explained both
by the high CV values of the manual assay and by the fact that a different negative sample aliquot is used in each
case which can be affected by freeze-thaw cycles. Since different equipment may be used to quantify the results of
an assay and the results themselves can be affected by reagent batch, metering errors, environmental conditions,
sample aliquotes and other factors, one way to evaluate the test outcome is by extracting the ratio of any sample
value against the negative control value. The results for this ratio are presented in Table 3.15:

Manual Process Value-to-Negative control ratio

Sample SARS-CoV-2 S1 | SARS-CoV-2 RBD | SARS-CoV-2 N
Blank 0.0 0.1 0.0
Positive Ctrl 22.6 36.9 52.1
Negative Ctrl 1.0 1.0 1.0
Sample 1 36.9 38.9 5.0
Sample 2 32.4 40.1 4.1
Sample 3 36.6 39.7 1.2
SampleX Value-to-Negative control ratio

Sample SARS-CoV-2 S1 | SARS-CoV-2 RBD | SARS-CoV-2 N
Blank 0.2 0.6 0.1
Positive Ctrl 24.0 51.6 61.8
Negative Ctrl 1.0 1.0 1.0
Sample 1 43.7 59.3 5.2
Sample 2 334 52.6 3.7
Sample 3 43.4 60.6 1.0

Table 3.15: A comparison of assay results for processes performed manually and using SampleX

What can be seen in Table 3.15 is that the positive signal ratios for the SampleX assay are larger than the ones
calculated for the manual assay. This is mainly attributed to the lower negative signal values obtained by SampleX
compared to the manual assay. The rule-based discrimination applied for this test is that any value that yields a
signal stronger than 280% of the negative control signal can be considered positive. Using this rule, an identical
diagnostic outcome from both processes is obtained, even for the N antibody of Sample 3 which yielded the highest
CV among sample measurements in both assay methods.

In conclusion, the assay in both the manual and the SampleX process has yielded a positive result for the existence
of vaccine elicited antibodies in all three samples and a negative result for N antibodies due to recent or past
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infection in all three samples. While there were differences in the absolute values between the two tests, the
measurements are close with comparable CVs between the two approaches.

3.5 CONCLUSIONS AND NEXT STEPS

In this chapter, an automated laboratory platform for the preparation of bead-based sandwich immunoassays has
been presented. Its architecture is based on a fluid handling head, a permanent magnet bead separation system and
a multi-axis motion system. The novelty of the development is that the bead capturing and the reaction with
reagents happen inside pipette tips which are used as capillary reaction sites. The bead capturing system has been
analyzed using finite element analysis for fluid flow and magnetism and the more promising setups have been
outlined. The fluid handling system and the motion system have been presented. The platform was initially
programmed to perform bead separation processes. Its ability to efficiently capture microbeads with retention ratios
up to 94% for a single capture step and 58% for a 5-step process with incubation have been demonstrated. A full 3-
plex bead-based immunoassay for SARS-CoV-2 S1, RBD and N antibodies has been performed using this platform
with parity to laboratory performance results. Overall, the system is capable to perform fully automated bead-based
immunoassays with applications ranging from life science to diagnostics.

Further steps would include the use of N52 magnets with the optimal characteristics discussed in the magnetic
separation section to further improve bead capturing ratios during multi step protocols. Regarding fluid handling,
the improvement of the flow-through washing system to operate with a positive displacement setup for each
individual channel would reduce clogging and uneven flow issues and allow the use of this subsystem for bead
washing which in turn would allow increased high throughput from using less microwells per data point. Regarding
the assay optimization itself, decreasing incubation times and omission of washing steps would be a next step of the
investigation to explore the possibilities of assay acceleration for PoC diagnostic applications. Towards the same end,
the modification of the plate carriers to be compatible with 384 plates would quadruple the system’s high
throughput capabilities.
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CHAPTER 4: LASER ACTIVATED MICROPUMPS

4.1 ABSTRACT

Lab on Chip technologies have enabled the possibility of novel UTAS devices (micro Total Analysis System) that could
drastically improve health care services for billions of people around the world. However, serious drawbacks that
reside in fluid handling technology currently available for these systems often restrict the commercialization of such
devices. This work demonstrates a novel fluid handling method?>° as a possible alternative to current micropumping
techniques for disposable microfluidic chips. This technology is based on a single use, low cost, thermal
micropumping system in which expandable microsphere mixtures are activated by commercial grade laser diodes to
achieve flow rates as high as 2.2 pl/sec and total volumes over 160 pl. With the addition of a volume dependent shut
off valve, nanoliter repeatability is implemented. Pressure and heat transfer related data are presented. Finally, the
possible prospects and limitations of this technology as a core element in unified optofluidic systems are discussed.

4.2 INTRODUCTION

4.2.1 MICROPUMP TECHNOLOGY

Microfluidic systems have grown to become a very important factor in the design of uTAS, especially when the goal
is the design for manufacturability (DFM) or the design for usability of a system. uTA Systems add portability and
accessibility in a large variety of protein analysis, genomic analysis, disease diagnostics, disease monitoring,
environmental analysis and other procedures, while at the same time have the potential to reduce costs and increase
assay sensitivity. However, from a plethora of proposed UTAS technologies, few are finally realized in commercial
systems since they are often hard to implement within the boundaries of industrial and commercial favorability.

Among many design considerations that need to be addressed, fluid handling inside a microfluidic system has proven
to be quite challenging. As far as pumping is concerned, off-the-shelf components such as piston and peristaltic
pumps suffer among other things from chip connectivity, cost, usability, modularity, dead volume and maintenance
issues. For this reason, on-chip integration of fluid handling components has gained popularity over the last few
years as an alternative to peripheral support equipment.

Several systems and methods for the partial or complete integration of active micropumps in microfluidic systems
have been proposed, based on a variety of principles and technologies?*'. The revolutionary Quake valve technology,

based on pneumatic actuation, has been used to fabricate embedded micropumps?>2. Peristaltic action has also been

253

used with normally open?>® or normally closed®* architecture for rectangular profile channels, while single stroke

systems have been developed?>>?¢ in an effort to reduce the number of actuators per micropump. Piezoelectric

elements?728 and Braille pins?>*® have been used as actuators in the same manner. Other technologies include

electrochemical processes?®®, electroosmotic flow pumping systems?%? 262

263

, Magnetohydrodynamic

, Electrowetting?®*, PDMS gas permeation systems2%°, Optically driven thermoviscous expansion?®®,

, Acoustic systems
micropumps
opto-electrical-thermal transduction?®” and, of particular interest to this work, thermal micropumping that utilizes
expandable microspheres embedded in a PDMS matrix?%27° and laser controlled wax microvalves and

micropumps?’?

. While all of these methods have been successfully applied in laboratory environment, one common
limitation is the inherent requirement of bulky and/or costly peripheral devices to support microfluidic functions. In
other cases, integrated components often require complex manufacturing procedures that increase cost, or complex

structures that introduce additional failure modes in the microfluidic operation.
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This chapter presents a simple, fully integrated, on-chip liquid handling method in which a mixture consisting of
expandable microspheres, an absorbance agent and a carrier liquid expand when heated by an infrared laser beam.
Flow and pressure characteristics of the proposed micropumping method are evaluated as a function of the mixture
composition. We introduce the placement of an ultraviolet laser diode which enables volume displacement control
by inducing a photochemical process in a UV curing material. Finally, the pros and cons of this proposed method are
discussed, as well as the potential that arises from this technology towards the development of reliable, low cost
UTA optofluidic platforms for in vitro diagnostics.

4.3 MATERIALS AND METHODS

4.3.1 EXPANCEL® EXPANDABLE MICROSPHERES

Expancel® microspheres (Nouryon, formerly AkzoNobel NV, Amsterdam, Netherlands) are microscale particles
starting at a minimum unexpanded diameter of 5 um. They consist of a thermoplastic shell which encapsulates a
pressurized hydrocarbon in liquid state. The thermoplastic shell is a mixture consisting mainly of acrylonitrile,
methacrylate and acrylate polymers?’2 while the hydrocarbon is liquid isobutane and constitutes?’® 10-15% of the
total particle mass. Isobutane has a boiling point of -11° C so it is already exerting pressure on the shell. When the
particle is heated above the glass transition temperature of its shell material, the later becomes soft and the particle
expands due to the pressure of the liquid isobutane which vaporizes. The expansion can reach up to 40 times the
original volume. When the temperature drops again, the shell rehardens but the isobutane remains at gas state. If
the particles are heated over the point where the shell becomes too thin, the particles burst and the hydrocarbon is
released. In between these states, there is a temperature where the particle expands significantly owing to the
pliability of the shell and the pressure of the isobutane, however when the heat source is removed and the gas
temperature drops, the particle loses some of its expanded volume.

Expancel® microspheres have numerous commercial applications?’. They are used as additives in inks and pigments
to add texturing, they are used as filler materials to produce low weight polymers or as blowing agents and they
have been used as additives in a range of materials including concrete, coatings and food packaging. They are
compatible with several thermal processing methods, notably injection molding, extrusion, thermoforming, blow
molding and calendering.
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Fig 4.1 (A)*’* The function of an expandable microsphere. When heated, the microsphere shell becomes pliable and
expands from its pressurized content reaching up to 60X its original volume (B)*”®> SEM image of expandable
microspheres prior (left) and after expansion (right)

4.3.2 PREPARATION OF LASER ACTIVATED EXPANDABLE MIXTURES

Since the materials of the microsphere shell present low absorbance in the near-IR spectrum, we designed a carrier
that serves the purpose of bridging the expansion feature of the microspheres with a light activation scheme. In
order to do this, the carrier must have high IR absorbance and additionally act as a sealant for any released
hydrocarbon from the ruptured beads, thus preventing the gas from leaking into the microfluidic chambers. For this
reason, Polydimethylsiloxane oil (PDMS) is used as a matrix material, while Acetylene black is used as an absorbance
agent for near IR radiation. We tested various compositions of Expancel® particles, PDMS oil and carbon (acetylene)
black particles mixed into a viscous composition. The specific type of product was DU 40 particles, which have an
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expansion temperature of 80°C, the lowest among the different families of particles. PDMS oil was chosen because
of its inert, non-toxic nature, its optical properties and its availability. Acetylene black was chosen because of its
wide absorbance spectrum, its availability and cost. Overall, the mixture was designed for cost and for compliance
with industry-friendly chip designs such as imprinted or molded polymer structures.

O o O‘\ DU 40 expandable
O . O O O O microspheres | Expansion
O o
@ Og - O o
O +— PDMS oil | Carrier

O O OO O

O Acetylene black | Absorbance

® O @) ® agent

Fig 4.2 The expandable mixture consists of expancel particles, an absorbance agent for IR radiation and carrier liquid

4.3.3 CHIP DESIGN AND FABRICATION

The primary idea behind this work is to embed some quantity of the previously discussed expandable mixture into
a microfluidic chip, which can at some point be activated (expanded) using an infrared laser source. Once the laser
beam reaches the absorbant particles of the acetylene black, the later will increase in temperature thus transferring
heat to their neighboring expandable particles. This will lead to the total mixture volume increasing and this could
be used to displace liquid volumes of aqueous or other reagents which have been placed inline with the expandable
mixture chamber. The Microfluidic chip structures were designed in order to facilitate the characterization of
micropump performance in respect to total volume displacement, pressure capabilities and dosing precision. For
volume displacement & pressure measurements, the design of Fig. 4.3 / 4.4-A was used. The chip embeds two round
reservoirs (chambers 1&2) for the expandable particle mixture. Chamber 1 is primed with the mixture while chamber
2 is placed in line with the first one to receive the expanded volume after the pump is activated. After the two round
chambers, a longer one is used into which the aqueous reagent is initially stored. After the pump activation, the
mixture increases in volume and expands into the second chamber, thus forcing the reagent to flow into a meander-
like channel which leads to a vented chip outlet port. The meander channel has been designed so that the chip has
the required capacity to characterize the pump’s displaced volume. The vented chip port is replaced with a
pneumatic inlet port for pressure measurement experiments which is used to exert controlled pressure inside the
chip circuit (Fig 4.4-C). However, in an actual application scenario, very often there is the need of “dosing”, i.e. being
able to displace specific volumes of a reagent from one reservoir into another. For this purpose, a different chip
design is proposed (Fig 4.4-B) which utilizes a photopolymer material to achieve precise volume control. In this setup,
chamber 2 is not empty but already primed with a photopolymer material. Upon laser activation, the photopolymer
material flows inside a microfluidic channel of predefined volumetric capacity, at the end of which, a blue laser beam
is constantly on. One the photopolymer fluid front reaches the blue laser beam spot, it solidifies and the expansion
stops. In this way, precise volume displacement can be realized within a microfluidic chip without any need of
pneumatic or mechanical connection to the chip itself, only by using external laser sources.

Microfluidic chip structures (channels and chambers), were fabricated using laser engraving and CNC milling machine
for improved dimensional repeatability. The chip stocks were commercial grade PMMA 1x3 inches 2 mm thick slides.
After fabrication, chips were washed in an ultrasonic bath and their pattern depth was measured in a microscope
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using a 40X objective lens of 1 um depth of field and a precision dial gauge (1 um resolution). Chips of varying
depths were connected to a LabSmith® positive displacement microfluidic pump (LabSmith Inc, Livermore, CA) in
order find the correlation of the chip's volume capacity and the structure depth by incrementally pumping 0.05 pl
increments inside the microfluidic meander until it was full. The laser engraved structures had a depth of 364 um +
8.33 um. The microfluidic channel profile and cross section, with a nominal width of 500 um, were measured in a
sample of chips to obtain a mean of variation coefficients equal to 5.5% in cross sectional area of each individual
chip using a Matlab® pixel count algorithm and a calibration microscope slide. The machined structures had a mean
depth of 511 um + 3.2 um and channel width equal to 1000 um in a semicircular profile. The chips were sealed with
glass coverslips and optically clear UV adhesive where optical clarity or heat resistance was of the essence. Thick
transparent adhesive membrane was used for less demanding chip positions. All reagents were injected manually
into their respective positions using 500 pl syringes and 30G hypodermic needles. The orifices created by the needles
on the sealant were shut using UV curing photopolymer plugs.

Chamber 1

Reagent storage Chamber 2

Fig 4.3 The experimental chip design for actuation without volume control. On the right, a setup with controlled
circuit pressure is shown.

The fabrication methods used in this work were selected because they are suitable for prototyping. However, the
designs and the actuation concept are both compatible with standard manufacturing processes for microfluidic chips
such as injection molding, pressure molding or embossing. Additional features could be used in a production scenario
such as ports to facilitate chip priming with the expandable mixture or inlets for aqueous reagents that would be
used to reconstitute freeze dried or otherwise preserved components inside the chip. Such features were not used
in this work in order to simplify chip fabrication.

159



Fig 4.4 Three different chip designs for three different tests: (A) Total displaced volume tests (B) Predefined volume
displacement tests where a photopolymer is used to stop displacement when the predefined volume has been
reached (C) Pressure tests, where a precisely controlled back pressure is introduced to the chip in order to evaluate
the pressure that can be reached using this type of micropump

4.3.4 EXPERIMENTAL SETUP

The experimental setup shown in Fig. 4.5 consists of a machined aluminum plate with a standard 3x1 in. slide seat.
The plate has embedded openings for the pump activation laser and the photopolymerization laser. The setup is
assembled on a micrometer XYZ stage which is used for chip measurements before testing. During testing, a CCD
camera is secured over the chip with an infrared shortpass filter to avoid sensor damage from the IR laser beam. The
experiments are recorded and the results are calculated based on the recordings using a video analysis script
described below. Laser sources used were continuous wave commercial grade diode lasers. The sources used for
activation were 980 nm diodes of 531 mW laser power, 15.2 % unit efficiency and 87 mW/mm2 power density at an
approximate 1.4 mm spot size at entry point. The sources used for displacement control (photopolymerization
lasers) were 405 nm diodes of 62 mW laser power, 25.5 % unit efficiency and 78 mW/mm2 power density. Focusing
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was achieved using a collimator and a focus lens which were manually adjusted. A CCD camera placed on top of the
microfluidic chips recorded all experiments to obtain relevant data with video analysis tools. Pressurizing of the chip
outlet was achieved using an Elveflow® pressure generator (ELVESYS, Pépiniére Paris Santé Cochin). The liquid
reagent substitutes are red and blue water-soluble dyes. For the Set Volume Displacement experiments, the
photopolymer used was a standard medical device UV adhesive by Loctite® (Henkel AG & Company, KGaA,
Dusseldorf, Germany) with relatively low viscosity (300 cP) and fast curing time (ISO 4587, Fusion® D light source, 50
mW/cm2 ,CT <5 sec). In heat flow experiments, images were acquired using a FLIR® T335 thermal imaging camera
(FLIR GmbH, Frankfurt, Germany).

Fig 4.5 The experimental setup includes a machined aluminum plate with a standard 3x1 in. slide seat and two
embedded laser sources for pump activation and photopolymer solidification.

4.3.5 VIDEO ANALYSIS TooL

Custom video analysis tools were developed in Matlab®. The experiment recordings are used as input and the
displaced volume is calculated against time. The algorithm identifies predetermined nodes along microfluidic
channels that are tracked based on their color value in order to obtain displaced volume against time diagrams. The
algorithm tracks the displaced volume continuously by overlapping a virtual fluid path on the microfluidic channel
and quantifying color and intensity values versus time The methodology is as follows:

1. The userinputs the zero timepoint which is the timepoint at which the laser is turned on
The user inputs the positions of the nodes and the meander channel is mapped by the algorithm using these
nodes as interpolation points. Also, the user marks the position of the laser beam.

3. A maskis created that only includes the meander path and it is applied on each video frame.

4. A second mask is created that tracks the laser beam position

5. The algorithm goes through each video frame and records the fluid front progression and the status of the
laser beam

6. Results for fluid volume displacement against time and laser beam status are recorded.

7. The data go through a Savitzky — Golay filter to smooth out the effect of the discretization from the video
pixelation.
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As post processing steps, the tool uses as a secondary input the specifics of each experiment, such as channel depth
and trigger times of laser diodes, to provide with accurate diagrams on flow, volume displacement and segmentation
of volume displacement into linear and nonlinear regions.

Fig 4.6 The displaced volume tracking is calculated throughout the meander channel. (A) The video recording is used
as input (B) The frame with the maximum volume displacement is identified (C) A first mask is applied to remove the
frame parts that contain no information (D) A second mask is applied that only keeps the pixels that contain the fluid
path

4.4 RESULTS

4.4.1 SINGLE USE MICROPUMP DESIGN

The principle of operation for the developed micropump is shown in Figure 4.7. The mixture is placed in a
chamber at one end of a microfluidic system enclosed laterally by optical windows that facilitate the entry of an
infrared laser beam. The microfluidic system consists of two chambers, one filled with the microsphere mixture and
one empty in line with a liquid filled chamber (Fig. 4.7). The empty chamber’s purpose is to accommodate
microsphere mixture being displaced due to the expansion. Upon activation of the laser diode (Fig. 4.7 B) heat is
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added locally to the entry point of the beam and the first layer microspheres expand in volume thus pushing the
unexpanded mixture into the empty cavity and the liquid reagent (aqueous dye solution) in line the microfluidic
path. Subsequently, as temperature continues to rise locally, internal pressure builds up in the microspheres which
eventually burst. The released hydrocarbon remains enclosed by the rest of the mixture (Fig. 4.7 C) creating a bubble
transmissive to the infrared beam.
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Fig 4.7 Top and cross-sectional views of the example microfluidic chip undergoing a mixture activation process. In the
first curve section the displacement is linear in respect to time while in the second section nonlinear expansion takes
place. F represents the deactivation of the laser after which there is partial retraction of the displaced volume.

This process allows for the laser beam to proceed through the mixture layer by layer and maximize
expansion by only locally heating a percentage of the mixture at every given time. Until the peak of the beam profile
reaches the upper level of the microsphere chamber, the expansion is linear, since the same amount of beads is
available for activation at each layer. Once the beam starts exiting the chamber, the volume displacement rate drops
(Fig. 4.7 D). When the beam has fully penetrated the mixture (Fig. 4.7 E) a region around the created orifice continues
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to be excited by a lower power portion of the Gaussian profile laser beam. Some heat is still added to the mixture,
but the expansion continues at a lower rate. Once the diode is deactivated, the heat input stops, causing a reduction
of internal pressure, and part of the displaced mixture volume returns to the initial liquid containing chamber (Fig.
4.7 F). In order to characterize the proposed technology, we examined the key parameters of this method: flow rate
and volume displacement, displaced volume repeatability (utilizing additional methods), pressure build-up capability
and heat transfer from the pump to the reagents.

4.4.2 VOLUME DISPLACEMENT AND FLOW RATE EXPERIMENTS

In order to examine how the volume displacement and flow rate depend on the mixture composition, we
performed experiments of mixture activation inside a microfluidic chip embodying a calibrated meander channel for
volume tracking (Fig. 4.3) in line with the mixture and reagent chambers described in Section 3.1. Upon activation
of the laser diode, the camera would start recording the volume displacement, during which the laser beam would
cause the mixture to expand and act as a micropump for the liquid solution, pushing it into the meander channels.
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Fig 4.8 Micropump performance in correlation to the mixture composition. Presentation of sample curves. (A) The
microfluidic chip used in the experiments, (B) Volume displacement for different expanding microsphere (marked : E)
and absorbance agent concentrations (marked : C) in w/w (mass units) of Dimethicone (marked : S) as seen in the

legends of the diagrams, (C) Volume displacement for different absorbance agent concentrations in fixed expanding
microsphere content.

Various experiments were conducted in order to evaluate the effect of the expandable mixture
composition. Four compositions were tested under the same conditions, starting from a less concentrated mixture
of 5 gr of microspheres and 0.25 gr. of acetylene black in 30 gr. silicon oil medium, up to quadruplet quantities of
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the active ingredients in the same amount of medium. What can be observed in Fig. 4.8-B is the presence of a linear
and a non-linear curve segment in the expansion process, which was discussed in Section “single use micropumps
design”. Specific data are shown in Fig. 4.9. Each experiment was conducted in 5 replicates. We define as Linear, the
part of the curve for which a linear regression model can be applied with a coefficient of determination R? > 0.99.
We define as “Linear flow rate” the flow rate acquired from the linear part of the curve, after which there is a drop
in the micropump performance. The excitation laser diode has a power consumption that is independent to the
micropump’s performance, so the linear section of the process yields maximum efficiency.

We observe that the linear flow rate appears to be relatively constant among compositions 2, 3 and 4 at about 2.22
ul/sec and comparably repeatable (Fig. 4.9, Row 6), bearing in mind the error margin defined by the setup itself.
Series 1, having the lowest content in microspheres and absorbance agent, has a lower linear flow rate. By increasing
the content in microspheres and absorbance agent, the duration of the linear section (Fig. 4.9, Row 5), the Linear
Volume Displaced (Fig. 4.9, Row 7) and the Total Volume Displaced (Fig. 4.9, Row 8) all increase.

Mixture Composition
Experiment series 1 2 3 4
Dimethicone Content 30 30 30 30
Expancel® Content 5 10 15 20
Absorbance Agent Content | 025 | 050 | 075 [ 1.00

6.12 6.97 9.69 16.47
Duration of Linear section (s)
+1.44 +1.83 +3.40 +4.46

1.54 2.29 2.16 2.22
Linear Flow Rate (ul/sec)
+0.04 +0.41 +0.25 +0.61

8.39 14.51 19.37 36.89

Flow Characteristics

Linear Volume Displaced (ul)
+1.67 +1.82 +5.27 +3.87

18.46 37.36 74.78 161.54
Total Volume Displaced (ul)
+4.04 +2.19 +2.62 +3.53

Figure 4.9: Micropumping Characteristics vs. Mixture Composition. The error is represented by the standard deviation
encountered during these experiments. Each experiment was conducted 5 times.

Examining the dependence of the Linear Flow Rate from the concentration of the absorbance agent
separately (Fig. 4.9-C), we observe that for low concentrations, a rise in the agent content leads to a rise in the pl/sec
that can be achieved. However, there is a threshold after which an increase in the said content will not significantly
affect the flow rate. In particular, the two lowest concentrations in absorbance agent yield an average of 0.66 and
1.13 pul/s respectively, while the three consequent concentrations display 2.63, 2.16 and 2.78 pl/s respectively. While
moving from the lower to the higher concentrations of the absorbance agent we see an evident trend to increase
the absorbed energy, there is a limit to how much energy can be absorbed given the current setup.
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4.4.3 PRECISE VOLUME DISPLACEMENT

The proposed micropumping method so far utilizes an open loop control scheme to obtain a median value
for each variable of interest within an error range. A limitation of this approach is that precise volume displacement
is not possible. In order to overcome this, we developed a method of volume control in which a UV photopolymer is
placed in line with the micropump so as to move along with the fluid reagent. In a predefined distance along the
microfluidic channel, a 405 nm laser diode has been placed and is switched on along with the IR laser that causes
the mixture to expand. When the photopolymer reaches the path of the laser beam, it rapidly increases its viscosity
and eventually solidifies, thus isolating the pressurized part of the channel from the rest (Fig 4.10-A). This is done in
attempt to define how much reagent is going to be pumped and also to cancel out the retraction feature of this
method that has been mentioned in Section 3.1. The chip design consists of 2x40 pl chambers connected in line for
the expandable mixture and the photopolymer respectively. A microfluidic channel of 500 um depth and 1 mm width
is placed after the photopolymer chamber. In a user specified distance along the channel, there is a flat end circular
pocket acting as an optical window for the N-UV laser beam. The experimental procedure requires the activation of
the expandable mixture by turning the IR laser diode on, while at the same time the N-UV diode is also activated.
The expansion causes the photopolymer and the liquid reagent both to move forward in line until the photopolymer
reaches the N-UV laser beam, at which point it solidifies and stops all flow in the circuit.

Photopolymer

w

—Chip 1

Chip 2
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- = Chip 4
— Chip5
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Figure 4.10: Experiments for the assessment of a method for predefined volume displacement. (A) The microfluidic
chip design used for these experiments, (B) The volume displacement profiles of each repetition of the experiment,
all concluding within a 0.7 ul wide zone around a nominal value after the solidification of the photopolymer.

The expandable mixture utilized in these experiments was a 30/15/1.5 w/w composition of Dimethicone,
Expancel® DU 40 particles and acetylene black powder. We conducted six repetitions under the same experimental
conditions in order to assess the repeatability of this method. Fig. 4.10 shows a significantly lowered flow rate
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compared to the experiment results shown in Fig 4.8, due to the viscosity of the photopolymer utilized in this
method. Nevertheless, the total displaced volume in all experiments falls within a 0.7 ul zone, having an average
displaced volume equal to 5.94 + 0.27 pl (+1 SD). It should be noted that the deviation from a nominal value in this
experiment shows no correlation with the displaced volume quantity, but depends on the optical design and
fabrication of the laser beam window, mainly because of scattering that affects the photopolymer before it reaches
the polymerization spot. It should be noted that the results obtained from this experiment display higher deviations
than the ones encountered in our previous experiments. A different experimental setup that was used here allows
for expanded microspheres to move through the port connecting the mixture filled chamber and the empty
chamber. This is a source of error that decreases travelling mixture homogeneity and consequently affects flow rate

repeatability.

4.4.4 PRESSURE TESTING

In order to assess the functionality of the micropump when elevated pressure is encountered (i.e. when
using viscous fluids or lengthy channels), a similar design to the one described in the previous sections was used.
However this time instead of venting the outlet, it was connected to a pressure generator (Fig. 4.11-A). The
experimental procedure of Section 4.4.2 was repeated using one composition of the expanding mixture
(Dimethicone: 30 / Expandable Microspheres: 15 / Acetylene Black: 1.5 w/w) under back pressures ranging from 0
to 150 mbar relative to atmospheric. The micromachined chip embeds 2 chambers to facilitate the storage and
expansion of the mixture, one chamber for the fluid reagent storage and a semi-circular profile channel of 500 um
radius for the displacement and tracking of the latter. The laser source was adjusted to output approximately half
the power that was used in the previous experiments (531 mW reduced to 265 mW).
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Figure 4.11: Flow rate in pressurized microfluidic channels. (A) The microfluidic chip design used for these experiments
(B) Flow rates for the linear part of the expansion working against outlet pressure. (X) marks the mean values
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Figure 4.12 shows no evident trend linking outlet pressures of this magnitude with the flow rate, however
repeatability errors like the ones seen in the previous section are also present here. We believe that the apparent
indifference of the pump performance towards the outlet pressure is due to the fact that the actual pressure needed
to push the expandable mixture through channels is much higher than the 150 mbar that we apply on the outlet.
This is to be expected if we consider that the expandable mixture is highly viscous (~1075 cP) and thus in need of
high pressures to move across microfluidic chambers. The theoretical maximum pressure that can be countered by
the proposed technology is the vapor pressure of the encapsulated hydrocarbon within the beads. This has been
reported to be 16.2 bars at 90 °C [21] for the microspheres being used in this experiment. In a separate set of
experiments that we conducted, the same expandable mixture was activated within chips that were fully sealed. The
initial air volume was compared to the minimum (pressurized) air volume observed during 5 identical experiments
to obtain a maximum generated pressure equal to 9.2 bar using the Van der Waals equation (Fig 4.12).

Figure 4.12: Experiments conducted in completely sealed chips showed that the mixture activation resulted in
pressures equal to 9.2 bar

4.4.5 DEPENDENCY OF EXPANSION RATE FROM LASER POWER

While the expansion process in the proposed technology is governed by a multitude of parameters, the
effect of laser power is of special interest. The ability to adjust the output laser power of the diode activating the
micropump could potentially be used for dynamic flow rate adjustment, predefined time dependent flow profiles or
even the ability to mix components by continuously changing the flow direction. In order to examine flow rate as a
function of laser power, we conducted experiments identical to the ones described in the article’s section 3.2 using
a 808 nm continuous laser source with output (laser beam) power ranging from 224 mW to 488 mW. Each
experiment was conducted 3 times. Flow rates that correspond to the linear part of the expansion were acquired
using video processing algorithms. The results are presented in figure 1.

169



Flow Rate as a function of Laser Power
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Figure 4.13: Investigation of the flow rate as a function of the diode’s laser power. The expandable mixture used had a content
per weight of 30 units of dimethicone silicon oil against 15 units of expandable microspheres and 1.5 units of absorbance agent.
The error bars represent + 3 x standard error to include 99.7% of scenarios.

As seen in 4.14, the flow rate appears to scale linearly with laser power in the range under investigation.
However, the uncertainty of the median suggests that issues concerning the repeatability of the process should be
addressed before any sound conclusions can be made regarding the usability of the proposed method in any scenario
into which laser power modulation would be employed for flow rate adjustment.

4.4.6 HEAT TRANSFER | THERMAL IMAGING

An important consideration when designing a thermal micropump is the heat transfer from the pump to
the reagents in nearby positions. As described in the previous sections, we employ layer-by-layer activation of the
mixture through localized heating. In order to assess heat transfer during the expansion process, we repeated the
experiment in Section 3.2 using a calibrated thermal imaging camera to quantify chip temperature.
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Figure 4.14: Thermal Imaging at the peak temperature with 37 °C threshold below which areas are presented in
grayscale. Chip structure has been added in dashed lines for better representation.
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Fig. 4.14 shows the temperature distribution just before the beam exits the mixture chamber, which is the
peak temperature point during of the expansion process. We notice that the chamber and channels are near the
temperature threshold boundary but remain under 37°C. The highest recorded temperature was 92.3°C at the center
of the chamber. The lowest temperature was 26.1°C, the chip body temperature, which was cooled to 20°C prior to
the experiment in order to be distinguishable from the environment in thermal images. It should be noted that the
ambient temperature during the experiment was 31°C and that the test platform below the chip was a flat machined
aluminum plate which does contribute to the heat transfer of the process through heat conduction from the chip to
the environment. These results are significant because excessive heat could cause biological assays to suffer from
denaturation and other temperature related processes. Additionally, they serve as an indication that the expansion
is not due to liquid reagent evaporation or air expansion, but due to microsphere expansion and rupture.

4.4.7 HEAT TRANSFER | THE EFFECT OF CHAMBER SIZE

To evaluate the effect of chamber size on heat transfer in the chip, an FEA study of chips with diameter
ranging from 2 to 8 mm was made (Figure 3). The region of interest is the IR irradiated chamber. The beam is assumed
to have fully penetrated the expandable mixture, hence heat input is simulated using a virtual heat source of 500
mW at the circumferential area of the orifice seen in the center of the gradients as a small hole. A convection
coefficient equal to 3 W/(m2:-K) is assumed for all exposed surfaces. Both chambers are assumed to be filled with
expandable paste with thermal conductivity equal to 0.1 W/m-K and heat capacity equal to 1370 J/kg-K .The chips
have been assigned thermal conductivity equal to 0.21 W/m-K and heat capacity equal to 1500 J/kg-K which are
characteristic values for acrylic materials. The analysis type is thermal transient with the heat source being active for
60 seconds. While the model is a very simplified version of what is actually happening within the chips during the
expansion, the results in comparison to each other provide insight on the effect of the diameter of the mixture filled
chamber on the heat diffusion inside the chip. From this particular analysis we can see that changing the diameter
within the ranges specified does not significantly alter the thermal behavior of the microfluidic chip.
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Temp (Celsius

Figure 4.15: Transient thermal finite element study of chips with varying expandable mixture chamber diameter
ranging from 2 to 8 mm. The snapshots represent temperature after 60 seconds of IR irradiation of the expandable
mixture.. Results at or above 90 °C are presented in red. Ambient temperature is set at 25 °C. The chip design is
identical to the one presented in figure 1 of the manuscript.
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4.4.8 HEAT TRANSFER | THE EFFECT OF CHIP THICKNESS

Regarding the thickness of the chip itself, a similar FEA study was made, however this time the variable was
the chip thickness H (Figure 4.16).

Temp (Celsius)
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Figure 4.16: Transient thermal finite element study of chips with varying thicknesses (H) ranging from 0.5 to 2 mm.
The snapshots represent temperature after 60 seconds of IR irradiation of the expandable paste. Results at or above
90 °C are presented in red. Ambient temperature is set at 25 °C. The chip design is identical to the one presented in
figure 4.4 of the manuscript.

As can be seen in Figure 4.16, thinner chips present a wider heat affected zone than thicker chips for the
same amount of energy input. The increase of the size of the zone over 37 °C when the laser is active is 24 % in radius
comparing the 2 mm chip with the 0.5 mm chip. However even after the laser is switched off, the accumulated heat
diffuses into the chip resulting in a maximum increase of 36 % in radius for the zone over 37 °C. This increase, though
not extreme, could be an indication that in order to scale down the proposed method it would be necessary to
further isolate the “hot spot” from the reagents, either spatially or by removing excess heat from the chip.
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4.4.9 HEAT TRANSFER | USING A HEATSINK TO REDUCE THE SIZE OF HEAT AFFECTED ZONES

A possible way to further reduce the high temperature zone near the infrared laser spot is to implement a
heat sink near the region. In figure 5, the use of an aluminum plate below the chip against natural convection to the

environment is presented.

Aluminum Heat Sink
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Figure 4.17: Transient thermal finite element study of chips with an aluminum heatsink embedding an aperture of
diameter D to allow for laser irradiation of the chip. The snapshots represent temperature after 60 seconds of IR
irradiation of the expandable paste in section views of the mixture chamber and the heatsink orifice right below it.
On the top left the analysis is done without a heat sink. On the top right a heatsink is included. On the bottom, the
heat diffusion is examined in correlation to the radius of the laser path aperture in the heatsink. Results at or above
90 °C are presented in red. Ambient temperature is set at 25 °C. The chip design is identical to the one presented in

figure 1 of the manuscript.
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As can be seen in Fig. 4.17, the addition of a heat sink reduces the radius of zones over 37 °C by more than
80%. This effect is enhanced as the laser path aperture of the heatsink is reduced in radius. Given that the proposed
technology requires the use of a device into which the microfluidic chips are placed in order to perform assays, it is
reasonable to say that the implementation of a heatsink is a cost effective and practical solution to further reduce
heat affected zones within the chips.

4.5 CONCLUSIONS AND NEXT STEPS

We have demonstrated a prototype version of a single use micropumping system that requires only one
laser source to achieve volume displacement. It has been shown that volumes over 35 pl can be easily displaced
within a few seconds with a near-constant flow rate. The volume displacement has been shown to occur in two
phases, a linear and a non-linear, out of which the first one yields maximum energy efficiency. The flow rate depends
on the concentration of absorbance agent in the mixture, while the maximum volume that can be displaced depends
on both the concentration of expandable microspheres and the volume of available mixture that is found along the
laser beam path. We have shown that repeatability of less than 1 ul is possible by using a 405 nm laser source and a
photopolymer, as a volume dependent shutoff valve. Additionally, it has been demonstrated that pressures up to
150 mbar will not affect the micropump’s performance and that the heat transfer implications of the method can
be contained so as not to affect active reagents on the chip. Finally, while it has not been investigated in depth, we
have observed that after the expansion process, a recovery phase occurs. This phase could be used to enable liquid
reagent aspiration from the environment to the chip.

This method is limited by the deviation of the measured flow rates and displaced volumes. This,
we believe, is due to the dimensional deviations of the chips and the sensitivity of the method to the repeatability
of the experimental conditions in respect to laser optics, i.e. beam power stability, focal point and transmittance of
optical windows. Thus, optimization of these parameters is a necessary step for the improvement of repeatability.
Another limitation is the energy consumption of this method (>1.5 J/ul moved) that is related to the efficiency of the
laser sources and is also in need of optimization.

Possible applications of the proposed method are numerous in the fields of biology, medicine,
point of care diagnostics and environmental research. Compared to the state of the art for fluid handling in
microfluidics, the main advantages are four: (1) We identify the potential for a unified optofluidic technology in
which fluid handling and detection are both done using only laser diodes or even just one laser diode. (2) The
miropumping technology is embedded as a single use feature in the disposable microfluidic chips, thus removing the
need for peripheral fluid handling hardware. (3) There is no need for tubing and tubing connectors, frequent sources
of problems in microfluidic systems. (4) Even though it is not in an optimized state, this technology appears to already
provide adequate performance for most applications at a small fraction of the cost.

The method can be easily scaled up by integrating multiple chambers, each performing a single
task. In that way, multistep protocols such as ELISA assays can be realized in microfluidic chips powered by a single
pocket-size device that need only contain a PCB assembly with embedded laser diodes and a camera or even a
smartphone adapter. For more demanding applications that would make dedicated laser diodes an uneconomical
solution, a device very closely modeled to a Blu-ray burner with appropriate firmware could also be used, since such
devices often embed high power 405 nm laser diodes that could be used both for activation of the expandable
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mixture and the photopolymer as well as for fluorescent marker excitation. In this case the microfluidic chip could
be modeled to resemble the compact disk designs or simply fit in a CD shaped adapter. Such a solution would benefit
from the Lab on a CD technology that has already been developed. The microfluidic chips themselves can be
produced using simple molding techniques, since single layer structures suffice for this fluid handling method, thus
making this technology advantageous for mass production.

The proposed method can be further optimized to reduce deviations in respect to flow rate and
displacement precision and repeatability. Using this component, we believe that the fabrication of reliable no-
moving-part PoC devices and single-diode high-throughput platforms for multistep assay preparation and detection
is possible.
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CHAPTER 5: POROUS HYDROPHOBIC MICROVALVES

5.1 ABSTRACT

The point-of-care (PoC) diagnostics system is one of the more sought-after applications of microfluidics and
microelectromechanical systems (MEMS) both academically and commercially. The impact of decentralized
diagnostics and health monitoring can be realized when examining the cases of actual application of such systems
such as the ones presented in chapter 2 of this work. Glucose, B-hcG, Tp-I / CK-MB / Myoglobin are some of the most
prominent diagnostic targets of PoC currently in commercial use with a great impact on healthcare. However, the
common thing between these widely applied targets is that the diagnostic protocol for PoC applications is a single
step process where the use wets a capillary or a lateral flow test with the sample, either directly or following a simple
dilution step. When the diagnostic protocol necessitates a multiple step approach such as multiple mixing,
incubation or washing, the implementation into a PoC device becomes much more complicated. While such devices
do exist, they are not as widespread as LFIAs or single step electrochemical sensing of glucose. Partially, this is
because the elements of fluid handling that are necessary to perform multi-step analyses are not as easy to
implement into disposable chips. One of these elements is the simple on/off valve which in this case is called a
microvalve. In this chapter, the status of microvalves is reviewed and a brief categorization is presented. The benefits
of passive valves over active elements in disposable lab-on-chip systems are discussed and a new type of microvalve
is presented.

5.2 INTRODUCTION

5.2.1 MICROVALVE TECHNOLOGY

Microvalves are an essential element in microfluid chips where all but the simplest operations need to be performed.
Their function is to switch, seal and regulate the flow within a microfluidic chip. There are several articles reviewing
the status of microvalves?®*?’> and many different operating principles have been proposed and tested by research
groups for these miniature elements. In general, microvalves can be either active or passive.

Active microvalves can be triggered on que and usually rely on a mechanism that is mostly independent of what is
happening inside the fluidic circuit. The operating principles vary, but the most widely adopted implementation of
the active microvalve includes some form of mechanical valving. These systems often rely on solid or more often
flexible elements that deform and block the flow while driven by an actuator. Quake’s group was the first to
investigate pneumatically activated microvalves?>> which was an impactful discovery because it used soft
lithography, a method already employed for the fabrication of microfluidic chips. Other principles?’>=277 for active
microvalves include magnetic actuation, piezoelectric actuators, thermal and thermopneumatic valves as well as
more elaborate applications. In all of these cases, the actuator can be either embedded in the chip which usually
adds complexity and/or cost to the design, or it can be external which requires an interface to the chip, or split
between the chip and an external device.

The second group of microvalves are called passive microvalves?’827°, These elements usually rely on the pressure
of the microfluidic line, effectively operating like relief valves. In the most common case, the passive valve is
restricting flow up until a burst pressure forces the fluid through. This can be achieved by introducing an abrupt
enlargement to the channel which can be further treated to become hydrophobic. The capillary effect created by
the combination of shape and hydrophobicity transforms this transition point into a relief valve with a predefined
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burst pressure. For this reason, these elements are also called burst microvalves. Gyros protein technologies
produces microfluidic immunoassays of the Lab on a Disk (LoaD) that embed burst valves as a necessary component.

Active and passive microvalves are two different approaches addressing the same problem, which is multistep fluid
handling in a microfluidic chip. Because of their differences, they are more compatible with different chip
architectures. Active components are more versatile and give overall higher control over microfluidic handling.
However, they typically require assorted instrumentation to operate which is often undesirable in PoC applications.
Passive components are more demanding as they require a specific burst pressure to operate and often the design
of multistep processes is not straightforward. However, they require no instrumentation and are easier to
manufacture and integrate into a microfluidic chip. This is significant advantage for PoC diagnostic applications and
can be more easily adapted in commercial applications.

Fig 5.1 On the left image, the principle of the Quake pneumatically controlled microfluidic valve/pump configuration
is shown?®. On the right, a capillary valve is seen before, during and after burst?®*.

5.2.2 BURST MICROVALVES - GEOMETRIC APPROACH

Microfluidic scaling laws make fluid behavior in the microscale much different than what is encountered in
macroscale fluid mechanics. One of the most important distinctions is that in the microscale, capillary phenomena
become dominant over forces that are dependent on volume or surface. This greatly amplifies the contribution of
forces such as the Laplace force in the behavior of a fluid front. A steep increase in the width of a rectangular channel
results in an increase of capillary pressure capable to stop an incoming flow. This is in effect a valving function, since
to overcome this stop, energy is required as input. The theoretical principles behind this effect have been thoroughly
described in published work??-2%* both for fluid slugs and for a fluid stream. Assuming a rectangular microfluidic
channel of width w and height h, where w > h and a liquid sample introduced into this channel. The interfacial
energy E of the channel-liquid-air system is described:

(1) E= Alesl + Asaysa + Ala]/la

Agp, Asq, Ay, are the interface areas between the solid-liquid, solid-air and liquid air, while Y, ¥sa, V1a @re the
corresponding surface energies. Since the solid-liquid and solid-air surface energies are not easy to measure, Young’s
equation can be used:

(2) Vsa = Vst + YZaCOS@

where @ is the contact angle of the liquid with the channel walls. Eq (1) now changes into:

178



3) E= Asl(ysa - ylaCOS@) + AgaVsa + AaVia
= (At + Asa)Vsa — As1V1a€0SO + AygYia

Due to the small size of the microfluidics channel, capillary forces are going to dominate the flow and the sample is
going to be drawn forward by a pressure P described in Eq (4) :

@ P dE
Toav

where V is the fluid volume inside the microfluidic channel

By substituting (3) into (4) we get the following expression:

dE dAy  dAg

The rate of change of (Ag + Asy)Ysa is zero since A + Ay, is @ constant sum equal to the entire channel area.
Expression (5) is now a function of measurable quantities and can be calculated for the case of a microfluidic channel.

In the case of microfluidic capillary valves, the objective is to create the appropriate geometry so that the pressure
switches to negative values, hence acts like a valve. This can be accomplished by the abrupt enlargement of a
microfluidic channel either by width or height. Let us assume the following structure: A channel of height h and
width w > h expands with angle 8 to form an enlarged cross section (Fig. 5.2). Since the liquid is drawn into the
channel, a meniscus that can be simplified to be a circular arc of angle 2a will correspond to the equilibrium contact
angle @ while the liquid is drawn into the channel. Once the liquid meets the expanded section, the meniscus angle
will change in order to satisfy the contact angle equilibrium at the point where the geometry changes. If the
geometry change is done with a sufficiently steep angle 3, the meniscus will change curvature to negative a values
and energy input is going to be required to further advance the fluid. Man at al?®* have shown that at the critical
angle 8 = g— 0 the pressure becomes zero and for larger 8 values the curvature is inversed and the pressure

becomes negative. The pressure in this case can be calculated using the following formula proposed by Man et al.
284-286.

a .
© 4P = 2]_, cos6 — msmﬁ
h cosf + sinf (L - cosa)

sina \sina

Figure 5.2: A basic design for a geometrical microfluidic valve
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For a typical microfluidic chip made from a hydrophobic material, embedding an aqueous solution and assuming the
following values 8 = 90°,y = 72.8 %N,h =50 um, S =90°, formula (6) would yield a pressure requirement of

~12.6kPa for the fluid to flow through the valve.

For circular capillary valves of diameter r, an analytical expression for the estimation of the burst pressure is
proposed by Gliére et al?%®:

(7) AP =2y (w)

For a capillary diameter expansion described by the following parameters 8 = 90°,y = 72.8%\/,7’ =25um,( =

90°, formula (7) would yield a pressure requirement of ~5.8kPa for the fluid to flow through the valve

Both previous models approximate a geometric valve which is not commonly encountered in a commercial chip. The
valve proposed by Man et al requires a microfluidic channel with a depth much larger than its width while the
opposite relationship between these two parameters usually holds true due to manufacturing reasons. The round
capillary valve is not easily implemented in a microfluidic chip, again due to manufacturing reasons. The most
common design for a geometric burst valve would include a rectangular, trapezoidal or semicircular microfluidic
channel with a width comparable or larger than its height and a polymer cover that seals off the valve from the top.
Bauer et al.?®? have proposed an analytical model that takes into account the standard form of a geometric burst
valve:

cosfp cosf, cos¥p cos¥, cosOy cos@A)

7 AP:V(H_h+H R 77—

cos8y : The fluid slug’s receding front contact angle with the structure material

cosl, : The fluid slug’s advancing contact angle with the structure material

cos¥y: The fluid slug’s receding front contact angle with the sealant material (top layer, not shown)
cos¥,: The fluid slug’s advancing front contact angle with the sealant material (top layer, not shown)
H : Fluid chamber height

h : Microfluidic channel height

W c: Fluid chamber width

w: Microfluidic chamber width
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Figure 5.3: A 2D structure to be used as a geometrical bust valve. On top of this structure, a thin adhesive film is
typically used to seal off the microfluidic circuit.

For a typical geometric burst valve on a polycarbonate chip with a top adhesive sealing film and h=50 um, H= 500
um, w=400 pum, Wc= 2000 um, 8 = 23°,6, = 96°, W, = 23°,¥, = 123° 282 the pressure required for an aqueous
solution (ex. saline solution) to flow through the valve is ~1.3kPa.

While geometric burst microvalves present a simple solution for fluid handling and they have been widely
investigated and used by several research groups, they also have restrictions?®2. Minor imperfections of the
channel/valve inner surface can significantly affect the valve performance. More to that, for the geometry of a
molded component, which would most likely be the case in a commercial microfluidic chip, very sharp edges cannot
easily be achieved in the interface between a channel and a valve. The rounding of the valve geometry also affects
its performance. Another important factor that would weight in in the case of a commercial microfluidic chip is that
especially in the case of centrifugal systems, there are two main approaches for the chip manufacturing: Either the
chip is injection molded and sealed with an adhesive membrane or fused with a second injection molded part. In the
general case, each discreet structure will be only imprinted on one of the two parts. This is important because it
implies that the other part (the seal) will also come in contact with the liquid and this will affect the valve
performance. In order to further explore the expected performance of such a valve in a centrifugal system (Lab on
a Disk, LoaD) we need to compare the burst pressure of a geometrical burst microvalve with the pressures induced
in a LoaD system:

The pressure of a liquid slug in a centrifugal system is due to the centrifugal force induced by the disk rotation and
can be calculated using the following formula?®’:

1
@) 4P =2pw?(rf —rf)

where p is the density of the fluid inside the channel, 1y, 1, the radiuses of the fluid receding and advancing levels
respectively, and w is the rotational frequency of the centrifugal system (Fig 5.4)
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Figure 5.4: A fluid slug that has advanced to the barrier of a geometrical burst valve inside a centrifugal
microfluidic disk

We could assume the following case study to examine the expected performance of a burst microvalve in a lab on a
disk system: A polycarbonate disk of 100 mm in diameter and 2 mm in thickness is the macroscopic chip design. The
chip is assumed to be injection molded, which is a typical manufacturing process for point of care microfluidics. Using
this technique, rectangular or trapezoidal channels in which the width is comparable or larger to the height would
be typical. We can also assume that a channel width of 100-400 um is reasonable for such a chip design?®®-2%, This
is not to say that much smaller channels are not possible in a laboratory environment or even in a mass production
scenario. It is however a reasonable size limit to avoid clogging issues and to facilitate manufacturability.
Additionally, it is assumed that the chip will be sealed using a membrane with pressure sensitive adhesive. In this
case it would be reasonable to keep channel depths over 50 um to avoid accidentally blocking the channel with the
sealing film. We also assume a valving scheme just like the one seen in Fig. 5.2 with the following parameters as
described in Eq. 7: H= 500 um, Wc= 2000 um, 6z = 23°,6, = 96°, ¥ = 23°,¥, = 123°. For the selected channel
size range and these parameters, using Eqg. 7, we can calculate the expected microvalve burst pressure (Fig. 5.5)
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Figure 5.5: The burst pressure for different channel widths and depths

As expected, the smaller structures favor higher burst pressures. If we now place one of these components inside a

centrifugal system like the one described in our case study, we could calculate the required rotational frequency in

order to open one of these valves. For a disk of 100 mm in diameter, we could assume an advancing front before

the valve barrier to be at , = 29 mum and the receding front, which in this case would be inside the inlet tank, to

be at r; = 14 mm. The resultant burst pressure for a range of rotational frequencies can be seen in Fig 5.6
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Figure 5.6: The exerted pressure of a fluid slug between r1=14 mm and r2=29 mm inside a spinning centrifugal system

What can be observed in the previous two figures, is that the geometric valve burst pressures could potentially be
too low to use in an actual PoC system. As described in Chapter 2, centrifugal microfluidics are based on an artificial
gravitational field which is created through the rotation and keeps reagents and solutions in their respective
chambers. Low rotational frequencies in the order of 600 RPM are often reported?®>?°? as baseline or aliquoting
frequencies. In our case study, since the chip and seal material are hydrophobic, frequencies in this order could be
necessary just for the chip priming. Finally, assuming a point of care system in which the sample would require
centrifugation before any other operation, for example for the extraction of plasma from blood, it would not be
possible to have valves that are activated at pressures as low as 0.01 bar because they would all be activated during
sample centrifugation. Therefore, a need exists to create burst valves that operate at higher burst pressures.

HYDROPHOBIC VALVES

One solution that is frequently used for the creation of microvalves is the hydrophobic barrier?7229-2% |n this
approach, a hydrophobic patch is created at the valving point. Once the liquid front reaches the valving point, the
contact angle shift prevents it from moving further until the burst pressure is met. This method has been thoroughly
investigated and applied commercially?®®2%® . The key factor in this valve is the transition from the hydrophilic to the
hydrophobic surface region, referred to as “break”??8. This can be achieved by applying a hydrophobic patch on a
hydrophilic base material, for example a perfluorinated hydrocarbon or silicone containing species.
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Figure 5.7%°°: Modifying the contact angle of a constriction point is a valving method frequently employed in research
but also in commercial PoC applications

This method provides a better control over the performance of the microvalve and increases the burst pressure
which facilities chip design. For a channel of 200 um width and 100 um in depth, changing the contact angle of the
advancing front with the barrier material can greatly affect the valve burst pressure. Keeping the rest of the
parameters the same as in Fig 5.5, the expect valve behavior can be calculated using Eq. 7 for hydrophobic to
superhydrophobic materials (Fig 5.8).
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Figure 5.8: Modifying the contact angle of a constriction point is a valving method frequently employed in research
but also in commercial PoC applications

However, doing this will require some kind of material deposition or other treatment such as plasma treatment?”
or surface modification3®. While these have been thoroughly investigated and there are both laboratory and
industrial processes to apply them, avoiding them in some cases would simplify and speed up the manufacturing
process. For example, a fluoropolymer patch will need to be precisely positioned into the constriction point in order
to avoid adhesion failure with the sealing film. This could be avoided by using plasma etching/deposition with
appropriate masking elements in order to create hydrophobic structures. However, these processes may require
several minutes per batch of chips. Additionally, geometric imperfections of the microfabricated form could affect
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the valve performance. Thus the need for a simple valving scheme based on an easy to integrate component is
recognized as a step towards low cost, simple and reliable PoC systems.

ASSEMBLED HYDROPHOBIC MICROVALVES

What is proposed in this work is a novel kind of microvalve which is inserted into the chip instead of requiring a
special modification or deposition. The valve consists of a hydrophobic or superhydrophobic porous component with
one dimension in the microscale and two dimensions large enough to be processed in a component assembly
scenario. This approach allows for a modular chip design in which the valve is an external component which is
inserted at the required position. The intention behind this approach is to simplify the chip design and manufacturing
process. A drawing of the valve assembly can be seen in Fig 5.9. The valve component is inserted in a pocket of
appropriate size within the chip and sealed using the chip sealing membrane. In the following chapters, the
prototyping method for such chips is described and the valving scheme is tested using a centrifugal test setup.

Inserted valve

/ component

Microfluidicchip

Figure 5.9: The proposed valving scheme includes a hydrophobic porous component which is inserted in the
microfluidic chip

5.6 METHODS

5.6.1 VALVING ELEMENT FABRICATION

In order to create a superhydrophobic water-permeable element, a porous material and a hydrophobization agent
are employed. As a porous material, a glass microfiber Whatman filter of 700 nm porosity was chosen. The
borosilicate material makes this component suitable for use in a point of care system because of its inertness.
Additionally, filtration elements have controlled porosity which ensures consistent structure and behavior.
Regarding the hydrophobization agent, there is a large number of commercially available hydrophobization solutions
for textiles and porous materials using different technologies3??. For this study, a solution of 100 nm SiO2 particles
by NanoProm was used. The fabrication process was the following:

e  Circular pieces of glass microfiber filter are cut out of the sheet using a 3 mm biopsy punch
e Thecircular filters are soaked in the SiO2 solution for 10 minutes
e The wet filters are removed from the solution and are left to dry for 24h in room temperature
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After this process, the filter surface becomes superhydrophobic and can be used as a valving element.
Measurements in a contact angle goniometer display contact angles of 149° for the hydrophobization process.

Figure 5.10: The contact angle of a water droplet on the processed filter was measured at 149°

5.6.2 CHIP DESIGN AND FABRICATION

In order to test the principle of the superhydrophobic valving element, two different designs were realized. The first
design is a simple tank-valve-tank sequence based on 2.5D structures (Fig. 5.11). The chip is made from 3 mm
commercial PMMA sheets which were laser cut into shape. The channels have a width of 900 um and a depth of 270
pum with a circular segment profile of 1000 um diameter. The valving element position has a depth of 300 um and a
diameter of 3000 um. When the chip is primed, the receding front is at R1=14 mm while the advancing front, which
is in contact with the valving element, is at R2=29 mm. Both the top & bottom surface of the chip are sealed using
microtiter plate sealing films which are cut into shape manually.

Figure 5.11: Standard valve implementation. Chip is sealed using top & bottom adhesive films
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Both the inlet and outlet tanks were cut through the chip during the laser cutting process. The connecting channels
and the valving element position were machined in a subsequent step using an alignment jig into a cnc milling
machine (Fig. 5.12). While the methods used here are suited for prototyping, the chip design is compatible with
mainstream mass production methods such as injection molding or embossing3®2. The implementation of this valving
element would only require a cylindrical pocket of controlled depth and diameter into which the hydrophobized
filter would be inserted. Additionally, the sizes used here are such that coarse machining methods and manual
assembly are not impairing the device’s functionality. Using automated assembly and mass production methods, the
valving element could be further miniaturized.

I?
3

Figure 5.12: The chip channels and valve positions are machined using a jig and the depth is verified on site.

After the chips structure is complete, it goes through a degreasing, rinsing and drying process. Once the chip is
completely dry, the valving elements are manually inserted in the respective positions and the chip is sealed. Before
the chip is used, the inlet tanks are pierced and primed with 20 pl of colored aqueous solution.

Figure 5.13: The chip and valves are assembled and then primed with 20 ul of colored solution
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The second chip design is based on a radial implementation of the operating principle described here, in which the
valving element of cylindrical profile is inserted into a circular radial channel (Fig 5.14). A threaded hollow plug locks
the 300 um thick circular hydrophobized filter (valving element) into position and seals off the circumference. This
way it is ensured that the fluid can only go through the valving element and avoid leaking around it.

‘ Threaded
: Rotating disk hollow plug

.}"

Valving element

Figure 5.14: Radial valve implementation. Chip is sealed using an adhesive membrane (not shown)

This chip design is manufactured using conventional tooling. An 8 mm PMMA disk is machined to form an inlet tank
with an outlet circular channel towards the disk circumference. The circular channel has a diameter of 2 mm on the
end of which the valving element is secured using an M4 plug with a hollow center that allows air and liquid to flow
through outside the chip once the valve is burst (Fig 5.15). In this application, both the channel size and the method
of fabrication are untypical of what would be used in a PoC setting. The reasoning behind this chip design is that the
burst pressure in this instance is going to be dependent only on the hydrophobization of the valving element and
not on the shape of the filter or the interface between the chip and the valving element. In this sense, it is an ideal
situation which would demonstrate what the highest attainable burst pressure would be for this material.
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Figure 5.15: Radial valve test chip.

5.6.3 EXPERIMENTAL SETUP

The evaluation objective for these valving elements is the fluid pressure which is required to burst open the valve in
a centrifugal setup. For this purpose, a test setup was developed which allows adjustable angular frequency up to
9000 RPM and it includes a strobe illumination which enables the evaluation of the valve performance during the
experiments (Fig 5.16)

Camera

i E Strobe ligh

Microfluidic chip

: Photointerrupter
]

Motor speed
control

Figure 5.16: Experimental setup for the evaluation of the valve performance
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The photointerrupter was also used as a feedback signal for the adjustment of the DC motor speed through a
commercial Arduino microcontroller. The setup was installed inside a metal enclosure for safety reasons. More
information about the setup can be found in 303,

Figure 5.17: Design and implementation of the experimental setup for the evaluation of the valve performance

EXPERIMENTAL PROCESS

The tests protocol for the burst frequency evaluation of each valve design starts by mounting the chip on the device
and then running the rotor to a minimum frequency that has been seen to always be below the expected burst
frequency of the valving elements. While the rotor is spinning, the valve behavior is recorded to be used later for
the evaluation of the valve performance. The speed is increased by increments of 35 RPM and remain in each set
point for 120 s. The burst pressure is evaluated by visual observation of the spinning disk with stroboscopic
illumination. In Fig. 5.18, part of a valve test recording is presented in snapshots. At the 0.000 time point, the rotor
is starting to spin. At 0.601 s, the channels are primed with the colored aqueous solution. At 2.5 s, the valve has burst
and there is flow from the channel towards the outlet tank. Within ~10 s, the entire inlet tank has emptied into the
outlet tank.
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10.413 s

Figure 5.18: Recording of the valve performance using stroboscopic illumination. The valve is primed at 0.601 s. At
2.503 s the valve has been burst while at 10.413 the entire fluid volume has gone through it.

192



5.7 RESULTS

5.7.1 STANDARD CHIP DESIGN

Using the standard chip design, 10 experiments were conducted. The chips were primed with 20 pl of coloured
aqueous solution and inserted into the testing platform. In nine of these experiments the valve functioned as
intended, while in one experiment the valve sealing failed and the reagent flew through at minimum frequency. The
advancing front was measured to be at r2=29 mm while the receding front was at r1=17 mm. Again, the frequency
of the rotation was gradually increased and the chip response was recorded using a camera and a strobe illumination
synchronized to the rotational frequency. The resulting burst points were obtained and are presented in Fig. 5.19 &
5.20.
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Figure 5.19: Standard chip design, burst frequency

These measurements are linked to the advancing and receding front positions. Using Eq. 9, the equivalent burst
pressures are calculated in Fig. 5.20.
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Figure 5.20: Standard chip design, burst pressure

For the radial chip design, the following results were obtained:

Rotational Pressure (Pa)
Frequency (RPM)
Average burst point 1867 12457
Standard deviation 204 2667
Minimum burst point 1590 8941
Maximum burst point 2136 16136

Table 5.1: Burst frequency and pressure for hydrophobic valves.

What can be observed in Fig. 5.20 is the consistently high burst pressures compared to geometric and standard
hydrophobic valves. The lowest pressure observed is more than 4 times higher than the pressures seen in the
geometric valve examples in the theory and applications section of this work. However, there is significant variability
between the burst pressures encountered during the experiments. This can be explained by the observation that
after the burst valves were only wetted on their outer surface. The fluid volume appears to bypass the filter core
and flow through the outer layers of the filter, near the interface of the chip/sealing membrane. While the filter has
been wetted, it is evident that the rest of the chip components, i.e. the main chip body and the membrane play an
important role in the valve performance. This could be verified by using the radial chip design in which the
circumference of the filter is sealed and thus prevents the liquid volume from flowing around it.
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Figure 5.21 : Incision on the burst filter revealed that the reagent may bypass the core of the valve and flow through

the outer layers

5.7.2 RADIAL CHIP DESIGN

Using the radial chip design, a total of 12 experiments were conducted. The chips were primed with 45 ul of colored
aqueous solution and inserted into the testing platform. The advancing front was measured to be at r2=40 mm while
the receding front was at r1=17 mm. The frequency of the rotation was gradually increased and the chip response
was recorded using a camera and a strobe illumination synchronized to the rotational frequency. The burst
frequencies and equivalent pressures that were observed are presented in Fig. 5.22 & 5.23.
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Figure 5.22: Radial chip design, burst frequency

The above measurements are entirely linked to the advancing and receding front positions. Using Eq. 9, the

equivalent burst pressures are calculated in Fig. 5.22
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Figure 5.23: Radial chip design, burst pressure

For the radial chip design, the following results were obtained:

Rotational Pressure (Pa)
Frequency (RPM)
Average burst point 2902 60604
Standard deviation 108 4558
Minimum burst point 2745 54164
Maximum burst point 3125 70199

Table 5.2: Burst frequency and pressure for superhydrophobic valves in a radial chip design

In these tests we notice even higher burst pressures than before with more consistent behavior. This supports the
claim that the lower pressures encountered in the previous tests were a result of the fluid interaction with the
filter/chip/sealing film interfaces. What is evident here is that by forcing the fluid volume to go through the filter,
much higher pressures can be attained with better consistency. An additional observation during this test was that
once the hydrophobic filters were wet, they remained in that state and as such they no longer functioned as valves.

5.8 DISCUSSION

The need for a valving method which is simple and modular has been put to focus. An approach for producing such
a valving method has been presented. An insertable hydrophobized component has been used as a valving element.
Two different chip designs have been tested, one that is more compatible to standard chip manufacturing techniques
and one that uses a radial channel design to demonstrate the expected performance of the proposed method if the
effect of the valve interfaces with the rest of the chip materials was minimized.
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The tests on the radial chip design displayed an average burst pressure of 60.5kPa which is significantly higher than
typical burst pressures encountered in capillary and hydrophobic valving schemes. This could enable a series of on
chip functions to be performed at lower rotational frequencies, for example aliquoting or siphoning, while higher
RPM regions could be reserved for valve activation to release a reagent or a washing buffer. The tests on the
standard chip design yielded burst pressures of 12.5 kPa which is lower than the pressures seen in the radial design,
but still higher than most other approaches. In the standard chip design, a large variability was observed with the
standard deviation being at 2.7 kPa. This is a point which would require optimization and appears to be connected
to the interaction of the fluid volume with the chip and sealing material at the valving position. In an actual
centrifugal platform with a fluid volume between a receding and advancing front at 14 and 29 mm respectively, all
of the valves of the standard chip design could be activated by using a 2200 RPM rotation and none of the valves
would be activated for frequencies below 1500 RPM. This defines a range of frequencies which could be dedicated
to the activation of these valves, while all frequencies below that could be used for other chip operations. Overall,
this appears to be a promising technology which could enable fast and low-cost microfluidic chip development and
fabrication.
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CHAPTER 6: POINT OF CARE CONCEPTS

6.1 ABSTRACT

In this chapter, different centrifugal microfluidic concepts for bead-based immunoassays are presented that make
use of the micropumps and microvalves discussed in the previous chapters. A microfluidic disk using both
microvalves and micropumps is presented along with basic components that would need to be embedded on a PoC
device to use this disk. A variation of the laser activated micropump for increased modularity is presented and some
concept immunoassay applications based on this variation are discussed.

6.2 INTRODUCTION

In the previous chapters of this work, a vision for bead-based modular immunoassay PoC systems has been
described. A high-throughput, automated immunoassay system has been presented along with a diagnostic
application. Two different methods, one for on-chip micropumping and one for microvalving have been proposed.
It has been argued that these methods are steps towards the creation of modular microfluidic chips, since they can
be implemented by assembling or injecting already prepared components into the circuit. In an effort to described
how these contributions could be used for the development of modular PoC immunoassays, two concept
microfluidic disks for centrifugal systems are described with variations and initial steps towards their development
are discussed.

6.3 CONCEPT 1: LAB-ON-A-DISK BASED ON MODULAR MICROPUMPS AND
MICROVALVES

In this first concept, a LoaD concept is presented. The concept is based on the micropumping and microvalving
concepts that were presented in the previous chapters and is targeted towards bead-based sandwich ELISA
immunoassays.

The on-chip immunoassay process is presented on Fig. 6.1. A microfluidic disk has an inlet port at its center which
leads to a reaction channel. The reaction channel is shaped as an arc of a circle concentric to the disk. When a liquid
reagent is placed at the center of the disk and the disk is spinned, the centrifugal force causes the liquid to move
outwards and into the reaction channel. For a bead-based immunoassay, the first step would be the introduction of
the bead solution. Since the microbeads have a larger density than the aqueous solution, they will move to the outer
portion of the reaction channel under the influence of a centrifugal force (Fig. 6.1 B) . The reaction channel is also
connected to a waste chamber using a siphon structure (see Ch. 2). When additional volume is added into the inlet
port (for example, washing buffer) and the liquid flows over the siphon, the entire content of the reaction channel
will empty into the waste chamber. A geometric valve is also included in the siphon structure to avoid liquid flow
due to capillary forces when the disk is stopped. However, note that the microbeads will not flow towards the waste
chamber, but they will remain on the outer wall of the reaction channel.
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Figure 6.1: The principle of concept 1 for the realization of an on-disk immunoassay. Liquid samples and reagents are
inserted from the inlet port to move to the reaction channel due to centrifugal force. When excessive volume is
inserted, for example washing buffer, the siphon structure empties the chip contents to the waste chamber
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Comparing the functionality of this disk with the process of a sandwich ELISA assay as it has been described in Ch. 1,
this can be viewed as one of the microwells used in the lab with the ability to separate the beads from a liquid
solution. The magnet below the disk, can be used to mix the beads with the liquid content of the reaction channel
by hovering the chip over the magnet and rotating back and forth so that the beads can move from the one end of
the channel to the other. Once the entire process is complete, the microbead signal can be quantified using an
optical detection system which can be located on another position over the disk.

So far, this concept does not follow the PoC principles described in Ch. 1, since it requires user input for every assay
process step. In order to create a concept that describes a complete PoC system, an automated way to insert the
different reagents and sample would be required. For this, the micropumps and microvalves described in the
previous chapters of this work could be used.

In Fig. 6.2, a more complete concept is presented. This is a double-sided disk. In this figure, the top side is shown.
This disk contains (1) an inlet port, (2) hydrophobic porous microvalves, (3) lyophilized/dried reagents on disk, (4)
laser activated micropumps and (5) a waste chamber. The first step into the immunoassay protocol would be to
reconstitute all the lyophilized reagents and prime the disk with buffer solution. Following the ASSURED criteria, this
should be ideally a 1-step process that does not require any special training. In the disk of Fig. 6.2 the following steps
take place:

1. The user is required to dispense buffer solution into the center of the disk using a pre-filled syringe or a
Pasteur pipette (Fig 6.3 A)
2. The disk spins at lower RPM than what is required to collapse the superhydrophobic microvalves (Fig 6.3 B)
The buffer solution fills the metering chambers under the influence of the centrifugal force
o Excess volume is drained through a channel at the end of the aliquoting structure
o When excess volume is drained, the aliquoting channel empties and only the metering chambers
remain full (Fig 6.3 C)
4. The disk spins at higher RPM to collapse the superhydrophobic valves
o The metered volumes go through the valves into the lyophilized reagent chambers
o The reagent chambers are filled and the lyophilized reagents are resuspended in the solution (Fig
6.3 D)
o Now each chamber is connected to its own individual laser activated micropump
5. The disk stops and the laser activated pump connected to the first reagent that needs to be used (ex. a
buffer solution for microbead reconstitution) is positioned below an infrared laser source
6. The infrared laser source activates the micropump and the volume is pushed forward and into an orifice
that leads to the other side of the chip (Fig. 7.4 A)
7. The liquid reagent moves through a channel into the other side of the chip where lyophilized microbeads
are positioned near the reaction chamber (Fig. 7.4 B).
8. Theinfrared laser source is deactivated and the expansion stops
The disk spins at low RPM to force the buffer solution to go through the lyophilized microbeads, resuspend
them and fill the reaction chamber
10. The following steps are similar to this sequence using the rest of the micropumps.
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Laser activated micropumps

Lyophilized reagents
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Figure 6.2: A microfluidic disk designed to perform sandwich immunoassay protocols with resuspension and metering
of lyophilized reagents
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Figure 6.3: The reagent resuspension aliquoting structure is based on superhydrophobic microvalves like the ones

described in Ch. 5
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Figure 6.4: The on-demand dispensing of any reagent contained on the chip is based on laser activated micropumps
like the ones described in Ch. 4
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Figure 6.5: After the laser activated pumps finish expanding, the disk spins so that the displaced reagent volume or
bead solution are pulled into the reaction channel

The above description and figures describe an embodiment of a sandwich immunoassay-based disk that makes use
of the micropumps and microvalves that have been described in the previous chapters. An indicative setup which
would be required to perform an immunoassay using this disk can be seen in Fig. 6.6 A&B. A motor rotates the disk
for positioning and centrifugation and three stationary components, a magnet, an IR laser and a detection system
are used to perform magnetic trapping and mixing, fluid actuation and assay results quantification. More
components may be required such as additional magnets to cover more positions on the chip, indexing features or
additional laser sources if a micro pumping method with volume control needs to be used (see Ch. 4).

The modularity concept can be seen in Fig. 6.6 C. The consumable can be made by composing the disk, seals,
micropumps, microvalves and lyophilized components together. Especially the lyophilized/dried reagents and
microbeads can be initially placed in plastic plugs such as the ones seen in Fig. 6.6 C so that lyophilization or drying
is not required to be done on the disk.
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Figure 6.6: Assorted device (A&B) and exploded view of the proposed microfluidic disc (C)
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The benefits that this concept presents compared to the current state of the art are the following:

e [t can replicate laboratory process steps for a bead-based immunoassay
e The consumable is modular and can be produced by composing different elements together
e No post processing or special deposition methods are required for the disk
e All micropumping and microvalving is done in a contactless method that does not require interfacing with
external devices
e |tis ageneric approach that can be used for multiple immunoassay applications
e Centrifugal technology has the following advantages:
o It works very well with microbeads as it inherently has the ability to separate them from a
suspending solution.
o Itis compatible with tests that use blood samples since centrifugation is used to extract plasma.
o ltisthe only microfluidic technology that does not suffer from bubbles and air entrapment issues.
e The positioning of a stationary permanent magnet is a very low cost and robust method to manipulate
microbeads by moving the disk over it.

Regarding the drawbacks, it is a complicated design that would require significant development to counter common
failure modes such as sealing problems or poor optical properties of the chip and sealing films. Additionally, the
design of the detection system requires the selection of optical components that can provide the required sensitivity
(for example dichroic mirrors and dielectric filters) but can also fulfil the affordability requirement of the ASSURED
criteria. Lastly, the motion system requires simultaneously a centrifugation mode at multiple thousand RPM and a
positioning mode that can achieve resolution of 0.02° to capture a 6.5 um microbead at a radius of 20 mm. The
component selection to cover this requirement as well as size and cost specifications is not straightforward.

6.4 CONCEPT 2: LAB-ON-A-DISK BASED ON SELF-CONTAINED REAGENT INJECTORS

The previous concept is based on the micropumps and microvalves of Ch. 5&6 as they were described and used to
prove their operating principle. This next concept was made as a variation to the micropump design that was already
presented, with a focus towards reducing the chip complexity and increasing its modularity. The main idea is that a
laser activated micropump could also be fitted into a glass capillary tube (Fig. 6.7 A). In this modified version of the
micropump, the reagents could also be included in the capillary in order to create a self-contained injection
component. A version with displaced volume control could also be realized with an intermediate layer of
photopolymer (Fig. 6.7 B). In both cases, each layer should be separated from the others using thin seals that would
break or move when the micropump is activated. This could be realized by replacing the silicon oil matrix of the
micropump material with a photopolymer and exposing this photopolymer to a short amount of UV/ blue radiation,
enough to cause a polymerization of only the outer layer of the mixture. This would be aided by the presence of the
absorbance enhancer (See Ch. 5) which prevents the radiation from penetrating further into the mixture.
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Figure 6.7: The concept of self-contained reagent injectors based on laser activated micropumps. (A) An injector
containing an expandable portion and a liquid reagent (B) An injector containing an expandable portion, a
photopolymer and liquid reagent.

A concept microfluidic disk based on the micropump variation of self-contained injectors can be seen in Fig. 6.8. In
this design, each of these injectors contains a component necessary for a bead-based sandwich immunoassay. The
injectors are activated using laser irradiation, and their content flows towards the reaction channel since it is the
only vented channel in the microfluidic circuit. When a new injector is activated, the contents of the reaction channel
are pushed towards the waste chamber by the incoming fluid. The injector contents and the sequence for a sandwich
ELISA using the notation of Fig. 6.8 could be the following:
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Injectors:

s: sample micropump

1: Microbead solution with primary Ab
2: Sample diluent

3: Secondary Ab

4: Label

w1-4: Wash solution

Process steps:

W e NOU R WNR

=
o

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Insert sample (blood) into sample chamber and close port

Centrifuge to separate plasma from blood cells

Position magnet over 1 to pull microbeads towards the end of the channel

Activate 1 to push microbeads into the reaction channel

Centrifuge to purge channels, notice that excess liquid will flow back into sample chamber and 1
Position reaction channel over magnet to capture microbeads

Activate w1 to perform a washing step

Centrifuge, excess liquid will flow back into sample chamber, 1 & wl

Activate s to inject sample into reaction channel

. Activate 2 using volume control to inject the required amount of diluent in reaction channel while

simultaneously displacing part of the sample volume
Centrifuge to purge channels

Incubate using magnet and oscillating disc motion

Position reaction channel over magnet to capture microbeads
Activate w2 to perform a washing step

Activate 3 to inject secondary Ab into reaction chamber
Centrifuge to purge channels

Incubate using magnet and oscillating disc motion

Position reaction channel over magnet to capture microbeads
Activate w3 to perform a washing step

Activate 4 to inject label into reaction chamber

Centrifuge to purge channels

Incubate using magnet and oscillating disc motion

Position reaction channel over magnet to capture microbeads
Activate w4 to perform a washing step

Centrifuge to purge channels

Perform detection

As described in these process steps and as can be seen on the disk design of Fig. 7.8, centrifugation in this concept

is used for purging the channels after an injector has been activated as well as for sample preparation. The main

fluid actuation tasks are performed by the injectors. The activation sequence is important since during

centrifugation, the backflow from the channel will be distributed between the injectors in front of the last one

activated including the last one activated. In order to avoid cross contamination, the injectors should be activated

on a clockwise sequence in which case excess liquid will end up on injection positions that have already been used.
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Figure 6.8: A microfluidic immunoassay disc based on self-contained injectors. The disc has three identical and
independent circuits.

An indicative setup which would be required to perform an immunoassay using this disk can be seen in Fig. 6.9 A. A
motor rotates the disk for centrifugation and positioning. A stationary infrared laser is used to activate the injectors.
A UV/blue laser diode is used to control the displaced volume as per the method described in Ch. 5. The UV/blue
laser diode can be positioned using a linear axis motion system to accommodate different volume requirements
especially for different sample dilutions. Permanent magnets are used for microbead separation. A plurality of
magnets could be required to accommodate all different positions that the disk can assume during injector
activation. A detector system would be required to perform signal reading at the end of the immunoassay.

In Fig. 6.9 B, an exploded view of the consumable disk can be seen. The injectors are placed inside disk cavities that
are directly connected with the microfluidic channels. The assembly is sealed with a film that is perforated in
positions that venting or sample inlet are required. The sample ports need to be sealed after the sample is inserted
using an on-chip seal.
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Figure 6.9: The injector-based disc assorted device components (A) and an exploded view of the consumable (B)
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The benefits that this concept presents compared to the previously presented disk are the following:

e [tis asimpler design with less on-chip components
e Itrequires less space, a one-sided chip may suffice
e Increased modularity

One drawback of this design is that reconstituted reagents cannot be stored for long periods of time. From a
technical standpoint, the main drawback of this design is the sealing of the injectors into the disk cavities. In a
scenario where manufacturability is of importance, the injectors would be inserted from the top of the chip. Looking
at the cross section in Fig. 6.9 A, the space between the injector and the disk cavity needs to be sealed off otherwise
the displaced volume can flow inside the cavity instead of into the microfluidic channel. In Fig. 6.10 A, a prototype
disk based on this design was fabricated using laser processing in a VLS 3.50 laser cutter and micromachining in an
LPKF S63 milling/drilling station. The stock material was 2.5 mm thick PMMA (acrylic). Injectors were fabricated using
@1.4 mm micro haematocrit capillary tubes. The tubes were primed with a composition of expandable mixture
described in Ch. 4 and a red colored aqueous solution. The injectors were activated using a 530 mW 980 nm laser
source. In Fig. 6.10 B-C the activation process can be seen. Although the volume expands as per the results of Ch. 4,
only a portion of it flows into the microfluidic circuit because of the inability to completely seal the interface between
the capillary tube and the microchannel.

A

Figure 6.10: A prototype of the injector disk during preliminary testing with an IR laser. (A) the PMMA disc (B) An
injector with a colored solution inserted in the disc (C) The injector is activated (D) The colored solution flows through
the circuit

To counter sealing challenges, a different approach into embedding the injectors into the disk is required. A
variation of the injector approach in which the injectors are placed into a cartridge is shown in Fig. 6.11 A. Using an
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elastomer cartridge, the injectors could be assembled in a way that no empty space remains within the sealed
area. Sealing features can be added onto the cartridge (Fig 6.11 B) to assist in interfacing the external component
with the microfluidic circuit.

A

Detection system

UV/blue laser on linear axis |
(bottom side)

Reagent injectors Sample capillary

tube
Injector elastomer
cartridge

Seahng features N
\__/

Figure 6.11: A variation of the proposed injector-based design in which the injectors are placed in an elastomer
cartridge. (A) the disc in its assorted device (B) A cartridge including injectors (C) a prototype disc

A prototype disk has been fabricated based on this concept (Fig. 6.11 C). The disk has been manufactured using the
same methods as in the previous prototype. The cartridge was fabricated using VAT polymerization additive
manufacturing with a photocurable resin with elastomer-like properties (FLGR-01-P1). The Form 1 printer was used
by FormLabs. Although the sealing condition was improved, during initial testing there was some leakage,
especially during centrifugation. Managing consistent sealing in these concepts is a requirement and would be one
of the tasks during the development of a system based on these disk designs.
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6.5 CONCLUSIONS AND NEXT STEPS

Two different concepts for bead-based immunoassays have been presented that are based on laser activated
micropumps and porous microvalves. The objective of this chapter was to display how the proposed methods could
be used to develop modular PoC microfluidics. In both concepts, no special processing for the consumable is required
(ex. plasma treatment, on-chip lyophilization, precise positioning or fabrication of special on-chip elements) and all
the disk’s components (micropumps, microvalves, reagents, sealing films and ports) are assembled to produce the
final product. The components (micropumps, microvalves) can be produced in bulk and they do not require costly
and precise operations like lithography or micromachining. The merits of modularity, apart from increased
manufacturability, also include simplicity into adaptation in different applications and the ability for rapid
deployment of PoC systems.

The challenges of the presented concepts, partially seen through initial prototyping, include sealing of modular
components with the main disk and the development of a lyophilization/storage method for insertable reagent
plugs. Additionally, the detection and motion systems for these concepts would need to be developed based on the
specs of bead-based immunoassays and challenges. Initial steps towards these last two directions can be found at
the supplementary material of this work.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

7.1 ABSTRACT

In this final chapter, a review of the directions and findings of this work is presented. The contributions from each
chapter are discussed along with the constraints of the proposed methods. A laboratory automation system for
bead-based immunoassays has been proposed for which a prototype has been developed and tested. The results
are promising and support the value of such a system for life science and diagnostic applications. A new type of
micropump and a new type of microvalve for on-chip operations have been presented. Their performance has been
investigated and their results indicate that these methods contribute to the current state of the art, although further
research is required to enhance the repeatability of these methods. Based on the developed components, some
concept microfluidics are discussed. Future steps towards modular PoC systems are proposed.

7.2 SUMMARY

In this work, components that enable the development of modular point of care systems have been pursued. The
research has been focused on systems that perform immunoassays for diagnostics, either for the laboratory or the
clinic setting. To establish the start of the art, existing PoC systems and their diagnostic targets have been reviewed
with a focus on their core technologies. It has been shown that for immunoassays, two distinct trends have been
formed: The lateral flow immunoassay, with the most prominent example being the SARS-CoV-2 rapid test, and the
device-based immunoassay systems. While rapid tests focus on simplicity and low cost, device-based immunoassays
aspire to bring quantification and sensitivity to PoC systems. Aligning to this goal, we identify suspension arrays
based on superparamagnetic microbeads as a candidate technology for modular immunoassay systems. Discerning
such systems into larger, laboratory devices and smaller, autonomous clinic devices, we establish that in the former
the problem that needs to be solved is one of automation, while in the later, one of the core problems is the on-chip
fluid-handling. Developmental efforts were thus directed towards these two goals: Creating the automation needed
for laboratory bead-based immunoassays and providing technical solutions for the transfer of the same
immunoassay technology to chip based devices. The development and findings of this work are summarized in the
following points:

e A method to perform bead-based immunoassays in a fully automated way has been displayed. An
automated system that performs such assays has been presented and analyzed

e Abead - based immunoassay for the detection of SARS-CoV-2 antibodies testing has been performed using
the developed automated platform with results displaying its capability for life science and diagnostic
applications

e A method to perform fluid handling using a new type of laser activated micropumps has been demonstrated
and its potential and limitations have been explored

e A method to perform liquid handling using a new type of porous burst microvalve has been demonstrated
and its strength and constraints have been discussed

e Based on the previous developments, concept designs of lab-on-a-disk systems that embed bead-based
technology combined with laser activated micropumps and porous microvalves have been demonstrated
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7.3 CONCLUSIONS

7.3.1 A LABORATORY DEVICE FOR IMMUNOASSAY PROTOCOLS

In the third chapter of this work, the development of an automated laboratory immunoassay platform was
presented. The platform makes use of superparamagnetic microbead technology, with the novelty being that the
biochemical processes take place inside the disposable pipette tips. The main subsystems, notably the fluid handling
head, the magnetic manipulation unit and the motion system of the platform were presented. This approach
towards bead-based immunoassays was shown to have the following key benefits compared to the current state of
the art:

e A novel method that allows the automation of bead-based immunoassays has been proposed

e A platform has been developed which can be used both for assay development and for diagnostic
applications

e The platform has a small footprint and does not require the use of auxiliary systems such as shakers and
magnetic plates, making it self-contained

e The method of operation bypasses the problems associated with handling small reagent volumes, since the
platform handles the microbeads and not the liquid volumes

e The platform itself is modular and could be scaled up or down depending on the application requirements

This system was used to perform an immunoassay for the detection of SARS-CoV-2 antibodies S1, RBD and N in three
vaccinated patients. The results displayed good correlation with the laboratory assay with low CVs across the
different measurements and better repeatability in the lower measurement regions compared to the manual assay.
The assay was performed as a three-plex, meaning that all three antibodies were tested simultaneously in each
sample using different microbead families.

The constraints of the platform are the following:

e The prototyping of the device has revealed manufacturing challenges that should be addressed in future
implementations, such as the ability to reliably load multiple pipettes and ensure sealing during assay
operations

e  From a design standpoint, the platform’s motion system could be made more space-efficient and fail-proof
by replacing the individual plate carrier stations with a single plate handling system that can operate in
different plate positions.

e The platform’s flow through washing system is prone to clogging and unequal flow rates. In subsequent
versions, a different design should be employed that is based on positive displacement pumping for the
washing buffer in each pipette tip.

7.3.2 LASER ACTIVATED SINGLE-USE MICROPUMPS

In the fourth chapter of this work, a new type of micropump for fluid handling in microfluidic chips was presented.
The micropump is based on a mixture of expandable microspheres that increases in volume when irradiated with an
infrared laser source. The ability to displace volumes over 35 pl with near constant flow rate has been displayed.
Pressures up to 150 mbar have been achieved using this method. Additionally, a variation of this micropump which
can achieve displacement repeatability of <1 ul has been presented. This variation is based on an additional blue
laser source that is used to cure a photopolymer inside the microfluidic channel and stop the flow when a predefined
volume has been displaced.
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The proposed micropump brings the following benefits compared to the state of the art:

e Thisis a novel, contactless approach for on-chip fluid handling

e The method requires no chip processing or special microfluidic components

e The proposed approach enables truly modular design of microfluidic chips for PoC applications as the
micropump itself is a microfluidic component that can be embedded in any chip design, where required
and in numerous instances.

e The micropump does not require physical interfacing with the external device but is triggered using an IR
laser, while no peripheral equipment is needed. This simplifies the external device design and reduces the
failure modes from auxiliary components

e Asingle IR laser could be used to activate multiple micropumps.

e  This micropump design could bring additional functionality in lab-on-a-disk PoC systems, since the inherent
ability to rotate the chip can be used to align multiple micropump positions with a stationary laser source.
This implementation would require only the addition of a laser source to the external device and the
micropump building blocks to the microfluidic chip.

The constraints of the proposed micropump are the following:

e The simple embodiment of this micropump in which no volume control feature is used can yield displaced
volume variations which may be unsuitable where precision dosing is required. When precision volume
displacement is required (<1 pl repeatability), the variation using photopolymerization of an advancing
photopolymer front should be used or a metering application using aliquoting structures in a lab-on-a-disk
format.

e The method may be unsuitable for completely mobile applications due to its high energy requirements (>
1.5 J/ul)

e The use of this micropump in centrifugal systems would require the optimization of the mixture matrix and
the photopolymer density so that they are compatible with centrifugation process and they don’t separate
during the assay steps

e The storage of the components that constitute the micropumps in a microfluidic chip should also be
evaluated per their stability during transportation or temperature variations.

7.3.3 POROUS MICROVALVES

In the fifth chapter of this work, a new type of microvalve was presented that is based on hydrophobization of a
porous component and the use of that element as a pressure-driven flow control element. The preparation of test
chips with superhydrophobic porous microvalves is presented in two different chip designs. In the first design, the
microvalve is assembled from the top of the microfluidic circuit while in the second design the microvalve is
assembled radially. Among the two designs tested, the first one is much easier to implement in a microfluidic device.
The microvalve burst pressure is tested using a centrifugal platform. Burst pressures of 12.5 kPa on average are
reported for the first design and 60kPa for the second design. The proposed microvalve brings the following benefits
compared to the state of the art:

e A novel superhydrophobic burst micropump is proposed
e The proposed method enables modular chip design since the microvalve is an external component that is
assembled onto the chip
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e The fluid handling approach does not require processing of the microfluidic chip to render parts of it
hydrophobic and is not dependent on microfabrication of structures or geometric valve forms

e The burst pressures reported are higher that pressures attained using geometric valves or hydrophobic
barrier structures on comparable channel sizes.

The constraints of the proposed microvalve are the following:

e The burst pressure standard deviation of the first chip design is high. Although this is not necessarily a
constraint for applications where it is permitted to use all micropumps at a specific burst pressure range, it
could become a constraint if it would be of interest to create micropumps with different burst pressures to
use sequentially

e Aninherent constraint of the proposed component is that it also acts as a filter. This could be beneficial for
some applications (ex. filtration of debris or unwanted particles from samples) but it could also be restrictive
when particles or microbeads need to be moved within the microfluidic circuit.

7.3.4 MoDULAR PoOC CONCEPTS

In the sixth chapter of this work, two PoC concepts based on the presented fluid handling components were
proposed. The first concept is a centrifugal disk embedding both laser activated micropumps and porous microvalves
for sandwich immunoassays. An approach for the on-chip assembly of lyophilized reagents is theorized. The second
and the third concept are based on an adaptation of the laser activated micropump described in Ch. 4 into self-
contained injectors. The reagent solutions in this version are assumed to be stored inside the injectors. There are
two variations for this concept: One in which the injectors are directly assembled on the chip and one on which the
injectors are assembled on a cartridge which is in turn assembled on the chip. The proposed concepts could add to
the state of the art in the following ways:

e The implementation of multi-step protocols could be realized using centrifugal microfluidics on a simple
device

e The modular design of the consumable disks would allow fast development, flexibility into revisions and
easy manufacturing

e The combination of assay development using SampleX and easy adaptation of that assay in the centrifugal
microfluidic concepts would allow the rapid deployment of immunoassays

Some of the constraints of the proposed concepts would be the following:

e The storage of liquid reagents in contact with the micropump materials would need to be investigated and
perhaps methods to isolate one from another would be required

e The long-term storage of liquid reagents for immunoassays is not always possible as often cryopreservation
or lyophilization is necessary

e Interfacing the injectors and the cartridge with the microfluidic chip is challenging task and could introduce
failure modes
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7.4 FUTURE WORK

In the introduction of this work, the concept of a modular bead-based PoC immunoassay has been presented and
the concept of a shared technology between laboratory and PoC instruments has been discussed. Key parts of this
concept have been outlined, in particular laboratory systems, on-chip fluid handling, detection methods and on-chip
reagent storage. In the scope of this work, laboratory systems and on-chip fluid handling have been developed and
their potential has been presented. To enable the implementation of functional modular PoC microfluidics, more
steps need to be taken in each of these fields:

7.4.1 LABORATORY SYSTEMS

An automated immunoassay system for laboratory and diagnostics use has been presented. As a future step, this
system could be optimized for faster and more precise assay performance. In particular:

e  Reduction of incubation times to accelerate assays

e Explore whether the omission of washing steps significantly affects the assay performance using a flow-
through approach.

e Develop an optimized washing system that is based on positive displacement of buffer volumes in the
pipette tip to solve clogging and uneven flow constraints

o Develop a modification of the system architecture to be able to operate on 384-well plates

7.4.2 ON-CHIP FLUID HANDLING

A new micropump and a new microvalve have been presented. Their contributions and limitations have been
discussed. Future steps on these topics would include the following:

LASER ACTIVATED SINGLE-USE MICROPUMPS

e  Further optimize the laser activated micropump to reduce variability in flow rate and displaced volume.
Potentially use injection molded microfluidics or PDMS prototypes to achieve optical quality for the laser
window.

e Develop compositions of controlled matrix density to make this micropump fully compatible with
centrifugal platforms

e Explore the replacement of the mixture matrix with a photopolymer to facilitate volume control with a
single composition

e  Further explore the integration of micropumps into self-contained injectors as per their displacement
capacity, repeatability, fabrication, storage and compatibility with liquid reagents.

POROUS MICROVALVES
e  Optimize the porous microvalve chip integration to reduce variability in burst pressure. Potentially use
injection molded microfluidics or PDMS prototypes to achieve low surface roughness and improved chip-
valve sealing
e Explore different supehydrophobic treatments, for example various dilutions of the SiO2 suspension to
achieve variable burst frequencies for sequential multi step valve actuation using centrifugation

7.4.3 MODULAR PoOC CONCEPTS

Two different concepts for the modular design of lab-on-a-disk consumables have been presented. The
implementation of these concepts and the integration of the developed components would be the next step for this
work. In particular:
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Optimization on the sealing of self-contained injectors in microfluidic disks
The development of the lyophilization of reagents on plastic inserts that can be assembled on chip would
be a necessary step towards modular microfluidic diagnostics

The development of a low cost, sensitive and robust detection system for centrifugal bead-based
immunoassays
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SUPPLEMENTARY MATERIAL

CHAPTER 4

A DISCUSSION ON THE SCALABILITY OF THE PROPOSED MICROPUMP DESIGN

An important aspect in any proposed methodology for embedded microfluidic systems is the ability to scale
according to the needs of the application. While in the current investigation only very similar chips have been tested,
some conclusions have been drawn in regard to the scalability of the proposed micropumping method.

Figure S.1: Section view of a microsphere mixture undergoing expansion when exposed to an infrared laser beam.
Zone A consists of unexpanded mixture, Zone B consists of expanded microspheres and Zone C is gaseous hydrocarbon
from ruptured microspheres. The laser beam is represented by the red arrow.

The first observation is that only the mixture volume that lies in the laser beam’s path will eventually
participate in the expansion process while the rest will remain unexpanded. As can be seen in Fig. S.1, there are 3
distinguishable zones in a section view of the micropump.In zone A, outside the laser beam path the mixture remains
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unexpanded. In zone C, close to the axis of the laser path which includes the higher energy portion of the beam, the

microspheres burst releasing their encapsulated hydrocarbon. This is the main source of linear expansion which

starts at the entry point of the laser point and ends at the other end of the chamber. In zone B, which surrounds

zone C, microspheres expand but do not rupture. This zone could be of special interest during the design process

since it essentially consists of gas-filled microspheres and hence functions as a thermal insulator for the rest of the

chip. Considering the above, two rules that could possibly be of use are:

A. The portion of mixture that will participate in the excitation process depends on the size of the laser

beam spot, not the full capacity of the chamber into which the mixture is stored.

B. The chamber height, i.e. the length at which the laser beam will encounter microbeads affects the

maximum displaced volume that can be achieved. Larger chambers in height will result in larger volume

output.

As far as the size of the microspheres themselves is concerned, a typical expanded microsphere could have

asize of 50 um. At that size they could clog chamber interconnections and microfluidic channels if the design allowed

microsphere migration from one chamber to another. Consequently, a third rule that could be relevant to the design

procedure that implements this micropumping technology is:

C. The expanded particle size (~ 50 um) is a measure by which chamber sizes and channels through which

expandable mixture moves should be designed in order to avoid clogging and maintain continuous

rheological behavior during expansion. Smaller structures may result in full clogging or discontinuities in

flow due to partial clogging.

Regarding the ability to separate the liquid reagents from heat affected zones within the chip in correlation

with chip scaling, we identify 3 parameters as the most crucial ones: I. Expandable mixture chamber size, Il: Chip

thickness and lll: The presence of a heat sink.

MATLAB VIDEO ANALYSIS TOOL FOR DISPLACEMENT RESULTS EXTRACTION

[oNge)

%% Video analysis tool for laser activated single use micropumps experiments

o\
o\

clearvars;

%$choose video name
videoname=uigetfile('*.avi');
vidprocess=VideoReader (videoname) ;
info = mmfileinfo (videoname)

o

%get no of frames and frame rate
nframes=vidprocess.NumberofFrames;
nframerate=vidprocess.FrameRate;

$ vidprocess=vision.VideoFileReader (videoname) ;

221



%input valued from chip calibration

vold=370;
10=2;
11=0.75;

%input values from chip calibration
volsO0O=[{2111101111011110111101111011110111
0 11;

vols0=vols00;

for i=2:37
if vols00(i)==
volsO (i)=volsO0(i-1)+10;
elseif vols00 (i)==
vols0O (i)=volsO(i-1)+11;
end
end
maxvolO=vols0 (37);
nohor=5;

%$Load video with video editor, input required values

winopen (videoname) ;
% prompt={'Laser Activation Time', "'Maximum Retraction (chk pts from

start) ', "Maximum Volume', 'Start volume % (Initial loop)', 'Channer Depth',...

% 'No Vertical Lines', 'No Valid Trackpoints'};
prompt={'Laser Activation Time', 'Maximum Displacement time', 'Start volume %
(Initial loop)', 'Channer Depth',...

'No Vertical Lines', 'No Valid Trackpoints'};
dlg title='Select Values';
num lines=1;
impframes = inputdlg(prompt,dlg title,num lines, {'3.333' '4.5"' "'"180" "405"
181 1371 }),.
ActivationF=str2num(cell2mat (impframes (

1,
% MaximumR=str2num(cell2mat (impframes (2
)
)
)

)
)

i

1)));

1))
MaximumF=str2num(cell2mat (impframes(2,1)))
Initvol=str2num(cell2mat (impframes (3,1)
cdepth=str2num(cell2mat (impframes(4,1))
nover=str2num(cellZ2mat (impframes(5,1)));
novalid=str2num(cell2mat (impframes (6,1)));
allinp=[ActivationF MaximumF Initvol cdepth nover novalid];

’

)
)

’

%corrected values of chip based on measured depth
maxvol=maxvolO*cdepth/vold;

vols=vols0* (1.2737-0.0007*cdepth) *cdepth/vold;
vols=vols- (Initvol*vols (1) /100);

%get the frames of the activation and maximum volume
FMaxim=round (MaximumF*nframerate) ;
Factiv=round (ActivationF*nframerate);

1
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%get one random frame to do some processing
sampleframe?20=read (vidprocess, 20);
gframe20=rgb2gray (sampleframe20) ;

%get the area of laser exit

imshow (gframe20) ;

ses=roipoly(gframe20) ;

%get the maximum displacement frame
motionframe=read (vidprocess, FMaxim) ;

%get the area of masking procedures
hold on

methcolor=zeros(1,1);
mfgray=rgb2gray (motionframe) ;
intrack=roipoly (mfgray);

%get the nodes using lines%%

hold off

imagesc (mfgray) ;

%get the trackpoints
title('Horizontal Lines, Up to Down')

for i=1l:nohor
mline=imline;
posl=wait (mline) ;
linh(i,1)=posl(1,1)
linh (i,2)=posl(1,2);
linh (i, 3)=posl(2,1);
linh (i, 4)=posl(2,2)
clear mline,posl

end

’

’

title('Vertical Lines, Left to Right')

for i=l:nover
mline=imline;
posl=wait (mline) ;
linv (i, 1l)=posl(1l,1)
linv(i,2)=posl(1l,2);
linv (i, 3)=posl(2,1)
linv (i, 4)=posl(2,2)
clear mline,posl

end

xsl=zeros (nohor,2) ;

ysl=zeros (nohor, 2);
( )
( )

’

xs2=zeros (nover, 2
ys2=zeros (nover, 2

’

%get the trackpoints from intersections and arrange them
for i=l:nohor
xsl (i, :)=[1linh(i,1),1linh(i,3)];
ysl(i,:)=[1linh(i,2),1linh(i,4)1;
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end

for j=l:nover

xs2(j,:)=[1linv(3,1),1linv(3,3)1;
ys2(j,:)=[1inv(3,2),1linv(3,4)]1;
end
i3=0;
xint = zeros (nohor*nover,1);
yint = zeros (nohor*nover,1);
for j=l:nover
for i= 1 : nohor
i3 = 13 + 1;
% if mod (j
[xint (1j),yint(ij) ]=polyxpoly(xsl (i, :),ysl(i,:),xs2(J,:),ys2(J,z:));
% ij=ij+1;
end
end
[xint sorted, 1idxX] = sort(xint);
yint sorted = yint (idxX);
xyint sorted = [xint sorted,yint sorted];
for 3 = 1 : nover
idxs = (j-1) *nohor+ (l:nohor) ;
if mod(j,2)==
xylnt sorted(idxs,2) = sort(xyint sorted(idxs,2), 'descend');
else
xyint sorted(idxs,2) = sort(xyint sorted(idxs,2),'ascend');
end
end

figure (3);clf;
imagesc (mfgray)
title ('Numbered Trackpoints Detected, Click to Continue')
% hold on
for i =l:length(xyint sorted)
text (xyint sorted(i,1l),xyint sorted(i,2),sprintf('si',1i))
end
kk=waitforbuttonpress;
close
hl = image (mfgray) ;
gethlx=get (hl, 'XData');
gethly=get (hl, 'YData');
[nrows,ncols] = size(get (hl, 'Chata'));

imagesc (mfgray) ;
colormap('jet');

%get the trackpoint in order, get color wvalues
[c,r,pixelcol]=impixel (gethlx, gethly,mfgray,xyint sorted(:,1),xyint sorted(
2));

maskedim=mfgray.*uint8 (intrack) ;

methcolor=mean (pixelcol(:,1));
colormask=roicolor (maskedim, methcolor-45,methcolor+45) ;

xyint sorted=xyint sorted(l:novalid, :);

trackdims=xyint sorted;

-7
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pixx=round (axes2pix(ncols, gethlx, xyint sorted(:,1)));
pixy=round (axes2pix (nrows, gethly, xyint sorted(:,2)));

sghaa=3;
sgqwaa=>5;

sgh= (sghaa-1)/2;

sqgw= (sqwaa-1) /2;

[mm, nn]=size (pixx) ;
trackmask=zeros (size (mfgray));

[mx,nx]=size (mfgray);
chpoinit=zeros (mx,nx, 50);
checkpoint=zeros (mx, nx, 50) ;

%create the tracking mask
for ii=1:mm
checkpoint(:,:,1i)=zeros (size (mfgray)):;
for ij=l:sghaa
for jj=l:sgwaa

trackmask (pixy(ii, 1)+sgh-ij,pixx(ii, 1) +sqw-jj)=1;
checkpoint (pixy(ii, 1) +sgh-ij,pixx(ii,1)+sqw-jj,1i)=1;

end
end

chpoinit(:,:,1ii)=gframe20.*uint8 (checkpoint(:,:,1i));

aga=chpoinit(:,:,11);
startval (ii)=sum(aga(:));
aga=0;

end

negtrackmask=1l-trackmask;

imagesc (negtrackmask) ;
justtocheck=mfgray.*uint8 (negtrackmask) ;
imagesc (justtocheck) ;

hold off

c=zeros (size(ses));
meantime=zeros (1, nframes) ;
time=zeros (1,novalid);
timef=zeros (1,novalid);
ii=1;

$tracking procedures

for i=l:nframes
vfr=read(vidprocess, i) ;
vfrgray=rgb2gray(vfr);
c(find(ses))=vfrgray(find(ses));
meantime (1)=(i-1) /nframerate;
meanval (1) =sum(c(:));
tracksel=vfrgray.*uint8 (colormask) ;

nowim=vfrgray.*uint8 (checkpoint(:,:,1i));
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nowval (1)=sum(nowim(:)) ;
'outer loop';

i;

'nowval';

nowval (1) ;

if ii<=mm
if nowval (i)<startval(ii)/1.1

'innerloop'
ii
time (1i)=(i-1) /nframerate;
timef (ii)=1i;
ii=1ii+1;
end
end
meantrack (i)=sum(tracksel (:));

clear vfr vfrgray c tracksel;

end
close all

%user validates point tracking
for i=l:novalid
hold off

vfg=read (vidprocess,timef (1)) ;
kk=waitforbuttonpress;
imagesc (vfqg) ;
title ('User Validation of point Tracking, click to continue')

end
close

hold on

plot (meantime, 25*meanval/ (max (meanval)), 'color', "black') ;
plot (time,vols (l:novalid), 'color','r'");

title('Results processed and unprocessed')

xlabel ('Time (seconds) ')

ylabel ('Volume (microliters)')

filnamel=strcat (videoname, ' .mat');
save (filnamel) ;

varstr=videoname;
varstr=strrep(varstr,'.',"'");
varstr=strrep (varstr, 'avi', '");
varstr=strrep(varstr,' ',"'");

varstrl=strcat (varstr, 'varlxxx');
varstr2=strcat (varstr, 'var2xxx');
varstr3=strcat (varstr, 'var3xxx');
varl=genvarname (varstrl) ;
var2=genvarname (varstr2) ;
var3=genvarname (varstr3) ;
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eval ([varl '=[meantime;meanvall;']);
eval ([var2 '=[time;vols (l:novalid)];']1);
eval ([var3 '=allinp;']l);

clearvars -except -regexp xxx$

save ('fullresults.mat', '-append') ;

CHAPTER 7

LAB-ON-A-DISK FLUORESCENCE DETECTION SYSTEM

In Ch. 7 of this work, two different concepts for a centrifugal microfluidic bead-based immunoassay systems were
discussed. Centrifugal microfluidic systems have an inherent compatibility with bead-based assays, because through
centrifugation the microbeads can be collected against an arced channel, while by using stationary permanent
magnets they can be mixed with a reagent solution by moving the centrifugal disc in an oscillating manner. In Fig.
S.1 A, the key concept of a reaction/detection chamber is shown isolated from the rest of the microfluidic circuit. A
microfluidic channel is designed as an arc around the center of the disc. When the disc spins, the microbeads will
accumulate on the edge of the channel. With the microbeads now located at a specific radius from the center of the
circle, a detection method (quantification of the bead signal) can be envisioned where a detector is located at a
stationary point located below the position where the microbeads are positioned. Still, the detection method itself
may not be straightforward.

In Fig. S.2 B-D, different detection methods for microbeads are presented. For simplicity, it is assumed in all cases
that a green source is used for excitation and that the emission from the microbead is at the red wavelengths. In B,
a classic epifluorescence method is presented in a simplified manner. Epifluorescence is based on the existence of a
dichroic mirror, i.e. a component that will transmit light of some frequencies and reflect light of the rest of the
frequencies. An excitation source emits light at a wavelength which is reflected by the dichroic mirror towards the
microbead. The light is focused on the microbead, whose fluorescent label is excited and emits a fluorescent signal
at a frequency that is transmitted by the dichroic mirror. Fluorescence goes through the mirror towards the detector,
which can be a camera, a photodiode or a photomultiplier. This method is commonly used in microscopy. One of
the key concerns when designing a detection system is that the emission wavelength does not interfere with the
detection signal. This can be challenging, especially when laser sources are used for excitation.

In Fig. S.2-C, a detection system based on flow cytometry principles is shown. The microbeads run through a sheath
flow channel in which they are centered and passed through a laser excitation source one after another. A detector,
typically a PMT, is located laterally to the optical path of the laser beam. The detector captures the emission signal
of the fluorescent labels as the microbeads go through the detection position one by one. This can be used for
fluorescent labels but also for fluorescent tags to differentiate bead families from one another by adding laser
sources of different wavelengths in other positions of the sheath flow channel. This is the most common detection
system used for Xmap technology bead-based immunoassays.

In Fig. S.2-D, A detection system based on a LED excitation source and a CCD/CMQS camera is shown. The bead tags
and labels are excited using LEDs and their emission is recorded by a camera through appropriate dielectric filters.
This simplified technology is used by Luminex MagPix system.
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Figure S.2: The arrangement of microbeads in a detection channel of a centrifugal microfluidic and different common
approaches towards fluorescence detection. (A) Microbeads in an arced channel inside a microfluidic disk (B)
Epifluorescence, (C) Flow cytometry-based detection (D) LED / camera arrangement
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In the context of a microfluidic circuit, the detection system design needs to follow ASSURED criteria. In this case the
challenge is to keep the system low cost and compact. An additional challenge for fluorescent detection systems is
the need to use a high intensity source tuned for the excitation wavelength of the label, for example a laser diode,
but be able to isolate the incident excitation wavelength from the sensor. Considering that dichroic mirrors and
spectral filters are not 100% efficient in reflecting or blocking the unwanted bands, the excitation beams need to be
diverted away from the detector. Notice that in all of the approaches described in Fig. S.2 , the incident beams are
not directed towards the detector. This principle needs to be followed in fluorescent detection systems. Looking at
each individual approach, they all have merits and constraints. The epifluorescence approach is compatible with
different sources and detectors, but it has a large footprint and requires high quality optics. The flow cytometry-
based approach is the gold standard for bead-based immunoassays because of its ability to align microbeads one
behind the other. Additionally, the laser beam forms a 90° angle with the optical path of the detector thus isolating
the PMT from incident excitation beams. However, it requires sheath flow and a cuvette which is difficult to
implement in a microfluidic disk. Moreover, because exposure time is constrained by the flow velocity, very sensitive
detectors are required, for example photomultipliers. The camera/LED option is a simplified approach, but it requires
a sensitive CCD/CMOS sensor with high quantum efficiency which makes this option quite expensive to integrate in
a PoC system.

As part of the device/microfluidic concepts of this work, the prototype for a microfluidic bead-based immunoassay
detection system was created. The idea behind it was to combine the benefits of a flow cytometry system with the
format of a microfluidic disk (Fig. S.2). The concept, which can be seen in Fig. S.3-A, is based on lateral excitation of
the detection channel using a collimated laser beam. The beam is reflected on 1 or two mirrors and enters the disk
from the side. It travels through the disk to go through the detection channel in which the microbeads reside. The
labels attached on the secondary antibodies, fluoresce as a result of the excitation beam, but at a different
wavelength. Focusing optics below the disk drive the fluorescent signal into a detector, which can be a camera or
even a photodiode, provided that the microbeads are perfectly aligned from centrifugation. The signal is thus
recorded. Since the detection channel is arced, scanning can be achieved simply by rotating the disk. This approach
has the following benefits compared to standard detection methods:

e A lateral laser excitation, just like in the flow cytometry systems, protects the detector from noise coming
from the excitation beam.

o Unlike in flow cytometry systems, the beads can remain stationary which allows larger exposure times. A
photomultiplier could potentially be substituted with a lower cost photodiode in this case.

e  Multiple beams/detectors can be integrated into a single device to be able to detect both label and tag
signals from microbeads.

The main drawbacks of this approach are the following:

e The disk needs to be thick enough to be used as a beam propagation material

e Beam misalignments can cause interference from the disk sealing film or even total internal reflections in
the disk

e The disk material may itself have some fluorescent properties that can affect the reading of the detector

In Fig. S.3-B, a prototype for this detection system is displayed. The laser source is positioned below the right mirror
assembly. A 532 nm laser beam is focused on the detection channel and then reflected towards a beam termination
unit which is located below the left mirror. In the photo, the detection channel is empty and the laser beam can be
seen diffusing onto the channel wall.
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Figure S.3: An approach towards bead-based immunoassay detection on chip, which is consistent with the concepts
presented in Ch. 7 (A) The optical paths of the excitation laser and the fluorescent emission signal from the bead label
(B) A prototype system that is based on this principle (C) A microscopy image from microbeads acquired using this
excitation signal and a dielectric longpass filter (D) a microscopy image of the detection channel machined surface

In Fig. S.3-C, an image acquired from this system is shown. The excitation signal in this case is a 532 nm laser diode
which is used on microbeads coupled with a phycoerythrin label to acquire peak fluorescent emission at 578 nm. A
longpass filter is used to filter out the excitation wavelength and the image is acquired using a CCD camera and a
20X objective lens. While the excitation concept does work, there are aberrations from the lateral illumination and
significant background noise. This is attributed to the prototyping method of the disk which is machined (Fig S.3 D).
The surface roughness and machining marks of the prototyping process result in significant light scattering, which in
turn creates background noise in the detection system. Injection molded or PDMS disks would need to be fabricated
in order to evaluate this approach further
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LAB-ON-A-DISK MOTION SYSTEM

Different concepts have been proposed in this work on a microfluidic disk that could be used for bead-based
immunoassays. One challenge that we encountered when creating prototypes for the detection systems, is that a
detection system, especially when it is based on photodiodes, would need to have very high spatial resolution to be
able to be used with 6.5 um microbeads. The reason is that the detector would need to be able to focus on a single
microbead, or at the least be able to achieve a continuous rotary motion with very low RPM to be able to acquire
signal from each microbead. Assuming that the microbead detection channel is at a radius of 55 mm from the center
of the disk, that the required exposure from each microbead is 50 ms and that each microbead is 6.5 um in diameter,
the rotation speed required is 0.0065/0.050=0.13 mm/sec, which corresponds to ~0.023 RPM. Since this would be
used for detection, this rotation would need to be performed smoothly without stepwise motion or faster/slower
sections within the rotation, as all of these would affect the measurement of individual microbeads. However, for
the centrifugation mode, rotational speeds of 3000 RPM are not uncommon, as seen in Ch. 5 of this work. One
challenge that may be encountered during the development of a scanning bead-based PoC device, is that both high
speeds, very low smooth speeds and high resolution may be required from the motion system. While sophisticated
servomotor solutions with high resolution encoders may exist that can cover this specification, they may not be
suitable in the context of a low cost PoC device.

A proposed solution for a low-cost system with high resolution and high-speed capabilities can be seen in Fig. S.4-A.
The motion system consists of one DC motor and two stepper motors with a gearbox. The stepper motors are driving
sectioned rollers which are engaging via friction with a disk. From each roller, a section of ~90° has been removed.
Two terminal switches for indexing of the stepper motors have been included. The motion concept can be seen in
Fig. S.4-B. When both rollers are disengaged (1) , the DC motor can run freely at several thousand RPM for
centrifugation operations. When high resolution or very low speed is required, the two steppers first assume a 180°
phase shift (2), and then they are moved simultaneously. Because of the 180° shift and the 90° cut-out, there is
always at least one roller engaged with the disk (3&4). In a device implementation, the disk would be used to mount
a centrifugal microfluidic consumable. With this setup two modes can be achieved: a high-resolution mode when
the stepper motors are engaged, and a high-speed mode when the DC motor runs freely.
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Figure S.4: A proposed motion system for a centrifugal PoC device that requires both scanning abilities with high
resolution and high-speed rotation for centrifugation operations. (A) System components (B) Different positions of
stepper motors during device operation

A prototype for the proposed system can be seen in Fig. S.5. The 80 mm plastic disk is driven by two stepper
gearmotors with an 18° deg step and a 1:100 reduction ratio. The centrifugation drive is a small brushed 5V DC motor
(below the disk). In Fig. S.5-B, the angle step of the mounting disk has been measured against full steps from the
stepper motors working in parallel. To measure the stepping angle, a target (white line on black background) was
mounted on the disk. For each step taken, the target image was captured using a microscope. Using image analysis
in Matlab, the incremental movement of the disk was calculated from the captured frames. The stepping angle was
found to be 1.19 arcmin with a standard deviation of 0.14 arcmin for N=35. This corresponds to a resolution of
~18200 steps/rev. For comparison, in a closed loop servo application, a 14-bit encoder would give ~16400 steps/rev
which makes this open loop implementation an interesting alternative.

In summary, a low cost motion system has been presented and evaluated at an initial level to yield a high resolution
which could be used for scanning and centrifugation in a lab-on-a disk device.
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Figure S.5: A prototype of the motion system and initial evaluation (A) A photo of the system (B) Consecutive
measurements of the angle step of the disk for one full step of the stepper motors.
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[MEPIAHWH

KEDAAAIO 1: EIZATQrH

1.1 KINHTPA EPEYNHTIKH EPTAZIAZ

H avaykn diayvwong, mapakoholBbnaong 1 amokAelopol pLag maboAoyiknG Katdotaong Omou kat otav xpeldletat
e€akolouBel va elval pa onpavtiki mPOKAnon otov Topéa NG uyeiag. H €ykalpn diayvwon mabnoswy, 0nwg ot
VEOTIAAOOTIKEG 0lGOEVELEC ] 0 LOC TNG avBpwTvh G avoooavemapkelag (HIV), cuoyetiletal pe BeATlwpévn poyvwaen
yla Tov aoBevil?. Ie MePUTTWOEL LOAUCHOTIKWY acBevelwy, n éykaipn Stdyvwon Bondd otov meploplopd g
g€amAwaong tg vooou. Itnv npocdatn nepimtwon tou SARS-CoV-2, mpogkuPe n avaykn ylo dopntd Kat evaicdnta
Slayvwotikd epyaheia® tdoo yla tov £Aeyyo NG e€AmAwaong Tou ol, 600 Kal yla TV arnodopTion Twv SLayVwoTKWY
gpyaotnpiwv.

Qot600, Ylo. TOUG TTEPLOCOTEPOUG SLayvwaoTIkoUG oTdxoug, o €heyxog e€okohouBei va meplopiletal oe KEVIPLKES
EPYOOTNPLOKEG OOUEG, OTIWG EPYACTNPLA KAVIKWVY 1 SLayVWOTIKA KEVIPA. AUTEG oL SOUEG elval eEOTMALOUEVEG e
OUTOHATOUC EPYOOTNPLOKOUC aVOAUTEG PeyYGAou peyEBoug, Tou mapExouv Suvatotnteg eAfyxou TIOANATMAWVY
Selypatwy. NapoTL N MPOCEyyLon Tou KEVTPLKOU gpyactnplou £xel MOAA odEAN, cuxva cuoXeTIlETAL e PEYANOUG
XpOvouc avopovic anod t SeypotoAnyia péxpt to mdplopa tne e€étaoncl®. H avdykn va petadépovral Seiypota
Kal aoOevelg ammd amoOKPUCUEVEG TOTIOBEGLEG OTO KEVTIPLKO EPYACTNPLO, AUEAVEL TTEPALTEPW TLG KABUOTEPNOELS KaL
eTUSEWVWVEL TNV TtoloTNTA LW TwV acBevwy cuxva amobappUvovtdg toug amd to va urtofAnBolv oe amapaitnteg
e€eTAOELG.

Mo Toug mopanmdvw AGYoUC, N aVAITUEN TEXVOAOYLWV yla TNV TTOPOXH QTTOKEVIPWUEVWY UTINPECLWY SLAyvwaong
OUVLOTA PLot EPELVNTLKA KaTeUBuvon wdEALN yla TV Kowotnta. MNapdtl ta mapandvw adopolv ULo OEpd oo
LOTPLKOUG €AEyXOUG, OTNV Tapoloa €pyacia Ol EPEUVNTIKEG TIPOOTIAOELEG ETKEVIPWVOVIAL OTNV QAVATITUEN
TEXVOAOYLWV YL TTAPAKAIVIO CUCTAUATO AVOGOAOYLKWY SOKLUWV.

1.2 ANOZOAOTIKEZ AOKIMEZ TIA AIATNQ3H KAl EPEYNA

OL avooOAOYIKEC SOKLUEG lval BloxnKEG LEBoSoL avixveuong avTIoWUATWY N AVTLYOVWY PHEoa o€ éva Selypa. Otav
£€V0l LOKPOMOPLO, YL TIOPASELYUA HLa TIPWTELVN, €XEL SLayVWOTLKN afla, cUXVA XPNOLUOTOLELTAL Lot AVOCGOAOYIKN
Sokwun yla tnv aviyveuvon/mocotikomnoinorn the. Mia Kowwe XpnolpomoloUpevn PEBodog aviyveuong mMPWIEVWV
glvat n ELISA (Enzyme Linked Immunosorbent Assay). 2tn uébodo ELISA, n mpwteivn-otdXog mpocobEveTal o éva
OKLVNTOTIOLNEVO QVTLYOVO 1 avTiowpa, Staxwpilovtdc tnv amo TG UTIOAOLTEC TTpWTEiveG Tou Bplokovtal pEca oTo
Seiypa. To oUUIMAOKO OVTLYOVOU/QVTIOWHOTOC onuatodoteital, ouvhABwe He T XPron KAmowu ev(UHoU ToU
Tapdyel éva aviyvelLOLUO onpa, Onwc xpwuo 1 ¢pOoplopd. Me tn pETpnon outol TOu CHHATOC Yivetal n
mocotikornoinon 1 ormAd n emBeBaiwon/amnokAelopog TG UMAPENS TNG TPWTEIVNG-0TOXOU HEca oto Seiypa.
Yridpxouv TOAAEG TtapaAAayEG TIG TeEXVIKAG ELISA, pla ek Ttwv omoiwv eival n xpnon UMEPTAPAUOYVATIKWY
odalptdiwv we UTOCTPWHA YLa TN Sokur. & autrh TNV mapaAiayn, N 0KWNTOMOINGN TWV AVIIOWHATWV/aVTLyOvVWwY
yivetal mavw oe pikpoodalpidia Slapétpou ~6 um to onoia mepLEXouV vavoowpatibia ofeldiou tou oLdrpou.
Emiong, kdBe olwkoyévela pikpoodalpldiwv mepléxel dBopilouceg XpwOTIKEG Tou T Sladopomololy aAmod TLG
UTIOAOLTIEG OLKOYEVELEG ULKPOOdALPLSiwy. AOYyWw QUTWV TWV XAPAKTNPLOTIKWY, Ol avoooSOKLUOOIEC Ue T Xpron
ULKpoodaLlpLdiwy eMITPEMOUV TIOAUTIAEKTLKEG LETPNOELS (TTOAAOL oTOXOL OE Eva LOVOo Selypa), Tn Xprion HayvnTiopuou
yla tnv Slaxeiplon twv pikpoodaptdiwv Kal th XpHon cUoTNUATWY BACLOUEVWY OE KUTTAPOUETPIa porg yla thv
Tayelo moootikomoinon Twv MAayLSEUUEVWV TTPWTEIVWV-0TOXWV.
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1.4 EAErX0z 3TO sHMEIO ®PONTIAAS

‘EAeyxog oto onueio dpovtidag  mapakAiviog Eleyxog (Point-of-care testing) ival o 6pog mou xpnoLomoLeLTaL yLo
va teplypaeL SLoyVWOTIKA TECT TTOU SEV TPAYLATOMOLOUVTOL AUCTNPA OTO EPYACTHPLO, avt’ auTtol Slevepyolvtal
OTO onueio Kal otov XpOvo TOoU elval OmAPALTNTA. INUOVTLKEG TTIPOOTIAOELEG 08 AKASNUAIKO Kal BLOUNXAVIKO
EMUMESO EMUKEVIPWVOVTAL OTNV AVATITUEN TEXVOAOYLWV KAL GUOTNUATWY TIOU UIOPOUV VA TIAPEXOUV SLAYVWOTLKEG
AUoelc yla to onueio dpovtidag. O Maykdoulog Opyaviopog Yyeiag €xel Kataptioel pia Alota odnylwv yla thv
avarntuén tétolwv cuoTnUdTwy pe To akpwviplo ASSURED?2. OL obnyieg autég mpoteivouv nwg éva mapakAivio
SLOYVWOTIKO cUOTNUO TIPETEL VA €XEL YOUNAO KOOTOC, va elval evaiocBbnto kat edikd, va eival amAo otn xprion,
YPNYopo, agLOmLoTOo, KATA TO SUVATOV AUTOTEAEG Kal va eivat S1a0€aluo o autoUG mou To Xpelalovtal.

Mo uEBodog Katnyoplomoinong Twy MaPAKALVLWY CUCTNUATWY eAEYXOU elval e BACN TO ONUELO KaL TN Xpron yla
v omolia mpoopilovtal. Me Bdon autd ta KPLTAPLA, UTOPOUUE va SLaKPIVOUNE 3 KATNYopPieG cuoTnUaTtwy: TIg
MLKPEG popnTéC cuokeueg (lateral flow tests, CUOKEVEG PETPNONG COKXAPOU), TA UIKPA ETULTPATIEILO CUCTH AT
(LIKpopeUOTOVIKA KUKAWHATA pLag Xxprong, Lab-on-a-Disk) kat ta epyaoctnplokd cuothpota peyaAUtepng KALUOKOC.
JUOKEUEG TIOU QVNAKOUV OTI( TOPOIAvw Katnyopie¢ Siadopomololvtal wg TPoG TNV Texvoloyia Tng
oavooobdokipaciog, wg mpog tnv HEBodo SLaxeiplong PEVOTWVY KAl WG TIPOG TIG TEXVIKEG avixveEUONG TOU GAUOTOC.
Qot600, n dnuloupyla cUCTNUATWY TTIoU akoAouBouv Ta kpitripla ASSURED €xel mpoKANOELG OXETI{OUEVEG LETALD
AAAWV pE TNV SLaxeiplon Twv peUoTWVY 0€ MPWTOKOAAQ TTOAAQTAWY BNUATWY, LE TNV EVOWUATWON EMEVEQPYNTWVY Kl
ouvodwV UTIOCUOTNUATWY HMECO OTLG OUOKEUEG KOL TEAKA MPE TNV (Sla TNV MPOCOpUOoYr TwV TPWTOKOAAWV
0VOOOSOKLUAOLWY OTLG SUVATOTNTEG T EKAOTOTE CUCKEUNC.

1.5 EYEAIKTOZ XEAIAZMOZ T1A ZYITHMATA NMAPAKAINION ANOZOAOTIKQON AOKIMQN

JTOXOC QAUTAC TNG £pyaciag sival n Slepelivnon TEXVOAOYLWV TIOU ETUTPETIOUV TV SLEVEPYELA TIPWTOKOAAWVY
avooobokiaoiog o eninedo pyaoTNPLOKWY KOl MLKPWY ETUTPATIEILWY CUCKEVWV. H gpyaacia eoTldlel otn Xprion
UTIEPTIAPAUOYVNTIKWY UIKpoodalptdiwy, otV avamtuén evog eMITPOE(lOU EPYAOTNPLOKOU CUCTHMATOC Yo Th
SLEVEPYELO OLUTOUATOTIONUEVWY OVOCOSOKLUACLWY KOL OTNV QVATTTUEN TEXVOAOYLWV YLl TNV OLUTOUATOTIOLNEVN
Slaxeiplon peuotwy O PLKPOPEVOTOVIKA KUkKAwpato. H olvBeon OAwv autwv Bo pumopolos va odnynosL otn
SnuLoupyla MapakALVLWY CUCTNUATWY AVOCOSOKLUAGCLWY TIOU Jolpdlovtal tTnv (Sla texvoloyla e Ta epyaoTnpLlakd
oavaAoyd toug.

KEDAAAIO 2: ANAZKOMHIH NAPAKAINIQN AIATNQITIKQN SYSTHMATQN

Je oUTO TO KePGAao’? yivetal pa avaoKOmnon Twv TUTWY, TEXVOAOYLWV Kal SLOyVWOTIKWY OCTOXWV TOoU
xpnotluomnolouvtal o€ mapakAivia Stayvwotikd cuotrpata (PoC systems). Qg adetnpia xpnotponotovvtat 105
KATaokevaoTeg PoC cuoTtnudtwy. H AloTa aUTWY TWV KOTAOKEVOOTWY KATOPTIOTNKE UE BACH TN GUUUETOXHA TOUG OF
S1eBveic ekBéoelc®?, ouvéSpla kat avalloelg ayopdcs.

2.1 H TEXNOAOTIA TQON NAPAKAINIQN AIATNQITIKQN IYSTHMATQN

Katnyoplomowwvtag ta PoC cuctipata Pe BAacn tnv texvoloyia toug, mpokumtouv 4 Baclkég Katnyopieg: Ta
cuotnuata lateral flow yvwota kat wg rapid tests, ta puyokevtpkd PoC GUGTAUATO, TA CUCTAMATO NAEKTPOXNLKAG
aviyveuong kal Ta cuotnuota aviyveuong VOUKAEIKWY of€wv. MAEOV QUTWVY TWV KATNYOPLWY, UTAPXOUV Kal
161A{OVOEG MEPUTTWOEL CUCTNUATWY TIOU CUVAVTWVTOL OTIOVLIOTEPQ.
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2.2 TEIT LATERAL FLOW

Ta cvotipoata lateral flow gival iowg n Lo XapAKTNPLOTIKA Kathyopia PoC cuotnUaToc. Y& auTH TNV Katnyopia
xpnotuomnoleitat texvoAloyia sandwich ELISA pe pikpoodatpibia latex rj KoAOELSH Xpuao yla va mapaxBel éva opatod
ONUOL EVOEIKTIKO TNG aviyveuong tng mpwrieivnc-otoxou. H Wblattepotnta autng tng uebodou oe oxéon Ue tnv
epyaotnplakn ELISA, gival nwg ta aviidpwvta Bplokovial oe oteper| popdr o SLapopeTika onpela TAVW OE Lo
Awplda evog mopwdoug, ubpodilou pécou. To SLdAupa TTOU TIEPLEXEL TO Selya ELOAYETOL OTN Uia AKPN QUTAC TNG
Awpidag kat wBoULEVO TTPOG TNV GAAN, CUUTIOPACUPEL TO AVTLOPWVTA VLA VAL SNILLOUPYNOEL TEALKA OPATEG YPOLLEG
TIOU ONUOTO80TOUV TNV EYKUPOTNTA TOU TECT KAL TNV AVIXVEUGH 1 N Tou otoxou. Tumikad teot lateral flow ivat to
TeOoT yla SARS-CoV-2 Ag, teot HIV kat to teot heG. H texvoloyia lateral flow gival pa €§unvn mpooappoyn evog
£pPYAOTNPLOKOU OVOGOAOYLKOU TIPWTOKOAAOU O€ €va amAd avaAWGCLUO TEST ULOG XPrionG. QoTO00, TO KOGTOC AUTAG
NG MPOCOPUOYAG Elval n pewwpévn euaioBnoia f/kat el8kOTNTA WTWY Twv teoT?. Eniong, ta lateral flow teot ev
YEVeL Sev mapéxouv SuVATOTNTES TTOCOTIKOTIOLNGNG TOU GTOXOU Kal Tteplopilovtal o ePpappoyEG OTIOU N aviyveuan
I 1N TOU 0TOX0U EMAPKEL.

2.3 OYroKENTPIKA POC sYSTHMATA

Ta puyokevipikd PoC cuotipata, yvwotd kat wg Lab-on-a-Disk (LOAD) ekpetalevovtal tn GuyokevTpikr SUvan
yla TV UAomoinon HLKPOPEUCTOVIKWY KUKAWUATWY oE TteplotpedOpevoug Slokoug. uvdualovtag ta TPLXoeLdn
dawvopeva ou eppavilovial o€ UKPOPEVUOTOVLKES SLATAELELG WE TN GUYOKEVTPLKN SUVALLN TIOU QLOKELTOL OTO PEVOTO
£VTOC TOU KUKAWHATOC Kal pe evallayn udpodhwy Kat udpddoPwv emipavelwy, cUVOeTA MPWTOKOAAA PrtopolV va
uAomownBoulv xpnotlomnolwvtag tTnv texvohloyia LOAD. Adyw autrig tng eveAi§iag, ta Stabéopua LOAD cuothpata
otnv KAWLKN Tpaén Stadopomololvtal Petafld TOUC WG TPOG TOUC SLaYVWOTIKOUE 0TOXoUG Kal tn Slatagn twv
KUKAWUATwy24-129 + 1307133 Koy otolxela avdpeoa ota cuothpata eival mwg oe dAa Xpnoldomoleital éva
ULKPOPEVUOTOVIKO KUKAWHA EVTOC eVOC TTAAOTLKOU avaAwotpou Siokou. O iokog TomoBeTeital og GUOKEUT OTIOU Kal
nieplotpedetal oe 100s - 1000s RPM. Me evallayég otnv meplotpodikry TaxUTNTA, T AVILOPWVTO OPALWVOVTAL,
SooopetpolvTal, avapulyvuovtal Kol TEALKA HME TN XPRon KAmolag omtikng pebddou avixveuong yilvetat n
TLOGOTLKOTIOLNGN TOU OTOXOU. 2Ta GUYOKEVIPLIKA POC cuoTAATA UAOTIOLOUVTOL EKTOG QO AVOCOAOYLKA TIPWTOKOAAQ
KOLL QLLOTOAOYIKEG ETPNOELG KOOWGE KOL LETPROELS OEPLWV ALPATOC KOl NAEKTPOAUTWV.

2.4 HAEKTPOXHMIKA POC sYITHMATA

Ta nAektpoxnuikd PoC cuotripata xpnowuomnoolv tv aAAnAenidpacn NAsKTpodiwv Kol aviliépwviwy ylo tThv
TIOOOTIKOTIOINGN €VOG OTOXOU. Xpnoluomolouvial OlodopeTIKEG aPXEG AELTOUPYLAG, OMWG OAUTIEPOUETPLA,
BoAtopetpla Kol LETPNON AYWYLLOTNTAG YLa va LeTpnOel éva nAektpoevepyo Tipoiov To omolo eival cuvhBwe aueca
oUVOESENEVO e TNV UTTaPEN €VOG EVIULOU-KATOAUTH. Ta NAeKTpoXnkd PoC cuoTtripata ouviBwg eumepLéxouy éva
LLKPOPEUGTOVIKO KUKAWUA, €ite mMadnTikd (HeTpnTéC YAUKOING) eite pe Kdmowa evepyntikd otoxeial’®!, Ta
NAEKTPOXNHKA POC GUOTAMATO XPNOLUOTOLOUVTOL EUPEWG YLa TN HETPNON YAUKOTING, XOANOTEPOANG, aLLaToKpLTN,
aeplwv aiparog, nAektpoAuTtwy Kal xpovou pobpoufivnc.

2.5 2YITHMATA ANIXNEYZHZ NOYKAEIKQN O=EQN

Ta PoC cuoTtipata yla Thv avixveuon VoukAgikwy oféwv o€ éva Seilypa xpnoluomololvtal Kupiwg yla T avixveuon
DNA/RNA wwv kat Baktnpiwv oe Seiypata pe otoxo tnv emBeBaiwon/anokAeiopd péluveong, f tnv aviyveuon
YVWoTWwV yoviSiwv oe éva Seilypa e 0TOX0 TNV ovayvwpLon KL YEVETLKAG TpodlaBeong yia kamola voco. Omwg Kot
OTO EPYAOTNPLAKA HOPLAKA CUOTAMATA, TO 0deNOG elval n Suvatdtnta MoAAANMAACLACHOU TwV aAANAOUXLWY TTOU
£XEL WG amoTéAECoPA TNV auénpévn guatobnoia tg uebodou. H uéBoSOG TTOU XpNOLUOTIOLELTAL TILO CUXVA £lval N
aAuotdwtn avtibpaon moAupepaong (PCR) mou amattel tn xprion Beppikwyv KUKAwv. ANeg péBobdol eivat n LAMP
kat n NEAR mou eilval 1ooBepuikég texvikeéc moAhamlaotaopol. H pébodog avixveuong cuvibwg mepthappavet
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pétpnon ¢pOoplopol. AlayvwoTiKol oTOXOL yLlol ouoTAOTA VOUKAEIKWY o€€wv mepthapBdavouy tov SARS-CoV-2, Toug
LoUG TN ypLING KAl yvwotd oykoyovidia.

2.6 2YMMNEPAIMATA

3€ aUTO To KeDAALO avaluovtal ol SLadopPETIKEG TEXVOAOYLKEG TPOaeyyLoeLg yia TV UAomoinon PoC cuotnuatwy.
H texvoloyia twv lateral flow test ouykevtpwvel To peyalitepo evlladépov g aplOud CUCTNUATWY, SLAYVWOTIKWY
OTOXWV Kol TaLplwy. Ta o cuvOeta cuothpata Slakpivovtal o€ GUYOKEVTPLKA e omtikn HéBodo avixveuong tou
OTOXOU, Ot NAEKTPOXNULKA HE HIKPOPEUCTOVIKO KUKAWUO €ite mabntikd eite evepynTkod Kal OE OUCTAUOTA
aviyveuong voukAeikwv oféwv. KaBe pia amod autég Tig mpooeyyloelg eunnpetel SLAPOPETIKEG AVAYKES Kall
Slayvwotikd oevapla. To {Atnua tng Sloxeiplong twv MPWTOKOAAWY OE LILKPOPEVUCTOVLKO emimedo Kabwg Kal N
TipoETOLHaoia Tou Selypatog dpaivetal va ival onpavTikol mTapayovteg 6Tov oxeSLOOUO TOU CUCTHHATOG.

KE®AAAIO 3: ENA EPTAZTHPIAKO ZYSTHMA TA ANOZOAOTIKA MPQTOKOAAA

3£ QUTO TO KEPAAQLO TAPOUCLATETAL EVA EPYAOTNPLAKO CUCTN A TTOU avartuxOnke yia tn Ste€aywyrn avoooAoyLIKwY
TIPWTOKOMWY HE YpAOon Texvoloyiog umepmaApApAyVNTIKWY piKpoodalptdiwv. AvaAlovtal To ETMUEPOUS
UTIOOUCTAUOTA KAl TTapouoLalovtal SuvaTOTNTEG KAl OL TIEPLOPLOMOL. XpnoLlomolwvTag To cuotnua die€ayovrat
0VOOGOAOYLKA TIPWTOKOAAQ UE SLAYVWOTIKO OTOXO OVTIOWHATO €vavil tou tou SARS-CoV-2. Ta amoteAéopoata
OUYKPLVOVTOLL LE TA AVTLOTOLYO EPYOLOTNPLAKAL.

3.1 TEXNOAOTIA ANOZOAOTIKQN AOKIMQN ME MIKPOZOAIPIAIA

OL avOGOAOYLKEG SOKLUEG YLA TNV QVIXVEUGCT AVTIOWUATWY | avTlydvwy gival Bactkd epyaleio TnG SLayvwoTIKAG Kal
™G €peuvog ywa tnv aviyvevon Plodelktwv. H teEXxvoloyia pikpoodalpldiwv TtapEXEL  SuvaTdTNTEG
TIOAUTTAEKTIKOTNTAG KOl auEnuévng eualoBnoiag kabwg kal avénuévn guelitia otnv Sle€aywyn TETOLWV SOKLUWV.
Mo t Ste€aywyr) avoooAoylKwY SOKIUWY HE Hikpoodalpidla, XpNOLUOTOLELTOL EpYAOTNPLAKOC EEOMALOUOC OTWE
OOCLUETPIKEG TUMETEG, OUCTAMATO avAadeuong Kol TAUONG MIKPOTAQKWY KOl cuothpata  mayideuong
pikpoodatpdiwv. Mo t Sdie€aywyn pikpol aplBuol Sokluwy, to MPWTOKoANa ektehouvtal xelpokivnta. Ma tn
Sle€aywyn MOAAAMAWY TELPAPATWY €XOUV avamntuxOel pOUMOTIKA CUCTAKMATA YEVLKAG XPRONG TIOU UITOPOUV va
eKTEAEOOUV PEPOC N OAOKANPO TO TMPWTOKOAAO. QOTO00, UTIAPXOUV TIEPLOPLOUEVEG AUCELS yla TV Sle€aywyn
TIPWTOKOA WV HE Tn Xpron Hikpoodalptdiwv Kal oL CUCKEVEG elval ouvnBwg peydlou peyEBoUC, YEVIKAG XPHONG
£PYAOTNPLOKEC TIAATHOPUEG aunuévng ToAumAokdtnTag. Ita mAaiola autAg TnG epyaciog €ywve mpoomdbeia
QVATTUENG EVOG ETUTPATEILOU CUOTHATOC POCAPOCUEVOU OTNV TexVoAoyia pikpoodalptdiwy, mou Umopet va
xpnotluomolnBel yla S1oyvwoTLKA Kal yla €peuva.

3.2 MEeOAOI

To oUotnuoa amoteeital and 3 kUpla uoocuothpata: Tnv Kepaln Stoxeiplong vypwv Katl pikpoodalpldiwy, To
cloTNUa Kivnong Kot Toug Gopeig UKPOTIAOKWV.

H kedaAn evowpatwvel 96 mapaAinAa £éupoia yia tn Slaxeiplon vypwv. H avappodnon, Slavoun Kal avautén
yivetal pe tn xprion EUMopLKWVY puyXWv mmetwv. H Sidtaén emhéxOnke wote va eival cuUBATH LE TUTTOTTOLNUEVEG
dopueg  pkpomAakwy (8x12, 16x24). Emiong otnv KkeboAn EVOWHATWVETAL £va cloTnUa  dlaxeiplong
ULKpoodalpldiwy mou amoteAsital ormd UOVIIOUG HAYVITEC TTOU PETAPEPOVTAL OE EVEPYEC N avevepyEG BEoeLg oe
OXE0N WE TIC TIMETEG. H Stadopomoinon Tng AELTOUpyLOG TOU CUOTHLOTOG O€ OXECN LE UTTAPXOUOEG AUCELS, Elval TwG
n Slaxeiplon Kat o SlaxwpPLoPOg TwWV UKpoodalpldiwy yivetal evidg Twv TUMETWY. ME auTH TV TPOOEyyLon
QUTAOTIOLELTOL TO TIPWTOKOAAO Sle€aywyrng avoooAoyIKWY SOKLMWY Kol aipovtal {nTApata Slaxeiplong UKpwv
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TOCOTATWY peuctol os Bobpia pikpormhakwy, KaBw OAeg oL avildpAoelg AapuBAavouV Xwpa HECA OTA TIAAOTLKA
puYXN.

O oxedlaouog tng Stoxelplong uikpoodalpldiwv £ylve PE XprHON TPOCOUOLWONG E TIEMEPOOUEVA OTOLXELD TNG
enidpaong Tou payvntkoUL mediov kat Tou mediou TaxUTNTOC TOU PEUOTOU OE evalwpnua pikpoodalpldiwv. Ao
Slatatelg Sokipaotnkay, o SakTUALoeldn¢ LayvAtng kot n Statagn tetpamAol payviatn nepldepelakd Tou puyxoug.
Bp€Bnkav AUoEL CUMPBATEG LE TLG ATALTACELG TOU TPOPARLATOG Ko arod TG SUo mpooeyyioelg. H xprion tetpamiou
MaYVATN €lXE KATAOKEUAOTIKA KOl AELTOUPYIKA TTAEOVEKTAMATA Kal ETUAEXONKE yia TN Sleaywyn TWV MEPAUATWY
0€LoAdYNoNG TOU CUCTAUOTOG.

To ovUotnua kivnong kot ot $opeilg HUIKPOTAOKWY €glval ta BonBnTikd umocuoTAUATO TIOU HETadEPOUV TaA
SladopeTikd avtidpwvta Kol Ta uypd MAUoNG os BECELG TTou va Pmopel va ta emefepyaotel n kepaln dlaxeiplonc.
MAéov autwv, otnv TAatdoppa evowpatwvovtol 600 BEoel; kpuoouvtrpnong He otolxeia peltier yu tnv
MipoowpLvn amoBrkeuon gvalobnTwy avIdpwWVIWY Kol autopatiopol yla thv ¢optwon/ekdoptwon mumetwy. H
avayvwon Tou onpatog Twv pikpoodatpldiwv yivetal og Eexwplotd pnxdvnpa tng stalpiog Luminex, cupuBato pe
™V tTexvoloyia pikpoodalpldiwy.

3.3 ANOTEAEZIMATA KAI ZYMMNEPAZMATA

H ouokeur apxlkd aflohoynbnke He TN XPron OMTIKAG MLKPOOKOTIAG Yyl TNV OTEIKOVION TAYLOEUUEVWY
pLkpoodalpldiwy evtog Tou MAAoTIKOU pUyxouG. H ameilkdvion Seiyvel tnv emtuxn mayideuon Twv pikpoodalpldiwv
LE T XPon HOVILWY payvntwy. Ta pikpoodatpidla elonxdBnoav oto puyxog we evalwpnua os udatiko Staivpo. H
TAyLdEUON TIOPAEVEL KATA TNV EKKEVWON TOU pUYXoUg armd To StdAupa. Adalpwvtag, wotdoo, To LoyvnTko nedio
Kal elodyovtag éva véo StaAupa, Ta pikpoodalpidla atwpouvtal ek vEou. Ta apamavw cuvnyopouv oTo OTL N apXn
Aettoupylag mou mpoteivetal Ba propouce va xpnotpomnotnBet yia tn Seaywyn MEPOPOTIKWY TTPWTOKOAAWV.

To ouotnua mayideuong afloAoyndnke w¢ MPOG TNV ATMOTEAEGUATLKOTNTA TOU OTNV Ttayideuon Uikpoodalpldiwy.
Xpnowonotlwvtoag Stadopetikég alnAouyieg Kvnoewv tTwv eUBOAwWY NG KepaAng, €ywve mayidsuon pexpL kot 94%
Twv odapldiwv yla mpwTOKoANo evog BAMATOC Kot LEXPL Kot 58% yLa MPpWTOKOAAA 4 Bnudtwyv.

H telikn afloAdyncn TOU CUCTAHATOC EYLWVE UE TNV EKTEAECH €VOG TIOAUTIAEKTIKOU OVOOOAOYLKOU TECT ylo
ovTIowpato évavil tou tou SARS-CoV-2. Xpnolpomowwvtag Ssiypato tpuwv acBevwy, £yve €AeyXog Twv
QVTIOWHATWY EVaVTL TwV avTlydvwy N, S1 kat RBD kat €ywve avtutapafoAn Twv anMOTEAECUATWY HE TA avTioTo a
£PYAOTNPLOKA. H XpAon tng cUOKEUNG €Swoe (8la amOoTEAECUATA HE TA EPYNOTNPLAKA UE TIOPOUOLO CUVTEAEDTH
MeTaBANTOTNTAG.

To amoteAéopoTa TWV MOPATAvVWw SOKLUWY cuvnyopoUV oto OTL N cuokeun/uéBodoc mou avamtuxbnke Oa
MIopoUoe va XpnotLomotnBel yla KAWVIKE SLayVwoTLKI KoL yLa EPEUVA, e EMOUEVA BripaTa TnV MepaLtépw BeAtiwon
NG QMOTEAECUATIKOTNTAC TOU GCUCTAUATOG Tayideuong kal OSOKIUEC Uelwong Tou XpOVoOU EKTEAEONG TWV
TIPWTOKOAWV.

KEDAAAIO 4: MIKPOANTAIEZ ENEPTOMNOIOYMENEZ ME AEZMH LASER

e aUTO TO Kedpdalalo mapouctdletal n avamtuén pag peBodou Sloxelplong PEUCTWV OE HULIKPOPEUCTOVIKA
KUKAwpata mou Baociletal otn €kBeon BepuodlacteAopevwy pikpoodalpldiwv oe aktivoBolia mnyng laser. H
MEBO0SOG eTUTPEMEL TN SNULOUPYLA UKPOAVTALWY LLOG XPONG TIOU UIMOPOoUV VA EVOWHOTWOO0UV O€ ULKPOPEUCTOVIKA
KUKAWpaTa
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4.1 TEXNOAOTIA MIKPOANTAIQN

H ulomoinon HIKPOPEUCTOVIKWY KUKAWHATWY amottel t xprion HeBodwv Sloxeiplong pevotwv evidg tou
KUKAWMOTOC YL TNV TPAYHATONoinon aAANAOUXLWY TTOU QMALTOUV METAPOPA, AVAMLEN Kal EKTTAUGTK. 2TO KEPAAALO
2 oulnTAOnKav oL LEBOSOL ToU XPNOLUOTIOLOUVTAL VLA TNV EKTEAECH AUTWV TWV AELTOUPYLWV OE KALWVIKA oUOTAUOTA
PoC. Ynidpyxouv wotdoo kal dAAeg péBoSol rou €xouv npotabei otn BLBAoypadia, Gnwg oL mveu patikég aviiieg?™?,
247 264 Td60 n xprion

EEWTEPLIKWV ETIEVEPYNTWV 00O KaL N EVOWHATWON TEPIMAOKWY SOV 1) AAAWV OTOLXELWV LECO OE HIKPOPEUCTOVLKA

n xpnon TmelonAEKTPLKWY OTOLXELWV N oL emipAveleg eAeyXOUEVNG NAEKTPOSLABPOXAC
KUKAWOTA armoteAolV eunddia yla tThv xprion toug Adyw tng SuckoAiog uAomoinong aUTWY TWV CUCTNUATWY OF
avoAwotpa poilovta. ZTa MAALoLa AUTHG TG Epyaciag £yve mpoomabela avantuéng pag pebodou nou dev amartel
olvleon Ue e€WTePIKOUG EMEVEPYNTEG ] OTEYAVWON HE EEWTEPLKEC CUVOECELG KOl UTTOPEL va XpnollomolnBel cav
oTolxelo eUEAIKTOU oxeSLaoMOU evog PoC cuotrpartog.

4.2 MEOOAOI

Mo tv avdmtuén twv pkpoavtAlwy, xpnotporol)dnkav BeppodiaocteAlopeva pikpoodalpidla tng etatpiag
AkzoNobel / Nouryon. MNpokettat yia odapidia apxLkng SLAUETPOU HEPIKWY UM TIoU eyKIBwTi{ouv pla moootnta
TEMLECEVOU USpoyovavBpaka oe uypn ¢aon péca oe €va BeppomAactiko kEAudog. Otav ta pikpoodatpidia
Beppaivovral, to kéEAudog palakwvel kal o udpoyovavBpakag StaoTéAAeTal odnywvtag os PEXPL Kal 40 dopEg
OYKOUETPLKN avénaon. Autd ta pikpoodalpidla evowpatwOnkav os plypato mov nepthapfavouv HAtpa amnod eAato
GLALKOVNG Kal £vav Ttapdyovta TPOTomnoinang tg anoppodnaong tou piypatog otnv IR aktvoBolia. Itn cuvéxeLa,
1O piypa tomoBetnBnke pPEo OE UKPOPEUOTOVIKA KUKAWUOTA KoL Xpnotponowwvtag pa 5iodo laser 980 nm kat
OMTIKA e0TiOONG, LEAETAONKE N CUUTEPLDOPA TOU WG ULIKPOAVTALA LA Xprong yia SLadopeTikEG CUVOETELS, WC TIPOG
TOV MEYLOTO OYKO EUPBOALOOU, WG TIPOG TNV LETADOPA BEPUOTNTOG TIPOG TO UTTOAOLTO KUKAWLLA, WG TTPOG TNV LEYLOTN
niieon epPBoAlopol Kal wg mPog TNV Tapoxn pevotol. Eniong, avamtixbnke pia mapadiayr] tng pikpoavtAiag mou
nephapPavel péBodo eléyxou Tou aKplBoUG Oykou €UPOALOMOU. Ze autrh TNV TapaAlayr, pla moodtnta
dwTtonmoAupepoUg xpnoLomoLeital yla va UITAOKAPEL TN por) Otav ekTeBel otnv aktivoBoAia evog urhe laser. MNa tnv
TIOCOTIKOTIOINGN TWV OMOTEAECUATWY XPnolponolibnke avdAuon video tng kivnong tou peuctol HECO OTO
KUKAWO.

4.3 ANOTEAEZMATA KAl ZYMMNEPAZMATA

OL mpwTeg SOKIUEC auTol Tou Kedalaiou mephappavouv tnv apxlkn afloAdynon tng pebodou kat tnv emidpaon
TIOU £€XouV SLadOPETIKEG OUVOEDELS TOU MIYMOTOG OTn OUMMEPLPOPA TNG MikpoavtAlag. H Aettoupyla Tng
ULKPOaVTALaG oo TV evepyomoinan Tng LEXPL TNV OAOKARpWaON TG XPong TN epdavilel ta akoAlouBa otadia: Mia
YPOULKA TEpLOXA SLACTOANG OO N Ttapoxn ival otabepr akoAouBoUEVN ATIO (LA KN YPAULKEA TIEPLOXN OTIOU N
TLAPOXI) CUVEXWG UELWVETAL LEXPL TTOU pNndeviletal. Metd tnv amevepyomnoinon tng 8tédou, epdaviletal pia meploxn
enavadopdg 6mou HEPOG Tou OyKou eUPBOALOOU avappoddtal tiow. Auth n eploxn 6ev epdaviletal Otav n apxLkn
Slaotohn dev Eemepvad T ypappkh Tieploxn. Q¢ mpog tnv enidpacon tg olvBeong tou piypatog, paivetal mwg n
XPNON MLYMATWVY UE LEYAAUTEPN TIEPLEKTLKOTNTA OE SLACTEANOEVA CWHATIOLA KaL TtapdyovTa anoppddnong, odnyet
oe avénon Tou PEYLoToU Oykou UPOALOUOU aAld bev emnpedlel ONUAVTLKA TNV TTapoyxr, N onoia ota melpapota
npooblopiotnke ota ~2 pl/sec. Meletwvtag EEXWPLOTA TNV TEPLEKTIKOTNTA TOU HIyHATOC O Topayovta
armoppodnong, MOPATNPOULE TTWCE YLA ULKPEC TIEPLEKTLKOTNTEG (1%) N mapoxr TNG UikpoavtAiag sival pewwpévn (<0.7
ul/sec) evw yla peyahUTEPEG MEPLEKTLKOTNTEG AUEAVETAL, WOTOOO HeyLoTomoLeital ota ~2.8 ul/sec yia tnv didtadn
TIOU XPNOLUomolBnKe o€ aUTA Ta MEPAPATA. AVAUESA OTLG SLOPOPETIKEG SOKLUEG UTTHPXE TUTILKA amOKALON HEXPL
kat 0.3 pl/sec yia tnv mapoyr kot ~2 pl yia toug 6ykoug ELBOALOUOU.
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TNV €MOUEVN OELPA TELPAUATWY, XPNOLLOTMOLWVTAS KL TTOoOTNTA GWTOMOAUMEPOUC Kol plat UItAe mnyn laser,
uAomolBnke éva ouoTnua €Aéyxou Tou TEALKOU OYKOU €UBOALOMOU TNG MIKPOAVTALOG. 2TA MEPAUOTA AUTA
UETPNONKE TUTIKA amtOKALON TOU TeAKOU Oykou gpBoAilopol +0.27 ul kat oAikd gUpog 0.7 pl avapeca o OAEG TIg
enavaAnPeig tg SokUNG. MNa TG SOKIUEG LETPNONG TNG TIiEGNG TTOU pmopetl va eriteuxOel péow tng ueBodou, Eyvav
SOKLUEG pe avTAla Ttieong Kal e evepyomoinon TN KikpoavtAiag évavtl evog KAELOTOU KUKAWMATOC Xwpig ektdvwan
™G mieong. YnoAoyiotnke mwg n BaABida Aettolpynoe PEXPL Lo LéyLoTh Tiieon 9.2 bar.

M tnVv ekTipnon g petadopag Bepuotntog amd tn pkpoBaABida mpog to utdAouto KUKAWA, £YLVE IPOocooiwan
UE TN PEBOSO TWV MEMEPACUEVWY OTOLXEIWV KO UETPNOELG UE TN Xpron BepulkAc Kapepag. To amoteAéopata
€6e1&av mwe n avénon Beppokpaociag népav Twv 37° C elval mepLloplopévn o Lo Uikpr {wvn yupw amno tn B€on tng
avtAilag n omoia propsei va pelwOel mepaltépw Pe TN Xpron anaywywv Bepuotntag.

Ao Tig mapandavw SoKUEG daiveTal wE N MPOTEWVOUEVN HEBOSOG UIopEL va XpnotomnotnBel yla tnv KoTaokeun
EVOWUATWHUEVWY ULKPOOAVTALWY OE UIKPOPEUOTOVIKA KUKAWHATA. 2TO MAAioLa TNG TapoUoog EPEVVNTIKAC epyaoiag,
OUTEG OL LLKPOOVTALEG €lval oTotxela eugAiktou oxedlaopoul yla Tnv uAonoinon PoC cuotnpdTwy mou Pmopouv va
SleveEpPYNOOUV  OVOOOAOYIKEG OOKIUEG HECA OF HIKPOPEUCTOVIKO KUKAWHO XPNOLUOTIOLWVTAG TeXVOoAoyia
pkpoodalptdiwv.

KEDAAAIO 5: TTOPQAEIZ YAPOOOBES MIKPOBAABIAES

e aUTO 1o Kedpdalalo mapouctdaletal n avamtuén pag peBodou Sloxeiplong PEUCTWV OE LKPOPEUCTOVLKA
KUKAWUOTA LECW TNG EVOWUATWONG 0TO KUKAWMA uSpodoBwv, mopwdwv oTolxelwv, Tou Asttoupyolv w¢ BarBideg
e\eyyOueveG amd TtV Tiieon Tou KUKAWHATOG. AvaAUETal 0 TPOMOG KATAOKEUNG Twv BaABidwv Kat TormoBetouvtal
pEoa o UYOKEVTPLKO ULKPOPEUCTOVIKO KUKAWMA yia va aLoAoynBel n amoTeAECUATIKOTNTA TOUG.

5.1 TEXNOAOTIA MIKPOBAABIAQN

Ol pikpoBoaABidec ival amopaitnta oTolelot HIKPOPEUOTOVIKWY KUKAWUATWY yla TV UAOTIOiNGn TPpWTOKOA WV
moAamAwyv Bnudtwv. H texvoloyia pikpoPBaABidwv xwpiletal o evepyd kal mabntikd otowxeia. O evepyEg
BaABideg elval otolyeia ota omoia amalteital EMeVEPYELA YlO VA ETITEAECOUV TO OKOTIO TOUG, ylol TAPASELypa
TIVEUUOTIKG eAeyxOueveg on/off BaABideg. O mabntkég BaABideg avramokpivovtal otnv aAlayr Tng mieong tou
KUKAWUOTOC Yl va UTAOKAPOUV | va eTTpEPouv T por). XTo KedAAalo 2 AUTAG TNG EPYAOIAC TTOPOUCLACTNKAV
TIPOYHATIKEG EdPappoyEC tadnTikwy BaABibwv os puyokevtpikd cuothipata. Autég ot BaABideg kataokeudlovtal
£10AYOVTAG MO AOTOMN Ay OTN YEWUETPILA TOU KUKAWHOTOC r/Kal Torikr) aAayr tng udpodoBLkotnTog tng
Soung. TumikEG TILECELG Asttoupylag auTwy Twv BaABidwy avadépovtat otn BLBAloypadic amo TIHEG UKPOTEPEG TWV
500 Pa?% péxpt kat 1074 Pa?’ yia o riponypéves edappoyéc. Edv éva pétwrmo peuctol Bpedel o enadh e pa
tétola BaABida, avaloya pe tnv mepLlotpodLkh TaxUTNTA TOU GUYOKEVIPLKOU CUOTAUATOC, £ite Ba mapapeivel
umAokaplopévo, eite Ba StaPpétel tnv emudpavela tng PalBidag, emitpénovtag £toL tn pony Slapécou tng. H
Kataokeur udpodoBwv kat urtepudpddoPwv BarBibwv amattel LPNAN akpiBela otn SoUA TOU UIKPOPEUOTOVLKOU
KUKAWMOTOC KoL TIEPALTEPW TOTIKN EMeEepyaoia e MAAOUA I XNULKA TpoTtonoinong tng dlaBpoxng tne emudavelag.
Y€ aUTO To KedGAaLo mapouctdleTal N avamtuén evog TUTIOU MABNTIKAC UKPOPBAABLSAG TTOU KATAOKEUATETOL EKTOC
TOU MLKPOKUKAWHATOG KOL ELOAYETOL OE QUTO WG EEXWPLOTO OTOLXELD. AUTO ETUTPEMEL TN XPRON TNG WG oTolxelo
gu€liktou oxedlaopou yla PoC cuothpartoa.
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5.2 MEeOAOI

H mpotewvopevn pikpoBalBida amoteleital and éva Aemtd, udpodopo Sioko evog Aemtol Kat mopwdoug UAKoU. O
SloKOG ELCAYETAL HECA OF€ ULKPOPEUCTOVIKO KUKAWLO SLAKOTITOVTAG TN PoN LECO O €va KAVAAL o TV KOTAOKEUN
Tou otolxeiou xpnoiuomolBnke ¢idtpo Uikpoivwy yuaAol pe mopwdeg 700 nm. To diktpo €ywve udpodopo
eupamntifovtag to oe StdAupa mou mepLeExeL Si02 cwpatidia peyéBoug ~100 nm kot adrvovtag to StaAlupa va
e€atulotel. H ywvia emadng tou udpodoBou uAkol LetprnBnke otig 149°. Mo TNV KATAGKEUT) TOU HLKPOPEUGTOVLKOU
KUKAWHOTOG XpNOLUoTIolBnKav TEXVIKEG KOTING Me laser kat pnxaviky koatepyaoia oe akpuAlkolg Siokoug.
KaTtaoKeudotnkav OKTWIKA Kavalla ylo xpron o ¢puyokevtplkd oclotnpa Slaxeiplong peuotwy. To mdaxog tTng
pwkpoBaABidag kat Tng B€ong €dpaong tng tav 300 um. Eva S€UTEPO ULKPOPEUOTOVLKO KUKAWHA KATAOKEUAOTNKE
oto onolo N pkpoBaABida tonobeteital kABeTa oTNV aKTWVIKY SlebBuven tou diokou.

Ma tn Ste€aywyn TWV MEPAUATWY OXESLAOTNKE KAl KATOOKEUAOTNKE SLATAgN TOU ETMITPETEL TNV TtEPLOTPOdT TOU
Slokou péxpl kat pe 9000 RPM. Ziotnuo OTPOBOCKOTIKAG OpacnG Kol KOTaypadrG KATOOKEUAOTNKE Kol
tomoBetOnke mavw amd tn Sdtaln. To melpdpota mepAdppovay TNV ELCOYWYN XPWHATIOHEVOU USATIKOU
SloAUpaTog péoa 0To KUKAWUA Kal TNV otadlokn EMITAXUVON TOU LEXPL TO onueio katdppeuong tng BaiBidag. H
EKTiUNON TOU onueiou KATtdppeuonG EyVE XPNOLUOTOLWVTIAG TNV Kataypadn Twv TEPAUATWY ond To
oTpoPooKomikd cUOTNUA OPACNG.

5.3 ANOTEAEZMATA KAI 2YMMNEPAIMATA

TNV MPWTN Oelpd SOKIUWY, ol UKPOoPBaABISeC SOKLUAOTNKAV OE QKTWVIKA TOMOBETNON HE QUEAVOUEVN YWVLAKN
TaxVTNTA TOU PUYOKEVTPLIKOU GUOTAMATOC. ATtd To oUVoAo Twv Melpapdtwy (N=8), mapatnpnOnke péon taxvtnta
Katappeuong tng pikpoPBaABidag ota 1867 RPM pe tumikn amokAon 204 RPM. Xpnoluomowwvtag tn Béon twv
UETWTWV PEVOTOU, N TTAPATIAVW TLUN avTLoToLXEl oe ticon 12.5 + 2.7 kPa. H mpwtn mapatripnon eival mwe oL TILECELG
KATAPPEUONG ELVAL CNUAVTIKA LEYOAUTEPEG OO TLG OVTIOTOLXEG TWV YEWUETPLKWV BaABiSwV Kal peyoAUTEPEG Ao
1§ avadepbeiosg otn BLPAoypadia yia BaABibeg pe tpomonoinon smipavelag. H Seltepn mapatipnon ival mwg
I TUTILKN OMOKALON €lval apKeTd auénuévn. KAvovtog TOUEG OTLG XPNOLUOTOoLNUEVES BaABldeg, mapatnprnOnke mwg
O£ OPLOUEVEG TIEPUTTWOELG TO PEVOTO TTAPAKAUTITEL TO ECWTEPLKO TNC BaABibag kal péeL avapeoa otn Slemipavela
E TO KUKAWHAL.

3tn &eUtepn oelpd SokLpwy, oL pikpoBaABidec tomoBetOnkav o ywvia 90° He TNV AKTWVIKA KATeLBuUvVon Kal €yve
enavaAnn tou melpdpartog. Afilel va onpelwBei mwg og auth tn Sldtagn xpnotpomnoteital éva e€dptnua £5pacng
TWV UKpoBoABISwWV Mou amotpénel T por amno tn Slemipavela pe To KUKAwUO. ESw, oL MIECELG KATAPPEUONG NTAV
ONUOVTIKA TILO QUENMEVEG e péon T 60.5 kPa kat tuttik artokAion 4.5 kPa.

Ta cupmEepAOUATO ATO TIG TOPOATMAVW OOKLMEG €lval TWG N TPOTEWOUEVN MIKPOPBaABLda €xel SuvatdTNTES
edapuoyn g o GUYOKEVTPLKA UKPOPEUOTOVIKA KUKAWHaTA. H auénuévn mieon katdppeuong eivat emBupnth Kabwg
ETUTPETEL TN XPAON TWV XAUNAWY YWVLOKWVY TAXUTHTWYV YLO TNV EKTEAECH BNULATWVY OTIWG avaSeuUon Kal LETPNGCN TWV
avTdpwvtwv. Emiong, N eUKOALQ KATOLOKEUAG KOL TOTTODETNONG TOU OTOLXELOU HECA O UIKPOPEUGTOVIKA KUKAWUOTA,
TO KAVeL oUUPATO pe eVEAKTO OXESLAOUO PoC cuoTnudATwy. Zav EMOUEVO Brua, n BeAtiwaon g oteyavwong tng
Slemidavelag Tou KUKAWHATOG Ue TN HikpoBaABida Ba Bonbnoet otnv avénon tng emavaAnPuotntag Asttoupyiog
auToU Tou oToLxElou.
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KEDANAAIO 6: EOAPMOTES 3E POC 3Y:THMATA

Y& auto to KeddAalo mapouctalovral concept mapakAiviwy CUCTNUATWY AVOGOAOYLKWY SoKLUwyY Ttou Bacilovtol
oe 6oa avamtuxdnkav ota nponyoupeva kedpdaAata. OAa Ta concept Bacilovtal oe texvoloyia pikpoodatptdiwv
WOoTE va. polpalovtal Ta TTPWTOKOAAQ OVAECA GTO GUCTN O TTOU TTAPOUGLACTNKE 0TO KEDAAALO 3 KOl 0TA ULKPOTEPQ,
dopntd cuotpata.

6.1 LAB-ON-A-DISK BAZITMENO ZE STOIXEIA EYEAIKTOY IXEAIAZIMOY

To mpwto concept Paciletal otnv evoWUATWON MLIKPOPBAABLOWY KAl MIKPOOVIALWY O €va OVOAWGCLUO
ULKPOPEVUOTOVIKO  KUKAwpO  oxeblaopévo  yloo va  mpaypatorolel  sandwich  ELISA  mpwtokoAa e
UTIEPTIOPAYLOYVNTIKA HiKkpoodatpiSia. To KUKAWMO KATOOKEUATETAL OTLG 2 TIAEUPEG EVOG TAAOTIKOU Silokou. Ot
uvdpodoBeg BalBideg xpnolpomololvTal O0To MPWTO BAKA TOU TMPWTOKOANOU Ttou eival n emavaclotoon Twv
Avodlomolnuévwy avitlspwvtwy. Ml ToooTNTA PEUCTOU ELOAYETAL OTO KEVIPLKO port tou &iokou. O Slokog
nieplotpEdetal Kal To pevotd Slapolpdletol oe BAAAOUG OYKOUETPNONG ETILUEPOUC OYKwWVY. OL €€080L AUTWV TWV
BoAapwv prhokapovtal ano udpodopeg BaABideg ol omoieg evepyomololvtal HOALG oOAoKANPwWOEL n oykopuéTpnan,
ou€davovtag Thv TaxuTnTo ePLoTpodnC. Ao Toug OYKoug peuaToU mou IepVAve Ti¢ BaABideg yivetal emavaolotaon
TWV QVTLOPWVTWV. ITN CUVEXELA Ta avTLdpwvta wbBouvTal mpog Tov BAAapo aviiépaong e TN XPrion UIKPOAVTALWV.
Ytov Balapo avtidpaong Bpiokovratl kat Ta pikpoodatpidia.

Ma tnv oAokAfpwaon autol Tou MPwTokdAAou, amatteital Stdtagn mouv mepthapBavel éva cUoTNUO EAEYXOUEVNG
neplotpodng, mnyn laser yiwa tnv evepyonoinon twv BaABiSwv, HOVILOUG payvATEG Yl BrApata avadeuong Kot
mayideuong KaL cUOTNA TTOCOTLKOTOINONE TWV OMOTEAECUATWY TG SOKLUNAG.

6.2 LAB-ON-A-DISK BAZIXMENO 3E AYTONOMOYZ INJECTORS

To 6eUtepo concept Baoiletal os plo mapaAloyi TwV UIKPOAVTALWY TIOU Ttapouctdotnkav oto kebdahalo 4. Me
OTOXO0 TNV Tepaltépw avénon g eueAifiog otov oxedlaoud PoC cuoTNUATWY, TPOTEIVETAL N EVOWHATWON TWV
ULKPOAVTALWV péoa o€ YUAALva TpLYoeLd) cwAnvakia. Me autov To TPOTOo, N EVOWHUATWON TWV UIKPOAVTALWY HECT
OTO MUIKPOPEUCTOVIKO KUKAWUO ETUTUYXAVETAL LE OGUVOPUOAOYNON TwV TPLXOEWSWV UECA OTOV QVOAWGCLUO
Sloko/chip. Xpnotponotlwvrag Kal éva GwTOTMoAUUEPES EVTOC TOU TPLXOELOOUG, UAOTIOLELTOL KL  AVoN EAEYXOLEVOU
€UBOALOUOU TOU TAPOUCLACTNKE OTO KebAAalo 4. EmutAéov, umdpxel n SuvatotnTa EVOWUATWONG KAl TWV
OVTLOPWVTWVY HECA OTO (610 TPLXOELBEG, ETATPEMOVTAG TO O AUTOVOUO injector. Mwa ghaoctouepng kaoéta Ba
pmopouace va xpnotpomnotnBel. ApXkd MPWTOTUTIA £6ELEQV TTWG N TIPOTEWVOUEVN AUON elval epiktr) aA\d amattel
eniluon Twv {NTNUATWY OTEYAVWONC TWV injectors LE TO UIKPOPEUGTOVIKO KUKAWOL.

KEDAAAIO 7: ZYMNEPAZMATA KAl ETOMENA BHMATA

Jta mhalola Ut TG gpyaoiag mapouotdotnkav AUCELS yia Tn dnpoupyiot EVEAKTWY CUCTNUATWY TOpaKAIVIWY
QvVOCOAOYLKWY SOoKLUWV. MNMapoucldcTnKe €va gpyaotnplakd cuotnua Ste€aywyng Sokyuwv ELISA pe xprion
UTIEPTIAPALOYVNTIKWY ULKPOodaLpLSiwy Kal SOKLUAOTNKE PE EMITUXia yla TNV aviXVELON AVTICWHUATWY EVAVTL TOU
o0 SARS-CoV-2. Na tnv petadopd auTAE TNG TEXVOAOYLAG O ULKPOTEPNG KALUAKOG CUOKEVEG, TPOTABNKAV HLa
pLKkpoavtAia Kot pia pikpoBaABida kat Sokiudotnkay pe BeTikd amoteAéopata. SulntnOnkayv mbaveg UNOTIOLNOELG
ME Xprion auTwv Twv otolxeiwv. To emdpevo Bripa ota mAalola AUTAG TNG EPELVNTIKAG epyaciag elval n avamntuén
avoAWOLHWY SloKWV Kal avtiotolyng CUCKEUNG TTou Ba KAVOUV Xprion aUTWV TwV OTOLXElWV yla TNV oAoKARpwan
€VOG PpWTOKOAAOU sandwich ELISA pe pikpoodatpidia.
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