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ABSTRACT

Medical testing at the Point of Care (PoC) is becoming essential for the timely diagnosisoaitdring 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/2 has outlined the need for decentralized immunoassay diagnostic
technologies. Thelevelopment 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, tisisbecause 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 comrcially 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 designodularity. A laboratory system for automated bdaalsed immunoassay preparation

is developed, analyzed and its key components are presented. The system is then used to perform a full sandwich
immunoassay for SARSV2 antibodies yielding promising rdss

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 typehbipamoncontact micropump

that is activated using alR laserbemA & RS @St 2LISR FyR (SaidSR® 2 SandNtBadlJ2 NIi Ff 2
@2fdzySa 20SNI mcn >f gAGK KAIK RAALI I OSYSyid NBLISEOGF0AL AL
that is based on hydrophobic porous glass microfifileers. 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 comieqfluidic disks for the performance

of beadbased immunoassays are proposed and discussed. Initial prototyping work is presented along with motion

system and detection concepts.
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(HAPTER.: INTRODUCTION

1.1ABSTRACT

In this introductory chapter, key concepts of immunoassays, microbeads anddt@are (PoC) diagnostics are
presented to set the groundwork on which this thesis is based. A categorization syftlefs 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.

1.2MOTIVATION

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 otit@mdehe 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 wjthaa Survival rate over 90%, while this percentage
drops significantly as the disease progredsés the case of HIV, early diagnosis is linked with improved health
outcomes for the individual and public health benefitwhile 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 disgnosis
not only critical for the benefit of the individual patient but also to prevent population spreédiing very recent

case of the COVHDO pandemic created a sudden and immense need for sensitive, remote diaghbsticsto

control the disease but also to relieve the strain from laboratory diagnostic settings and healthcare facilities. The
outbreak of COVI9 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-thigbughput, large footprint multi target analyzers is evidence

of the centralized dignostic 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 itggtmodel often results in long turnaround times from sample
collection to actionable feedbatk Samplesollected 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 nebd twmmunicated 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 ¢odee tested. Even for the case of
COVIEL9 where rapid and accurate diagnosis is critical for decision making, it is observed that while commercial
equipment exists for rapid molecular diagnost€® with protocol durations not exceeding 15 mins, the typical
duration from sample to results in molecular tegfimay sometimes exceed 72 hotfrd~or patients with chronic
conditions that need frequent testing or patients whose mobility is impaired by their condition, the centralized
testing model can be especiallyalenging. 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 mostfuhjsaitte
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.

1.3IMMUNOASSAYS FOR DIAGNOSTICS ARBRRES

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 biochemicattdction techniques in which a detection reagent which can be an antibody or
FyGA3Sy A& dzaSR (2 Aaz2tldS 2N 20KSNBAAS AYY20AfAT S |
binds to the detection molecules thanks to the ability of theer 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 detectequamtified 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 Leeral Flow Immunoassays or LEIA)

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 attachedhjaehe sa

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 entiyked antibodies are introduced to its
environment. These antibodies, following an incubation period, will bind to their target antigéigs (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 @mbdies 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 indicatesial 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 ngpecific way, will result in all proteins in the samplkoahdhering 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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Figl.lIndirect ELISA, all proteins in the sample are immobilized and an etimkeantibody 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 detectidgrappens 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. 1B, targetspecific antibody or primary antibody is immobilized on a surface, for example

a wellplate 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 antibodihe 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 userdiffeattachment 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 thésolut

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 Palgtaphenytphosphateor hydrogen
peroxide respectilg. 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 streptavidiound fluorophore such as phycoerythrin is attached in the labelling
stage of the process. In this way, the quantification is done through measureshdiniorescence. The sandwich

ELISA method is considered more sensitive than direct ELISA. There are ssigherations since it is possible that

the primary and secondary antibody will cragsct and yield falsely positive signals, however this method once
optimized has great diagnostic value. Among other applications, it is used to detect different viradsethan
pathogens through antibody response, toxins, cancer, and allergens. See Chapter 2 for a full list of conditions
detected using immunoassays.
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Fig1.2 In sandwich ELISA, the target antigen is immobilized through the use of the primtibody which is specific
to the analyte. A secondary antibody which is enzlimied 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.

1.3.1MICROBEADS FOR MULTIPLEXING ANETHREMUGHPUT

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 ttwarbot a well plate.

This is a tim&onsuming 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 analytemthat ¢

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 sampéde 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 handlingt@uation 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 increasehefootprint. 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 arcreated 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. Ifldteeling 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.

6.5 microns

A
Bead set 26
The bead is
B Bead set 21 impregnated
with the dye
mixture
C
D
E

——

1mm

Fig 1.3 On the left® A protein microarray of 15800 >m diameter spots with a fluorescent label. On the Aght
Luminex xXMAP technology based on superparamagnetic color coded microbeads

There are different ways to prepare a microarrdypically, either a jetting system or a contact deposition system

are used. Spots can range from a few hundred microns dowsutimicron 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 19608 but it was successfully commercialized for research and diagnostics by Luminex corpbiatibe

late 1990s. In microbead technology, the substrate is replaced by polystyrene microspheresmfdianeter Fig.

1.3). The pmmary 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:

1 Superparamagnesmt®. The addition of metal oxide nanoparticles inside the polystyrene matrix ef th
microspheres makes them superparamagnéfice 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 noden the influence of an external magnetic field. Howewver, i
the presence of a magnetic field they display strong magnetic propevitashigh magnetic susceptibility
This provides the ability to manipulate the microbeads using magnetic fields.

1 Cdor codng?® Each microbead family bdawo or three different fluorescent dyes embedded in its matrix.
The dye emissions under predefined excitation can be measured using flow cytdmas#gt methods. The
ratio of each dye compared to the other one(s) is predefined per microbead familyallthis the use of
multiple beads inside a single well in which each biaadily targets a different analyte.
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The process of a sandwich ELISA in a bead balsedknown as suspensicessay is presented Figl.4. In this case

two beads are placed inside 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 fluorestelyes 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 3g gbthe 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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Figl.4 A microbeadbased sandwich ELISA immunoassay. Additional steps are required such as washing is required
to ersure 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, theéi@oloan 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. the (6),
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 agaunth as phycoerythrirbound to streptavidin. The high

affinity between he 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 quantitatilre (8), the beads will go through a flow cytomebrgsed 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 easeln irFig1.5. 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 wavelengtbhjaoerythrin) 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 emisselangtdy

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 pr&ins 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 increassdatility and speed for life science and diagnostics.

d De‘ecto, :

Fig1.5%%: The Luminex flow cytomettyased technology. Two exaiiton 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 a&nd that

there are no debris that could be affecting the measurement.
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1.4 POINFOFCAREIESTING

Pointof-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 isode 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 theéepat 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 syéeticLis

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 ASBURE(R, which eventually came to apply

to all PoC systems. ASSURED is an acronym that describes the ideal qualities ebfaC@omtystem. The exact
criteria can be found in Table 1.1.

Affordable Minimize cost

Sensitive Minimize false positives

Secific Minimize false negatives

User friendly Minimize manual process steps

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

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

Tablel.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 guidelindsltow during the development of a PoC, but it is also
helpful to understand the rules that formed existing PedfitCare systems. A point of care diagnostic needs to be
affordable to the ones who need it. It needs to be sensitive and specific so thatdéslislts 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. Aexjlignment

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 guidines 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
aSidaAy3aa AyOfdzRS (GKS LI GASYydiQa K2YSI nlaremitdhocationBithO I NB
no access to healthcare. The purpose could be the confirmation or +olingf a specific condition, the general
assessment of various biomarkers for the purpose of diagnosis or the monitoring of an already existing condition.
Thi 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 hatheld devices, small footprint benchtop systems and laboratory systems.
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1.4.1SvALLHANDHELD DEVICES

The small, handheld device is the most vkelbwn 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 sigsns need to be lightweight and have minimal size, autonomous in terms of energy
ideally not requiring a power sourcand they should not require the use of peripheral equipment, for example
pipettes, sample mixers etc. If some equipment is requiredn thenust 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 faibafe features. Regarding the sample, such a device cannot requirs¢hef 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 examgésfrom
category of POC tests is the glucose meter, a portablectist/device that allows people with diabetes to monitor

and adjust their blood glucose levels (Fig 1.6 A). Another example is theCB¥R3apid lateral flow test that

quickly grew to becom one of the key tools for the management of the COY8pandemic (Fig 1.6 B). In both of
these examples the tests are portable, lightweight and pocket. The glucose meter is powered using a battery,
while the lateral flow test uses porous celluldegpump 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 flsst. They are simple enough to be handled

by the enduser and they provide faflafe 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 flowrtelsides 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 traafé for this is, and it is usually sensitivity.

B T

Figure 16: Common examples of portable point of care test¥3@\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 e€8¥%R8ntigen.

In the exampe 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 recércase of SARS0V 2, rapid tests have been extensively used to g infection,
however the sensitivity of these tests is lower than what is obtained from standard laboratory immungaskays
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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. Indar 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 régsts is often based in colloidal gold. In this method,

gold nanoparticle aggregates are used to produce a visible sigiat often a line that indicates a captured
molecule. In a laboratory test, a fluorescent molecule is often used for the samegmyrpat 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, sangplegreet
challenging task in rapid testis 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 maitoring over time. However, this requires metering equipment and mixing apparatusther key
LRAYG F2N) th/ GdSaday3da Aa GKIG | aixy3atsS yrtedsS Aa azy
example, a physician will very often order a goehensive 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 oncealed multiplexing and it is a sought

after capability of POC systethbut with very limited applicability to handheld devices.

1.4.2SVALLBENCHTOBYSTEMS

Inorder 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 &efient purpose. The aspiration for these devices is to combine the sensitivity of
laboratory testing with the easef-use of a tabletop device by redesigning the components required to perform
higherlevel process steps. Creating devices that can runitbamsmultiplex, automated assays requires process
miniaturization and automation capable to fit all the functions of a laboratory into a prsiteyd device. Such
functions may include sample and reagent metering, reconstitution, dilution, centrifugatiwxing, liquid
dispensing and washing as well as various detection processes, either optical or electrochemical. Complexity, size
and cost are the tradeff for the increased sensitivity and reliability in these systems.

Many different approaches exiftr 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 regstee seen. On the left (A), a centrifugal system by Aldaxis
uses disposable disks to perform a series of metabelagtrolyte and general chemistry panels. Most of these
panels have a CLIA waitfny the US food and drug adnistration. 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 tane 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 andtimgerthe test cartridge.

On Fig. 1.7 B, the Straf@systent® 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 carefaniégxample 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-tmmsuming prtocol in order to give stat

results at the time of need.
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Figure 17: Examples obenchtoppoint of caredevices (A)° Piccolo Xpre&hy Abaxis, a blood chemistry analysis
system. (B} Stratu®by Siemens, a cardiac panel POC for urgent care

Small benchtop systems manage to overcome the limitations of handheld, portable devisessitivity and

multiplexing capabilities by introducing complex fluid handling and detection components. The size, cost and
Fdzi2zy2Ye aLISOAFAOFGAZ2YyA GKFG FNB AYLRASR G2 YIS (KSas$s
them a good hoice for testing one patient at a time, but do not generally have the-tighughput capabilities

required when multiple patients need to be tested simultaneously.

1.4.3LABORATORSYSTEMS

Arguably falling into the PoC definition, laboratory systemsaatemated, 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 méest multiple
samples simultaneously is not restricted to hospitals. The GO%Ihutbreak 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 scaledr 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 loadasla 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 grougeoble. Gyrola®xP*? is a family of
immunoassay systems by Gyros Protein Technologies based on the principles of centrifugal poinsydtears

(Fig. 1.8). The larger model can output up to 560 data points/hour. The platform is frequently mentioned in
literature®%% as a highthroughput 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 con@us 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 18: Gyrolab is a family of higthroughput centrifugapoint of care immunoassay systems{®Jhe Gyrolab
xPand system outputs up to 560 data point / houf (Bhe Gyrolab consumable disk

1.5POINT OKARE TECHNOLOGY

So far, different examples of POC system haentintroduced with the key variable being their intended setting. It

has been shown that the term pokuif-care is in fact quite broad and can encompass different scenarios, ranging
from the nasal swab rapid test to highly sophisticated benchtop anaystems 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:

1 Immunoassay technology
1 Fluidhandling
1 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.

1.5.1IMMUNOASSAY TECHNEBY

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 sandias&dySAn 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
secondaryare 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 usllg 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 secondanpbadi 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 antigto signal.
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Figure 19: 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: Thegpy 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 suspensionrattasy.special case of
AlphaLis#, the primary antibody is loose, but it is required to trigger the activatibthe 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 thatdistieca

color when they accumulate, or an enzyme, which will catalyze a reaction in the surrounding medium causing a color
change. Onssite immunoassays, i.e. immunoassays with only one antibody, are also widely used and in fact are
more common in some idlical 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 anotpestein which is somehow labelled.

1.5.2H.UID 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 previausection, 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 molissusuch as colloidal gold particles. This is a cost effective
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disposable cartridgé8where each cartridge includes all necesshuffers, reagents and sensors. The cartridge also
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mechanical approach that requires external actuators embedded in the POC devicenijeny Biosurfit, just like

Abaxis, has launched a centrifugal point of care system called@®fpin# variety of tests including the detection of

covid19 antibodies. Centrifugal point of care systems balance their fluid handling between the cenhtitfiogs

acting on a fluid mass while the dis&irtridge 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 aboe 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 microsealFor this reason, they are called microfluidic technologies. Microfluidic
technologies or microfluidiésis the study of the behavior of fluids inside micrsimed channels and the exploitation

of this behavior for vaous 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:

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

Reaction times are reduced

Only a small quantity of sample and reagents is required

Multiplex/ high throughput applications can be realized
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To further elaborate on the above points, both diagnostic and biarede 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 logwteiaturizing
GKSY® ¢KS GSNY 3IAQSYy (G2 &adzOK RSOAOSE Aa a[lo 2y | [ KAL
a small chip (Fig 1.10 A). Such chips are produced commercially using injection molding or embossing processes while
sdit lithography*? is a widely used technique foedice 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 controllablaiticstream(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 arg@volume ratios in the chip can help to gréateduce 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 wheéneska

through the ASSURED guidelines.

Figure 110: (A* A microfluidic bioreactor for the study of bacteria*(BJFluids 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 liter&itfrieThese technologies
include PDMS based active fluid handiingiroplet based microfluidiéd electrowetting fluid manipulatiof? ,
acoustic method® as well as other application specific methdalgies. In the field of applied diagnostics, the fluid
handling technologies that are employed are limited to the following:
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1 Passive fluid handling
1 Centrifugal systems
1 Mechanical interaction fluid handling

Passive fluid handling is the ma@stmmonly 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 &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 pattsoninat
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®. In Fig 1.14A, the core of a rapid test is seen

with different porous pads through which the sample and buffer solutiamel 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 Fg, th&loisumable 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 pie@ramples. Also called lab on a disk or
LOAD, centrifugal chips are distkaped microfluidics which are placed on a rotor of highly controlled angular velocity
and acceleration. The chip itself contains chambers and structures connected with charmoeisafed 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 FigClthk operating principle can be

seen. A liquid volume moves outwardnder 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 chigpdbahected
pneumatically to a liquid reagent chamber. Another example is the interface of a microfluidic chip with an external
positive displacement pump. In Fig. -] an air bladder is above a reservoir of a liquid reagent. If the bladder is
pushed $sing 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 beiisffor 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 systemdysuailving mechanical interaction.
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Figure 111: 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 electrochemisd gheasurement

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
circut.

FH.UIDIC FUNCTIONS ORPOCSYSTEM

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 RtCwatiste
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 PoC system Notes on PoC implementation
Capillary Single use, passive component

Pipette Centrifugal Will work on demand but restricted by geometr
External actuator Requires auxiliary equipment and interface

Pumping:Aspiration,
metering, dispensing

Plate shaker,

Mixing vortex Diffusion Need tokeep volumes low and contact area hic
Aliquotin Pipette, Capillary Single use, passive component
g 9 multipipette Centrifugal Strong point of centrifugal systems
. Hydrophobic Requires chip post processing, heavily depend
Valving - on geometry andgurface roughness
Sealed pouch Single use, requires a bursting mechanism
Centrifugal Standard method, some challenges in PoC
Plasma extraction Centrifuge Filtration Requires special membrane filter
External Limits PoC usability non-trained users
Washing Plate washer Application By combining components seen above

specific solutions
Tablel.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 ammmonly 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 pod 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 smetgpillary fluid handling can only
perform onestep 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 alscatoegtto onestep

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, wt just the specific fluidic component.

Electrochemic
al sensors

D

Waste

chamber = Calibrant pouch

Air bladder

Figure 112: Different functions of a PoC system for multistep protocol.I(&)de the fluidics of-dtat®by Abbott
(B) Centrifugal fluid handling E€Rliquoting in an Abaxis disk, (A hydrophobic patch created by deposition of a
liquid patch
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The last optiorseen in commercial PoC system is the use ofxéereal pump or actuator. In Fig. 122 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 benaiddmadheld 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 alnvagsdhminar,
although there are several other methods that have been reviewed in litergitukéixing 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 dimensiansetp the benefits of diffusion in microfluidics in combination
with long mixing patterns can create clogging issues into the chip.

Aliguoting: Aliquoting is the distribution of a liquid volume into smaller, metered portions. This is useful for
parallelzation/assay multiplexing. In the lab, this is done using a pipette or4mipkitte. 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 glioting. Centrifugal system have an inherit advantage for aliquoting since its
implementation is somewhat straightforward. In Fig. 1.12 C, in an application by &baxiguid 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 themféled. 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. A common way to achieve
this, is by creating a hydrophobic barrtbat prevents flow below a pressure threshold. This is in faeliaf valve

and it is often used in commercial microfluidics. Some version ofefief valve is essential for most microfluidics,

even the ones performing orgtep protocols, because & 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. Additlgntdiey are heavily depended on
geometry. In Fig. 1.12 D, a deposited hydrophobic patch can be seen.

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

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

Sofar, the methods employed to perform an assay in a point of care system havedesenibed. Théinal stepfor

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 sertsiragureliwhich

has been thoroughly review&d®. Themost widely used detection technologies in commercially available point of
care systems are the following:

Visual (rapid tests)
Colorimetric
Absorbance
Fluorescence
Electrochemical
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Visual detection is the method ergyed 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 ingeds sensitivity and allow signal quantification. In
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detection line. However, colorimetrfluorescenceand absorbance are all classical deien 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
RAALISNESR Ay | fAljdzAR @2f dzYl&st cattgory dk Gefedidinyhdthodss based®K A LIQ &
electrochemistry, which includes amperometry, potentiometry, conductimetry and impedance measurement
techniques on electrodes. More informati@bout 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 potaf-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 BY20@®re to that, their usage during the Covi@ 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 appches which is in contrast to the research conducted in this field as
represented in literatur€. Part of the reason is thalere 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 applicatios 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. Howevex more tangible factor is the complexity of the PoC system. Highly precsstve
RA&LI F OSYSy(d LlzyLla o6CA3 modmo ! 03X @Gl t@Saz +dzi2YlFIGA2Y Ly
complexity and cost. Rapid tests, the most successful example of immunoassay PoC system to date, partly owes its
popularity to is simplicity, low cost and availability. Moetaborate and much more sensitive/ precise systems
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exisf1®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 takeawajesson 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 hmen 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 modifi@¢rsetting 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 evaluatidnagpathological condition. Fexample multiplexingcould give

the ability to discriminate between different subtypes of a pathogen. Furtherpibie often necessary to monitor

multiple biomarkers in order to evaluate just one condition, ex. cardiadens, while in some diagnostic scenarios,

Ydz GALX S O2yRAGAZ2Yy&a SEA&G GKIG O2dzZ R SELX | MufiplexifigS LJ GA S
also allows to enhance the detection of even a single biomarker either by aploisityye 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 complearguidics

required to perform the diagnostic protocol.

USER FRIENDLEQUIPMENT 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 temhufiacturers. A major challenge that is also related to the
G9ljdA LIYSYyid FNBSé 3FdARSEAYST Aa GKS alyYL(tS yR NBI3ISyi
required to remove red and white blood cells to get plasma. This may requireigbeof 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 Thechallengestemmingfrom these guidelines is how to completely integrate sample preparation and
reagent fluidics into the PoC system (Fig 1.13 D).

RoBUSWESE RAPIDTY

A robust system needs to minimize errors and be able to detect them if they hapmkperform 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 mixindivitgnnec
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 surfaceareato-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 froemWS 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.
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Figure 113: Componentfor sample and reagent handling in PoC systen)& gAliaphragm precision pump by TTP
Ventusfor microfluidic apjglations. (B Hydrophobic patch valving in Gyrolab discs requires localized treatment for
surface modification (€ 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. (B} Siemens minica® includes an embedded filiem 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 implmenting 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 septed. It is a 1-3tep 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 unedppecies 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 dilgacthple 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 therstary antibody and the label. The result

is observed rather that measured.
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Figure 114: A laboratory immunoassay (A) and two adaptations: (B) an immunoassay for lateral flow rapid tests and
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The lateral flow immunoassay adaptation is a simple,-etep 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 immunoaay in a completely passive device. However, it results in decreased sensitivity
compared to full immunoassay protoc®lsin Fig. 1.14 C, a latex turbidimetric immunoassay process is shown. In
this assay, the target molecules bind to conjugated latex microspheres. The aatiibadymicrobead complexes

have the ability to scatter incident lightyBlacing 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. ABai®lo Xpress CRP measurerffastbased on this
technique. While these simplified assays may be optimized indivjdieaylield 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 tdhehituidic
technology permits because the implementation of a full immunoassay is considered not feasible.

OPEN V€1L.OSED 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 availdé tests.

RAPID DEPLOYMENT

This challenge became more obvious during the Gb9igandemic: 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 adaptet 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 alleimge. 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 technol@gs 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 Covid9 shows that there is a need to meet challenges of cost, &ityplreliability and accessibility to

be able to provide usable solutions to the community that can be rapidly deployed.
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1.7 TOWARDMODULARPOINFOFCARE IMMUNOASSAYS

This work aims to propose technologies that help meet the challengagioned 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
component§®7C. Preferably, these components are produced elsewhere and are assembled in, insestedstx

by the immunoassay system. In the context of immunoassay PoC systems, modularity could apply to the following:

1 Immunoassay substrat&he immunoassay substrate is the location of the primary antibody. If the antibody
needs to be covalently bonddad 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

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

1 Huid handling methodRegarding the fluid handling method, the creation of modular fluidic components
such as mimpumps and microvalves, can enable the replication of full sandwich immunoassay protocols
on chip

1 Reagents and their storag&eagent storage and reconstitution is an important challenge for the creation
of functional diagnostic devices as it often regsionchip lyophilization of reagents.

In the beginning of this chapter, superparamagnetic bbaded technology was presented for immunoassays. Bead
based technology is a modular immunoassay substrate since the primary antibodies are coupled on tleeo$urfac
suspended microbeads. Lumir@zeads allow multiplexing for up to 500 targets in a single sample volume. While
other technologies exiét, which use graphical barcodes and lithograjimged 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 covée 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 beatbased assays. Lastly, since the beads are supenaanzetic, 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. loatory 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 thiswisid=ig. 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;chip micropumps and oeohip microvalves. Usj these
technologies, concept microfluidic designs will be described as examples of the applicability of the developed
components.

30



Laboratory
immunoassay
automation
for assay
development
and
diagnostics

)

On-chip micropumps

Bead-based
immunoassay
technology

Figure 115: A breakdown structure of the technologies needed to enable the vision of this work for modular PoC
systens. In the scope of this thesis, three out of these topics will be addrésdetatory immunoassay automation
for assay development and diagnostics;atip micropumps and echip microvalves
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1.8 THESISTRUCTURE

In the introduction of this work, Poirtf-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.

=A =4 =4 4 -4 A -4

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

In chapter 2, an analysis of commercialized PoC system, their technology and diagnostic targets is presented
In chapter 3, a benchtop ELISA system is presented for the development and performamceinbassays

In chapter 4, a modular micropumping method for microfluidic devices is presented

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

In chapter 6, microfluidic immunoassay concepts based on the developed nwe#nedliscussed

In chapter 7, conclusions and future work is discussed
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CHAPTER: POINT OFCARESYSTEMBEVIEW

2.1 ABSTRACT

This chapte® examines current trends in PoC technology for diagnostics. Using 10m&@ugacturers as a starting

point, the most represented technologies are reviewed as per their fluid manipulation, signal detection, footprint,
main applications, multiplexing and diaagtic 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 comprehensivelitte 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.

2.2INTRODUCTION

Point of Care (PoC) diagnostics have grown to becbath academically and commercially a very challenging but
also rewarding field of research, developmgnnovationand commercializatiorPoC systems can be found in the
ambulancethe hospital, the clinica doctor's office, a pharmacy, a patient's hemr the bedsideFor all of these
settings, here is agrowingneed for easier, less costly and more reliable diagnostic sokifra wide range of
diagnostic, prognostic and predictive targethe recent SARSoV2 pandemic outbreak underlined therahdy
existing need for decentralized diagnostic. PoC systems aspire to cover thatTeedystems and technologies
envisioned by researchers as future Po@iiro-diagnostic (IVD) candidate solutions are numerous, often very
exciting as to their poteial impact on clinical care and have been thoroughly reviewed in liter&feHowever,

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 atttibuter fact that
academia has for long been focused at methods that are not easily transferable to ifgustrife it is often the

case that a scidific 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 pubt&hesharding

Point of Caresystems 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 thisrowe 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 desisib1® PoC manufacturers that were selected
based onsite visits oninternational trade fair®, PoC conferenceand market report® for the PoC industry. The
selection process for trade fair participation was the inclnsid any company offering a PoC solution on settings
ranging from clinic towhat is referred to asxtreme point of caré. 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. WeSaeaitifty
groups: 1) Lateral flow assays, 2) centrifugal microfluidics systems, 3) electrochemical systems 4) nucleic acid testing
systems 5) Blood gas analyzerso§en5 technological categories encomp@8out of 16 companies Wereasl4
systemscannot be groupednito these categories. The technologigabups are not strictly related to the sensing
approach or the fluidic manipulation approach, rather in key design simélarfiowever, PoC systems are at the
epicenter of a very active research field with new pijies being applied constantly that may very well render this
categorization obsolete in the near futura 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.ydsirsg as a starting point the previously
mentioned 1® 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 pointresept a thorough list

of biomarkers that are currently the diagnostic objective of systems reviewed in this WoC systems for the
detection of SARB0V2 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 repoft)

2.3COMMERCIALIZEHBDINT OFCARE SYSTEM$ECHNOLOGYATEGORIZATION

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

Lateral flow tests Lab on a Electrochemical Nucleic Blood Gas and Other
and systems Disk sensing systems acid electrolyte
detection systems
Number of 81 4 10 6 4 15
companies
Number of 143 36 30 12 13 59
biomarkers
Visual, Amperometry,
. . . . Fluorescen Amperometry, .
Signal colorimetric, absorbance, potentiometry, . Physical,
. . ce, potentiometry :
detection absorbance, fluorescence conductimetry, . optical
. impedance , fluorescence
fluorescence impedance
'.:lu'd . Capillary Centrl_fugal ! Capillary / active Capll_lary/ Active Various
manipulation capillary active
. Pocket size,
Device No'deV|ce, Pocke; Benchtop, Pocket size, Benchtop Benchtop .
: size, benchtop Various
Size small small benchtop small  small and large
large
Glucose,
o Clinical ~ Coagulation, | Clinical
: Infectious disease _. . Hematocrit, Infectious Blood gas, . ;
Main : Biochemistr } Biochemistry,
L cardiac stat Blood gas, disease, electrolytes,
applications : Y, . . Hematology,
testing, Pregnancy electrolytes, mutation metabolites .
Hematology . coagulation
cardiac stat
testing
Usually no,
semiquantitatiwe,
Quantitative = quantitative when Yes Yes Yes Yes Yes
coupled with
detection device
Multiple
. . 'V_'“'_“p'e test I|_nes Multiple test Multiple fluorescent Multiple
Mutliplexing = (limited), Multiple probes, Yes
. chambers electrodes . electrodes
strips multiple
electrodes

Table2.1: Main attributes of the dferenttechnological approaches for PoC systems.
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2.3.1LATERAEHL.OWASSAYS

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 indicafivethaif

the 106 companies reviaed in this work deal partially or exclusively with LFIA and LFIA readers. Furtherdfre, 1
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 séwmity, resolution and multiplexibility. The apparent domination of
these capillandriven disposable tests be can traced into their inherent mé&swhich are compactness, simplicity

in both manufacturing and operation, compatibility with small sample volumes and afforda@ilityely modeled

to ELISA, this technology is not only rapidly growing on its current capaBififiglsut is also emerging as a potential
alternative in the league of qumitative biomarker detectioff. Still, the innate simplicity of traditional LFIA comes

with the cost of incompatibility with automated multistep protocotigtection limits that are often imcompatible

with low abundance targetand the need to translate ELISA assays into theirst@p counterpart for each
individual test, which can pose severe challenges both in porous media design and in reagent selection.

Figure2.1. Inside a typical lateral flow tefA) Sample pad, (B) Conjugate pad, (C) Reaction membrane, (D) Test line,
(E) Control line, (F) Wick pad, (G) Backing strip, (H) Cassette

35



LFIAPRINCIPLE GBPERATION

The driving force of lateral flow immunoassays is capillary flow in porous pada.1Eigows the main components

of a typical lateral flow test format. The strip assembly comprises 4 consecutive absorbing pads into which the
sample will flow idine. Ttere are 2 main architectures commonly used, the sandwich format and the competitive
inhibition formaf®.

The sandwich format is primarily used when the target analyte is a large compound with multiple antigenic sites. In
this case, the conjugate pd#ig. 2.1B)embeds an air driedrdyophilized solution of a label (typically latex or gold
nanoparticles)® conjugated with a recognition antibody or antigepecific to the target biomarker. The Reaction
membrane(Fig. 2.1C)carries the test and the control lin€ig. 2.1D&E)which are bound to its matrix. The test line

is a capture antibody or antigen specific to a targeted biomarker epitope. The climérad usually a specispecific
anti-immunoglobulif?! 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 (Bagl 2.1A).
Capillary forces drive thsample 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-esshy sample moves on to

the conjugate pad where the analyte, if present]lwind 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 sohlmiimues 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 lagtHiad2.1F) will gather excess solutioand

labels thus clearing the view from unbound label conjugates to the reaction matrix. Typical tests that utilize the
sandwich approach arthe SARE0V2 antigen testHIV, hCG, Dengue 1gG/IgM and Ag NS1, Troponin | and many
others.

The competitive inhittion format is less common and is primarily used when the target analyte is araniatiule

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 labebnjugate 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 competigays 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 incubatid latikl
conjugate externally prior to strip usatfe A typical test that utilizes competitive inhibition is the detection of
microalbumin in human urine specimens for the diagnosis of renal dysfufittion

DESIGNMATERIALS ANREAGENTS INFIA

Lateral flow immunoassays are mostly found in the encased foffaigt2.1pr 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 qudities 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 filwe cellulosé® strips or sleets 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
recognitionmolecule bound on a label. Conjugate pads are commonly made from glass fibers, polyester 6 rayon
and are impregnated or sprayed with the label aargte solution and eventually dried or lyophilized to store the
reagent. Design parameters here include the reproducible volumetric priming of the membrane with the reagent
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and consistent release of conjugates during use. Attached to the conjugate p#tklieaction 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 nahgeds to be treated with surfactants but at

the same time retain the ability to electrostatically adsorb antibodfe8ut the most impdant design parameter

of the reaction matrix is the capillary flow tingethe time it takes for a sample to travel through the membrane
laterally, as it directly affects the time available for antibehtigen 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 theaction 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 componeats joined together and supported with a plastic backing strip
whose purpose is to keep everything together for easy manufacturing and assgighl2.1G).This final, processed

and supported strip is placed within a plastic cassgtig. 2.1H)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 nanopatrticles are low cost, available in a variety of sizes antl igFseansitivity
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
antibodyantigen or covalent conjugation, rather passive adsorptféf?. 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 moleculedut it requires the use of surfactants as it i@hophobic in its untreated form and it generates
a weaker signathus itis notas sensitive. Fluorescent labels are used in debiasedLFIAs 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
technologie®’. Aside from specificity and affinity, parameters such as the associaierconstant 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 cortgponen

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 Rtestbée

s for the test line and Q0 s for the conjugation pad. Both monoclonal and polyclonal antibodies are used in
commercial LFIAs, often immbination. 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 inexpeirsise@mparison and can achieve high affinities but are
lessspecific 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 moleculesasspebteins and peptides.
Aptamers present great advantages over antibotliehey 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 andthey ca®&K A S@S KA IK ALISOATFAOAGE FyR FFFAYAlGED ¢2 |
aptamer technology has not been applied commercially in LFIAs. However it is the epicenter of a lot of discussion
and researc? and it is considered a good candidate for LFIA applic&fi8hshe use of aptamers for SARSV2

antigen detection is investigated for applied diagnostic applicatf8ns
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ASPECTS OF SENSITIVITYQAMNTIFICATION INFI/AS

Lateral flow immunoassays can be described asartway 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 fiqatorti

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 astep 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 aseambrane 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 typicallipiéso ~10>m depth'* exposing less than 1/10of the bound

label conjugates to the user thus making the test susceptible to errors arising from wetting irregularities and batch
to batch \ariation$“. The user related limitation arises from the fact that even a perfectlyetated 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 fasesain 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
scenariosin the case of SARS\2, rapid tests were one of thiirst tools that were used for population screening

and for decentralized diagnostics. However, in a rretalysis of 17171 cases, the sensitivity of these tests has been
reported to be less than 69% for suspected patients most of whom were symptomatimfirmed positive at the

time of testing®? compared to 92% for RAFCR testin§®and over 80% for laboratory serological té&tsHIV rapid

testing is considered to be one of the most successful implementations of lateral flow techriologgms of
sensitivity with performance reaching that of laboratory testi For HIV Atibodytesting, 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 val(ercentage of true negativegye being
reported to be over 99% in 2 of the studies and 86%4Q06% in the third with an outlier at 75%. In a different
applicatiort®, 4 LFIA tests for theetection 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%efurygroup 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 leistananigkibal
comparative evaluatiol®®of 5 different brands showed sensitivity of 92-8%0% an 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 69B8% specificity 36.8¥87.2%). For noinfectious

disease applications, a common LFIA product marketed by manufacturers is a rapid troponin | test. Of{&¢ study
examines 4 different LFIA tests for cardiac troponin | and reports Positive Predictive Values (PPV)lIea&hfog

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 resufor Tpl less than 0.5 ng/ml while the rest gave negative results ferl&ps 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, degiag on the diagnostic target, the manufacturer and the setting.
However yes/noresultscannot fully describe every clinical conditiéior example, quantifying thefolCG value can

assist in ruling out ectopic pregnancy, while quantification of CRPssist & 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 staradone methods to render LFIAs quantitative or senantitative. 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 alcohdiest 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® hométesthis method is mostusceptible to

human error and thus not very frequently used. As such, for biomarkers suckRaadfive protein and fecal
calprotectin where screening and rapid testing is desirable, but clinical intervention may vary depending on the
concentration rangea ladder bat!! is introduced. Tis 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,the tlest 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 devicdstecttor adjusinents the dynamic

range of the measurement is often quite limited. As such, ladder assays exist for various Famgesaample the
diagnostics company Preventis® offers 2 different versions of a calprotectin rapid test, with cutoffs at 60 and 200
>g/g offecal sample respectively. Another method with multiple bars is the deposition of reference lines along with
GKS (Sad tAyS 06! .imeansity of thetesi lihe ikdtnpaied 1 khé idtensitKdd tweeference lins

(high and low) in order tevaluate whether the sample concentration is above, below, of between the two reference
concentrations Many tests based on variations of this principle are marketed as-gaanititative tests with one
(Preventil® CRP 1/3) or two reference lines in sanchwior competitive (Cortez Diagnostics inc. CRP) formats.
However, these noiinstrumental approaches could not cover the market demands for more sensitive; user
independent quantitative tests. For this reason, deiesed and deviceompatible LFIAs as Wehs 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 urinalsis strip reader, while companies such as Skannex, Qiagen, Bioscitec, Cellmic and Axxin deal
exclusively with imaging technologies for LFIAs. The typical strip fé&tiérincludes a controlled illumination

source (LED/Laser diode), a detector which can be a CCD, CMQffodiqute and suitable optics for colorimetric,
fluorescent (Trinity BiotechMeritas® , Micropoint ezLabs®) or refractometric (ReaScan®) analysis. The advantages
of using such a system are numerous: subjective interpretation of the results is repladeda witachine
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 mukpixel or scanning schemes, averaging over a-ungform test line and white
balance/background removal assist in more robust quantifications/interpretations of the results. Typical detection
ranges for colorimetric systemsare @Band0.24+ n YAk YE F2NJ ¢ NR L2 Yy AY IQUANpra)y OAf St
and typical ranges for fluorescent systems are1®000 ng/ml for EDimer (Micropoint mLabs®) and 0.03@

ng/mi**® for Troponin | (Trinity Btech - Meritas® Fig. 2.2D). Considering that the sensitivity of the plain
immunochromatographic lateral flow test for Ins usually 1 ng/ml (Teco Diagnostics Tnl, PreventIlD Tnl and many
others) and that the diagnostic limit is set at 0.04 ndAflone can sed¢he value of using colorimetric and
fluorescent systems coupled with LFIAs. The downside in using such systems is losing the inherent simplicity of these
standalone disposable tests. Analytical devices even at this level require calibration, standardsveand
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 Skansma®NJ F RF LJASNR GKIF G Fff2¢ GKS dzaSNDa 26y avYl NIL
processing device for lateral flow tests (CellgIldRDR 200). Since most modern smartphones include quality CMOS
sensors and illumination LEDs, they make a good fit ftoricoetric applications at low cost. Cellmic has even
introduced a smartphoneompatible multiwavelength fluorescence reader (CellMic HRIDB). These solutions
remove the need for an elaborate optical system putting the pressure on the analysis so#im@mmaking the
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technology ideal for #health applications. However, they do suffer from platform obsolesc€ndee to the
constant evolution of smartphone hardware and software.
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Figure 22: Lateral flow rapid tests and system: (A) an HIV rapid test (B) a multiplex rapid test for Troponin I,
Myoglobin and Cretine Kina$éB (C) a semi quantitative rapid test for CRP based on reference lildsr{@s by

Trinity Biotech: a devieeased LFIA i fluorescence detection for quantitative testing of Troponin | and Brain
Natriuretic Peptide.

MULTIPLEX ANALYSEERA

The need for multiple measurements in a single dispossatilp/cartridgeis a constant challenge in PoC system
design. A typicagéxample is the cardiac triptest (Troponin I, Myoglobin, GKIB), where different combinations of

even qualitative (threshold) results indicate different stages of myocardial infraction and cell necrosis. Other
examples include the differentiation betweénfluenza types A or B, malaria types Pf oaRyHIV types 1 or.An

all those case, detection of multiple analytes can assist in the identification of the subtype of the disease, the
selection of ssuitable treatment anbr the prognosis of the disese outcome. In lateral flow tests there are two
main strategies to detect multiple analytes: The firstthodis simplythe attachment side by sideof two or more

strips in a common cassette. This technique is common in TORCH rapid combo tests whemasi@anvt@regnant
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 diferent 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
thatis common in cardiac triple, HIV aimfluenza multiplex testsnvolves the deposition of multiple test linesd

the correspondingletection Absn a single stripThe advantage in thérue multiplext method is that a single drop

of sample can be used for two or more tests, which is cdibfeawith fingerprick sampling, involves only one step

and does not suffer from sample aliquot variations. The disadvantage is that just like in multiplex EL-Ep&cifian
binding and crosseactivity raise the bar for the selection gbod qualityantibodies'’’, while all assays must be
compatible with a single selection of membrane, sample pretreatment and incubation times that are dependent on
the positioning of the test lines. 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 produttguipment.
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2.3.2CENTRIFUGAPOINT OFCARE 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 aldiskconsumablenicrofluidic chipIn

these systems, samples and reagents are transferred and mixed in a network or microfluidic channels and chambers
within a rotating disk to perforndiagnostic assays. This technology is only employed by 4 outbafdifipanies
examinedhere, however it is unique in many ways and also quite new in the field of commercial PoC systems with
increasing interest from diagnostics compaft&sThe 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 essitarckle with simple exploits of geometry, spin and
wetting properties of the substratéMore 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 conceptuadlyparationally preferable to
systems where everything is continuous and thus in need of carefully designed closed loop &tatird strong
affiliations with the optical disc industry, this technology has been commercially applied so far in quanktaive
devices for blood chemistry, hematology and limited immunoassay tests, how@amsiésses inhereniversality

and parallelization capabilities that suggest there is more to come. That being said, these systems are by default
hard to miniaturize ta 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) Sipgtarcture (E) Overflow aliquoting block
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LOADPRINCIPLE GBPERATION

Lab on a Disk operations rely on 4 different ford@sntrifugal, Capillary, Euler and CoriéfisCentrifugal 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 forae o mix components when inertial forces are

large enough. Coriolis force is mostly used experimentally in flow direction switching sé¢femsile 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 thecdidoweverunlike 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 protocapecific chipFig. 2.3hows thetypicalblocks found in a LOAD consumable. (A)

is a simplified example of hydrophobic valViigwhere hydrophilic channels Al and A3 are connected through a
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 ¢hdisc 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 centyéiliforce 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 oftentedrso that air pressure buildup will not
interfere with pumping. (B) is a method of aliquoting of sample and reagents patented by*&yaammpany that
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 rotatical speed, sample stored in chamber C1 flows outwards, filling chamber C2 but
stopping at C8ue tothe 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 aadtatered 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 rad@lifethe 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 agaiifl, @ipty. (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 gatherexcess liquid. Sufficiently large channels or vents are used to allow air to escape. Mixing can be
achieved in chamberof suitable size and shape by abruptly slowing down or stopping and then reaccelerating the
disk. Most systems are designed using \ames 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 systemsde@ample to result functionality without

the need for external separation steps. The result of the test is acquired using photometric or fluorescence sensing
in detection chamberg3,
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DESIGNMATERIALS ANREAGENTS INOAD

Centrifugal microfluididesign while mostly based on treameoperatingprinciples, are quite diversédnterestingly
eachLOAD systemesearched in tis articleemploys itsown unique and innovative technique$ liquid handling

and detection LOAD solutions dealing with blood chemistry (AbaRiEcolo Xpredg<'?°  Cobas® b 163133 )
typically use a spectrophotometric method of analyte detection, much like in a standard laboratory clinical analyzer.
In this type of measurement, theample is diluted within the chip and then mixed witldetection 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 rageable absorbance, the fluid needs to be accumulated

in a cuvettelike 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, embedamgbers 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. Ooti@4 (Fig 2.4D)takes advantagef 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 2.4B) 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. BiosiiFiig 2.4C)with their system Spinit*'4°, 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 rifcts out of the disk and is used to quantify the bound anafjté different issue that LOAD
designers need to address is that when the disk keeps spinningNdh& A I £ G 3ANI GAGEF GA2Y | €
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 requiréon@atdetection while the

TAS

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 absorptipar cuvette in the desired wavelengths. Biosurfit has patented plain LED source
illumination with CCD/CMOS detection for a 280 sample layer. This 2D approach, in conjunction with the internal
reflection format and carefully designed apertures, allowmsutianeous measurements that correspond to different
optical path lengths within the sample. A special case in the family of commercial LOAD is that of S¥exsisng

and their systems LABGE®*4IB10(Fig 2.4A)and PA20. In this format, the disk is a carrier for up to 3 LFIA strips,
performing fully automated quantitative immunoassays for cardiac markers fromeatllobd. 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
PolymethyMethacrylate (PMMA) because of their good optical characteristics, low cost and compatibility with mass
production methods such as injection molding. The hydrophobic treattf&Hf can be done using silane
derivatives or PTFE in spray or plasrepasition 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. Theyihg 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 intonsideration 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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Figure2.4: Lab on a Disk systems and consumables: (A) The disk used in Samsung LabGeo IB10 (B) The Disk used in
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ASPECTS (ENSITIVITY ANBRECISION INOAD

Commerciaked 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 theclusion of control spots into the disposables to calibrate the device and assess
the state of the reagentd*!?6127 These sophisticated systems clearly do not aim for the rough estimation in an
extreme point of care settirfg, rather aspire to become mobile or benchtolpw cost alternatives to clinical
analyzers. Abaxis offers 26 different clinical chemistry tests in 17 individual disks/panels. Independenttitiies
produced generally favorable results with most measurements conforming with laboratory standards. For example,
liver function panel intreassay precision, linearity and accuracy have been found to be acceptable for clinical
usagé®>1%*with the exception of TBIL. Alsipid 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!%tudpaxis report§” linear

ranges for its assays with a wide dynamic range but less sensitivity than a clinical &tfabsg@ecially for elctrolyte
paneld®®, although within the limits of diagnostic significance. Cobas offers a lipid panel and glycated hemoglobin
measurement, with independent studi®&13 for the latter reporting CVs ranging from less than 3% to more than
7%. Biosurfit offers complete blood count and a CRP immunoassayell as SARS\V2 serological antibody
testing For the CBC, the company c&{s'®* CVs ranging from 4.8% for Hematocrit to 13.5% for Monocyte
differentiation in WBC. For CRP, the analytical range of the measurement is réftiadue 4180 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. Bk NRAF O GNALX S YSI adzNBYSy®#> { I Yad:
have high sensitivity (0.630 ng/mL Tpl, 60 ng/mL CHB, 30500 ng/mL Myoglobin) with a total CV in the range

of 11%. It can be deduced frorall 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 wismcks when there is no alternative for ansitu measurementsuch as
I R2OG2NDa 2FFAO0SS +y IYodzZ yOS 2NJtFye 20KSNJ SYSNHSyOe

ASPECTS OF MULTIPLE MEASUREMENDAID

Centrifugal microfluidics are inherently a multiple measurettenhnology, since pallarelization and aliquoting are
easily accomplished using standard techniques. These multiple measurements can be used for multiplezadg, for
time optics calibration, for disk and reagent stability assessment and for control ureraents. The disks
manufactured by Abaxis and Biosurfit are prime exampferultiple measurements using a single dB&nels like

CBC, cardiac triple and clinical chemisimalyteshave already been implemented in centrifugal technology systems
Howe\er, amultistep protocol, such as ELIB#s yet to be realized tommerciaPoC 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.

2.3.3BE.ECTROCHEMICEINSINGYSTEMS

Along with LFIAs, electrochemical sensing systems constitute the most established and applied technologies for PoC
settings 10out of 166 companies examined here deal with purely electrochemical or hybrid technology that ma
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 senss 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. Theserits, 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 consideciuding limited specificity from the
electrochemical activityof species other than the analyte, limited shelf Jifend nonspecific bindingf”168
Nonetheless, electrochemical sensing systems' impact can be appreciated when considering that millions of people
rely on them every day teegulate 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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BH_ECTROCHEMICBENSINGYSTEMS PRINCIPLES OF OPERATION

Commercial PoC systems with an embedded electrochers@&ador are quite diverse in terms of operation and
analytical targetsFig 2.5 shows a simplified disposable electrode strip similar to the ones used for glucose
monitoring. In this embodimenthe sample, which can be a drop of blood from fingeck, 8 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
categoies as per their recognition element and the method of measurement. In regards to the recognition element,
the two main categories are Biocatalytic and Affinity bioseri§ort Biocatalytic sensors, the recognition element

is an enzyme that catalyzes the formation of an elegttive 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 sandwictatfofithis 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'®7-168the analyte and the sensor rgants are involved in reductienxidation 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. Tieishnique 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 measuremeat lbgarithmic
dependence to the analyte concentration. Potentiometry is commonly used with ion selective electrodes for
electrolyte (K, Na, Cl0 ljdzZt YGAFTAOI GA2y ® / 2y RdzOG2YSGNE A& (G(KS YSI adz
turn related to theconcentration 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 sinusoidacéation 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 te§zone

DESIGNMATERIALS ANREAGENTS IELECTROCHEMICAINSINGYSTEMS

Point of Care devices that emthen 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 reagmet 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 Hilge 2.5. However, moreelaborate

I LILINR F OKSa KI @S 06SSy & dzO O SSTATPAzFig 8.6B xambivieS Mdive larfd pdsSSvB @ | 0 0 2
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. Differdritigas 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
similk NJ | LILINE I O K2 (Fid26-8)bdi geiforn® 1U2€s inatling 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 actdpoalibration. Another

notable approach is that of mobile phone integration. Just like in LFIA readers, the smartphone race to provide high
guality consumer goods has provided the technological basis that is compatible with some PoC specificfions

For example Darié®(Fig 2.6C) offers glucose meters that utilize the audio jack of smartphones, an 1/O port able to
both record and generate signals that can be used for electrochesgesing. 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 sowio& 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 depositidf®. Materials include carbon, platinum, gold, silver and palladium. In biocatalytic
sensors$®’, the functionalization of the electrode is achieved making sure that théargeted 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, adsorpticendbiotinylation of the enzymeéo form abiotin-avidin complexwith the
electrode The enzymes used depend on the application. Glucose meters use glucose oxidase along with a redox
mediator often in the form of immioilized enzyme in a redox polyni€i'’ For Cholesterol, cholesterol esterase

and cholesterol oxidase are used often in combination, while for electrolytes ion selective elettfcares
integrated in the strips. Miniaturized Severinghaus and Clark electrodes are used.fan€Q measurements
respectvely. For prothrombin time (PT/INR)easurementshuman recombinant thromboplastin is commonly used
along with buffer solution and human plasmeatracted coagulation factors for control purposes.

Figure 2.6Electrochemical biosensing systems: (A) Typical glucose met&T#) ihandheld blood analyzer, Abbott
t2Ayd 2F [/ INB AyOdo/ 0 5FNA2Qa aYINILK2yS O02YLI GAo6f S

PERFORMANCE BFECTROCHEMICADC SYSTEMS

Electrochentgal 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 tygllg done in the lab, for example glucose or lipid panels, or replaced testing
principles with solid stataechnology for example PT/INR measurements. Portable glucose meters have been
stringentlyevaluatedas per their performance. Independent studi€'®*havereportedthe accuracy of 43 and 27
commercial self monitong blood glucose (SMBG) systems respectiaglyording tolSO 15197:200%. This
standard stipulates that 95% 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 digerorm according to these standards. It is worth
mentioning that the 2013 revision of ISO 15197 sets tighter standards for the regulation of SMBG systems, notably
by requiring that 99% of measurements should fall within the error margin. Interferingréain SMBG have been
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widely investigate#f3184 Temperature altitude, certain drugs, such as acetaminophand 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 dralpsage 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 timiejas in comparison to a reference system, we examine

the coefficients of variation gblished by manufacturers for their systems. Alere's INR&tis reported by the
manufacturer to have an 8% CV for normal and 7.7% CV for therapeutic samples in a wide rangéSfNR/

values. Siemens, with Xprecia Sttfdein a similar range of 87 INR reports CVs of 5.9% for INR<2:442% for

INR ranging from 2 to 4.5, and 3.6% for INR>4.6 up to 8. Cobas with Coagfueipektsa CV of 2.6% for venous

blood and 3.5% for capillary blood for samples with INR<4.5. Abbott, v@ThATE reports a CV of 4.7% for verou

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 WwiNR from 2.5, this becomes +30% with an allowable bias of +0.3 INR. For values
larger than those, no performance criteria are'§ét

2.3.4NUCLEIC ACID TESTING SYSTEMS

Nucleidacid testing (NAT), as a diagnostic tool at the Point of Care, is a rapidly evolving field with potentially great
impact. Out of 16 companies reviewed in this work offer diagnostic tools based on NAT with company provided
assays, whereas 2 offer geaéruse amplification/detection systems that are claimed to be directed for PoC
applications. InNAT PoC systems, the diagnostic targets are most comm@h)yDNA/RNA segments of
bacteria/viruses of2) human genetic material. In the first case, human bfidis such as plasmaputum, omasal

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 thtectien 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 tather 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 dainethods 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 influematection, 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 atiekead, or whether there is
colonization without diseas&. 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 ledrttvdduction of alternative
amplification strategie$™. Finally, the nucleic acid testing industry faces tremendous financial pressure from the
technological strides of the wholgenome sequencing technology and is thus limited to scenarios where a
centralized health structure is npresent.

NATPRINCIPLES OF OPERATION

Nucleic acid detection presents significant diversity as to the methods applied to make it compatible with
diagnostic&%% This is true for both amplification and detection of the amplicons. The first step in all of these
techniques is releasirthe 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 puriftion 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. ith&@@8yble 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 separatedsstrathe

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 integst. The process is usually repeated for up te380times 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 complemawt®NA to the RNA of interedBiocartis with their system Idylla

(Fig 2.7-A),QuantumDX (Fig2.7-C)with Q-POC and NanoBiosys all use PCR as their amplification strategy. Another
approach to amplification is loop mediated isothermal amplificatiorl, AP, 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
disgacement and 2 of the primers form loop structures to facilitate subsequent rounds of amplifit®itidhis
technique is used by HiberGene in their systems HG Swift and by Optigene in(flagriefB). A third approach

which is utilized by Alere in their system Alergig 2.7D),is called Nicking Enzyme Amplification ResctNEAR
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 G&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 chaageBNA sequences hybridize onto their surface.
Cepheid®, a US based molecular diagnostics comp&ngonsidered to pioneer the field of moldar 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 2.7Nucleic acid testing PoC systems: (A) Idylla system from Biocartis (B) Genie Il system from Optigene (C)
Q-poc system from Quantum DX (D) Alesystem from Alere.
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NATPOCSYSTEMS PERFORMANCE

Nucleid acid testing systems, have the inherent advantagamgdlification, which allows for very high sensitivity.

This feature has made them especially useful for S2B&R& screening and diagnostics in remote locations, although
LISNF2NXIFyOS KIFa 0SSy T2dzyR { 2novHadNirepdrida¥efage senisiitg®fl73041 dzNB NA ¢
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specificity®® . AlereID NOWis alsobeing used to test nasal swab samples for the diagnosis of influenza A and B.

Alere reports$® sensitivily 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 @ralso presented, with values ranging from 1.88XTGIRyYmL for subtype

A/H1N1 to 5.55x 10T Cly/mL for subtype B/Yamamatmeage for direct swab testing. The same device is used for

the detection of Streptococcus pyogenes in throat swab. Alere reff685.9% sensitivity and 94.6% from a clinical

study of 481 patients against bacterial culture. The systemSW@t by HiberGene is used for the detection of
Meningococcus in a variety of samples. The company ref§basnsivity and specificity equal to 100%, however

using as a reference a laboratory PCR afssaytotal of 137 samples. Additionally, the limit of detection of the assay

is claimed to be 1.4 copied/for whole blood and 1.9 copiesl/for respiratory swab. Idylla by Biocartis is used for

oncology assays but also for a respiratory panel to iflemifluenza 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 thigaper

2.3.5BLoOODGAS/ HLECTROLYTE BENCHTOP SYSTEMS

Blood gas and electrolyte testing is a requirement in critical care and emergency room testing to diagnose acute
conditions relating amongthers 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 caré®, 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 wiiids 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 fluntdsased systems have been develofféd

In this review 4 out of 105 companies have developed one or more blasgdlgetrolyte PoC analyzeiGem 4008°°

from Instrumentation Laboratory, Rapid Point 38Grom Siemens, Cobas b 23as well as Cobas b 24 from

Roche and OPTI CTA&2% from OPTIMedical perform blood gas and electrolyte testing, while some also include a
metabolic module, a coximetry module and hemoglobin measurement. Blood gas and electrolyte analyzers are in
general highly atwmated sophisticated devices that have become pretty much standard equipment in modern
clinical facilities.

2.3.60THER TECHNOLOGIES

PHYSICAL DETERMINATION OF BIOMAMRGULATIQN

Apart from electrochemical approaches, coagulation disorders canidgndsed 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 Signatttfe IElitieis

system the blood is introduced in a disposable édgte which in turn is inserted in a pockate 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 affedtedhe formation of clots and is monitored
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optically within the devic&®. 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 a@pesl a PT/INR monitoring system called GBagsé'™. In

this system, a rotating spoke wheel is operating inside a mix of sample and recombinant habiviboplastin.

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 theconcentration of red blood cells or other substances in the sample.

OPTICADETECTIOBYSTEMS

Optical detection in clinical testing is probably the most applied technology of all for the detection of biorfigrkers
Optical techniques such as fluorescence, turbidimetry, nephelometry, spectrophotometry, chemiluminescence and
others are routinely used in clinical sietys. 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 choi@sgb beyond the sensing or the fluidic
manipulation method alone. In this sense, the single unifying principle of devices presented in this paragnaph is a
opticaldetectionmethod around which the system is built.

Immunofluorimetrié'® methods have been employed widely in clinical testiSiemens has developed the Stratus
CS208* which utilizes immunofluorimetryo perform STAT cardiac tests,tably CKMB, Tpl, Myoglobin and b

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 giaisel th
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 whatdsmmonlyseenin 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 norripalime of biochemical testing. In this
sense, such devices are autonomous and easy to use, provideddiby results and have low sample to result times.

As such their intended use justifies a higher design sophistication and cost.

Siemens has also defeped the DCA Vantage analyzer, that uses a colorimetric method along with a multi point
absorbance measurement from a competitive latex agglutination a88ayhe device is used to monitor glycemic
control and detect early kidney disease by measuring glycated hemaglatid and urine albumin and creatinine

in selfcontained immunoassay cartridges. In a similar approach by Alere with the system Affiniggycated
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 proportotine t
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 witkpfiogesample
acquisition and are direetl towards decentralized diabetes/hypertension management.

In a different application, Diagon with Coatj’$'%use optical turbidimetryto 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 davice in
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
andatdft S G2L) avYlfft ¥F220LNRY®isaSeammaeSobsudhsyStaidsQla this dewead hJ2 A v i
disposable microcuvette is primed with finger prick blood and placed in the system. Reagents stored in the
microcuvette hemolyze the sample. A modified azide methemogloi#thod 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 oC sys

called Cholestech“??4. Ths 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 photoméiryuantify quinoneimine dye produced by a series of
reactiong?® for each individual analyte.

Of special interest to critical care testing is the measurement of ammuoitikod in order to assist in the diagnosis

of liver disease, kidney failure or a urea cycle disorder. Menarini diagrfé%iscsne 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 prodg@ncolor 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 CFd6fd% a 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 perms full ELISA protocols with washing steps to acquire results
photometrically. A carousdype design allows for up to 30 different cartridges to be analyzed in one run with
integrated fluidic components handling all protocol steps.

2.4 COMMERCIALIZEPDINT OKCARE SYSTEMBIOMARKERS

Selection of biomarkers/conditions has a great impact on the commercialization success of a PoCGrydtem.

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 otable 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 pgasa 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 separaitak 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 2includes 173 targets categorized based ontthgpe 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 monitoringragdancy 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 themC8¥R &listed
separately on Table 3. The devices have been categorized based on the first section of thi§ abliefeincludes

the references to the system presentedTiables 2 &3.
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Table 2An extended list of conditions/biomarkers excluding SB®R& 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 sgsigi@sh@G
systems.

Test Category Sample Diagnostic LFIA LOAD EC NAT BG Other
type target
Clinical Biochemistry
Lipid panel S/P/IWB CHOL 94,119 121,122 27,32, 7,10,20
Cholesterol 33
Lipid panel S/P/WB  HDL (Direct) 119 121,122 32 7,10,20
Lipidpanel S/P/IWB  LDL 122
Lipid panel S/IP/IWB | TRIG 94,119 121,122 27,32, 7,10,20
Triglyceride 33
Lipid panel wB Lipid Panel 122 27
(Cholesterol,
LDL,HDL,Triglyc:
rides)
Atherosklerosis WB sPLAZIA 57
Marker (Atherosklerosis
)
Cardiaganel S/PIWB BNP (Brain 41,57,72,111 124,125 10,19
Natriuretic
peptide)
Cardiac panel S/P/IWB CKMB 40,41,44,47,49,5 124,125 29 10,19

4,64,67,69,72,75
,76,88,93,96,107

111,114
Cardiac panel S/P/IWB = CK Creatine 119 121 20
Kinase
Cardiac panel S/P/IWB = h-FABP 57,67,72,76,96
Cardiac panel S/P/WB = Myoglobin 40,41,44,47,49,5 124,125 29 10,19
4,64,67,69,72,75
,76,77,88,93,96,
107,111,114
Cardiac panel S/P/WB | Troponin | 40,41,44,47,49,5 124,125 29 10,19
2,53,54,57,64,67
,69,70,72,74,75,
76,77,82,83,88,9
3,96,99,107,108,
111,114
Liver panel S/IP/IWB  ALT Alanine 119 121 7,20
Aminotransferas
e
Liver panel S/IP/IWB = AST  Aspartate 119 121 7,20
Aminotransferas
e
Liverpanel S/IP/IWB Gamma GT 7,20
Liver panel S/IP/IWB @ ALP Alkaline 119 121 7,20
Phosphatase
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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/Acidbase
balance Marker
Electrolytes/Renal
panel/Acidbase
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 Functior
Marker

Pancreatic Functior
Marker

Sample
type
S/IP/WB

S/IP/IWB

S/P/WB

S/P/WB

S/P/WB

WB

S/IP/IWB
S/P/WB

S/IP/IWB
S/IP/IWB

S/IP/WB

S/IP/IWB

S/IP/WB

S/IP/WB

S/IP/WB

S/IP/IWB

S/IP/IWB
S/IP/IWB

Stool

Diagnostic LFIA
target

LDH Lactate
dehydrogenase

TBIL Total 119
Bilirubin

DBIL Direct
Bilirubin

ALB Albumin 42,64

TP Total Protein

Ammonia

BUN Blood Ureec 119
Nitrogen
CREALreatinine 119

Cystatine C 72
UA Uric Acid 119

K+ Potassium 119

NA+ Sodium

Cl Chloride

Ca Calcium

iCa ionized
Calcium

PHOS
Phosphorus,
inorganic
Magnesium

AMY Amylase 119

Pancreas 60
Elastase 1

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  diseast
Marker

Diabetes  diseast
Marker

Diabetes  diseast
Marker

Diabetes  diseast
Marker

Diabetes  Diseast
Marker

Acidbase 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/IP/WB

S/IP/IWB
WB

Urine

Urine

S/P/WB

S/IP/WB

S/P/WB

S/P/WB

S/P/WB
S/IP/WB

S/P
S/IP

Urine

Urine

Diagnostic
target
Insulin

Fructosamine

Glycated
Hemoglobin
Ketoacidosiso 4
hydroxybutyrate
)

Microalbumin

GLU Glucose

LAC Lactate

pO2

pCO2

sO2

tCO2 Total
Carbon Dioxide

TSH
Thyroxine free
Luteinizing

Hormone
(Ovulation)

FSH Follicle
Stimulating
Hormone

LFIA LOAD
72
122

114
44,54,69,70,71,7
2,114
94,119 121

121

121

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

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

13,
4,5,

1,3,
4,5,

1,2,
3.4,
5,6
1,2,
3.4,
5,6
12

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
Marker
Urinalysis

cancer

Other

Complete Blood
Count/Anemia
Marker

Sample
type
Urine

S/P
S/IP

S/IP
S/IP
S/IP
S/P

Stool
S/P/WB

S/P

Urine
Urine

P

Urine

Urine/
WB

WB

Diagnostic
target
b-hcG

Testosterone
AFP

CA125
CA153
CA199
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 (IBC
Marker
Inflammatory
Bowel Disease (IBC
Marker
Oxidative
Marker
Rheumatoid
Arthritis Marker
Rheumatoid
Arthritis Marker
Rheumatoid
Arthritis/Autoimmu
ne Diseases Markel

stress

Sample
type
WB

WB

WB

WB
WB

WB

P/WB

P/WB

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

Stool

Stool

Urine
S/P/WB
S/P/WB

S

Diagnostic LFIA
target

Hct Haematocrit

WBC White
Blood Cell count

Haematology
Panels*
Ferritin 64,72,94

G6PD deficiency 63

Blood type 55
classification
Coagulation
INR PT
D DIMER 41,42,44,57,64,70, 124

72,75,76,106,111
Inflammation

CRP C Reactive 42,44,51,54,57,64,
Protein 70,72,75,97,104
Neopterin 57

Procalcitonin 47,72
MMP-9 (Dry eye 51
disease)

Calprotectin 57,58,68,70,78,86

Lactoferrin

47,68,86,112

Malondialdehyd 114
e (ROS indicator

Anti-CCP 59
Anti-MCV 62,70
Rheumatoid 75,97
Factor

EC NAT BG Other
29,35 2,3,
37,3 45
8
39
123,12 8,9
4
28,29 17,18
,30,3
4
10,19
121,12 19
3
14
14
14
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Test Category Sample Diagnostic target  LFIA LOAD EC NAT  BG Other
type
Infections Differential Diagnositests

Bacterial serology S/P/WB Borrelia burgdorferi 72

tests IgG Ab

Bacterial serology S/P/WB Borrelia burgdorferi 72,75

tests IgM Ab

Bacterial serology S/P Brucella sppAbs 73

tests

Bacterial  Antigen Stool Campylobacter spp 56,68,86

Detection tests Ag

Bacterial  Antigen Stool Vibrio cholerae spp 75,93,96

Detection tests (serotypes 01 &

0139) Ag

Bacterial  Antigen Stool Clostridium Difficile 56,66,68,72,86,

Detection tests Ag 108,112

Bacterial  Antigen Stool Clostridium Difficile 50,56,68,72,75,

Detection tests Toxin A/B 86,108,112

Bacterial  Antigen Stool Clostridium 68

Detection tests perfingensAg

Bacterial  Antigen Stool E.coli (serotype 47,56,68,75,86,

Detection tests 0157) Ag 112

Bacterial serology S/P/WB Helicobacter pylori 40,44,45,47,49,

tests IgG Ab 52,53,54,61,64,
67,69,70,71,72,
73,74,75,76,88,
92,93,94,99,102
,107,112,114

Bacterial  Antigen Stool Helicobacter pylori 40,44,47,50,54,

Detection tests Ag 56,57,58,61,66,
68,69,70,71,72,
73,74,75,78,85,
86,88,93,96,104
,108

Bacterial Infection Biopsy  Helicobacter pylori 109

Marker sample  (Liquid Urease Test

Bacterial ~ Antigen Urine Legionella 49,54,56,57,72,

Detection tests pneumophilaAg 73,75,80,86,93,

104,108,112

14

14
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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
wWB

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

S/P/WB
Stool

Throat
Swab

Throat
Swab

Urine
Nasal &
Rectal
swab

Urine

wB

Diagnostic target

Leishmania spp
(KalaAzar) Ag
Leptospira spp.
IgG/IgM Abs
Listeria
monocytogene#\g
Neisseria
meningitidis
(serogroups A, B, C
29E, W135, X, Y, .
Ag

Orientia
tsutsugamushilgM
Ab

S. typhi /
S.paratyphiAg

S. typhiAg

S.typhilgG/IgM Abs

Rickettsia rickettsii
IgG/IgM Abs

Shigella sppAg

Streptococcus
group A
(S.pyogeneshg

Streptococcus
group B
(S.agalactiaepg
Streptococcus
group B
(S.agalactiaepg
Streptococcus
group B
(S.agalactiaepg
Streptococcus
pneumoniaeAg
Mycobacterium
tuberculosidgG Ab

LFIA

47,54,66,73,75,
96,101
47,48,52,64,75,
79,96

68,86

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,
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

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

EC NAT BG Other
21
26 14
21
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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
wWB

S/P/WB
Stool
Vaginal
swab

WB

WB

WB

S/P

Stool

S/IP/WB

Stool

Urine

Diagnostic target

Mycobacterium
tuberculosis
IgM/1gG Abs
Mycobacterium
tuberculosisAbs
Yersinia
enterocolitica
(serotypes O:3) Ag
Chlamydia sppAg

Plasmodium  spp
(malaria Pan) Ag é
Abs

Plasmodium
falciparum (malaria
Pf) Ag & Abs

Plasmodium vivay
(malaria Pv) Ag &
Abs

Trypanosoma cruz
Ab
Entamoeba sppAg

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

Schistosoma
(mansoni,
japonicum)Ag

Spi

LFIA

44,75,85,93,96

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

50,54,64,67,69,
71,72,74,77,88,
92,93,96
40,44,47,48,49,
54,64,66,67,72,
73,74,75,79,82,
88,93,96,101,10
4,112
40,44,47,48,49,
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,
53,54,63,64,67,
73,74,75,76,79,
82,83,93,96,105
114
54,64,72,73,75,
96

68,75

47,75

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

73,75,95

LOAD

EC

NAT

BG

23

23

23

23

23

Other

14
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Test Category

Parasite Antigen
Detection tests
Parasite  serology
tests/ToRCH
ToRCHpPanel

Sexual Transmittec
Diseases (STD:
panel
Sexual Transmittec
Diseases (STD:
panel

Sexual Transmittec
Diseases (STD:
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/IP/WB
S

S/IP/WB

Diagnostic target

Cryptosporidium
parvumAg
Toxoplasma gondi
IgG/IgM Abs
ToRCH Panel ( TO
CMV, RUB, HS\
1,HSV2) Abs
Neisseria
gonorrhoeaeAg

Treponema
pallidum
IgG/IgM/IgA Abs

Trichomonas
vaginalisAg

Adenovirus Ag

Adenovirus Ag

Adenovirus Ag

Astrovirus Ag

Chikungunya virus
IgG/IgM Abs
Cytomegalovirus
(CMV) IgG/IgM Abs
DobravaHantaan
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
tests/Viral
disease
Virus
tests/Viral
disease

serology
liver

serology
liver

Virus
Detection
tests/Viral
disease

Antigen
liver
Virus

tests/Viral
disease

serology
liver

Virus serology
tests/ToRCKsexual
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/IP/WB

S/IP/WB

Nasal
Swab

Diagnostic target

Dengue virus A
(NS1)

Ebola virus IgG/Igh
Abs

Enterovirus Ag (VP.
Peptide)

Epstein Barr virus
VCAIgG/IgM Abs

Hantavirus 1gG/IgM
Abs

Hepatitis A virus
IgM Ab

Hepatits C virus Al
(anti-HCV)

Hepatitis B virus
HBsAg

Hepatitis B virus
Panel (HBsAg
HBsADb, HBeAg,
HBeAbHBCcADb)

HSV 1 1gG/IgM Abs

Influenza A+B
(differentiates) Ag

LFIA LOAD EC NAT

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

25,26

BG Other

14

14

14
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Test Category

Viral
Marker
Virus Antigen
Detection tests
Virus serology tests

Infection

Virus Antigen
Detection tests

Virus Antigen
Detection tests

Virus serology
tests/TORCH
Virus serology tests

Virus serology tests

Virus serology
tests/ ToORCH/Sexua
Transmitted
Diseases
panel
HIV
Marker

(STD:

treatment

Sexual Transmittec
Diseases(STDs)/HI
marker

Sexual Transmittec
Diseases(STDs)/HI
marker

Sample
type
S/P/WB
Stool
S/P/WB

Stool

Nasal
Swab

S/P/WB

S

S/IP/WB

S/P/WB

wB

S/P/WB

S/IP/WB

Diagnostic target

Myxovirus
resistance A proteir
Norovirus Ag

PUUMALA virus Ig\
Ab
Rotavirus Ag

RSV virus Ag

Rubella
IgG/IgM Abs
Tickborne
encephalitis
IgM Ab

Zika Virus 1gG/Igh
Abs

HSV 2 virus IgG/Igh
Abs

virus

virus

HIV (CD4 Cell Coul
for treatment
determination)

HIV 1/2 Abs

HIV 1/2 TrLine 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

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
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Test Category

Sexual Transmittec
Diseases(STDs)/HI
marker

Fungus Antiger
Detection tests
Other

Other

Gastrointestinal
bleeding Marker
Gastrointestinal
bleeding Marker

Gastrointestinal
bleeding Marker
Other

Table 3. Different PoC tests related to SBR®2 and their manufacturers

Test Category

SARE0V2

SARE0V2

SARE0V2
SARE0V2

SARE0V2 & Flu
A&B

Sample
type
S/IP/WB

Vaginal
Swab
wWB

Vaginal
Swab

Stool

Stool

Stool

Breast
milk

Sample
type
Nasal
swab,
sputum

S/P/WB

S/IP/WB

Nasal
swab,
sputum
Nasal
swab,
sputum

Diagnostic target

LFIA

HIV 4th generation 47,75,79,96

tests (Ag & Abs) 112

Candida sppAg 50

Clostridium tetani 72,75,94

anti-toxoid Ab

(Immunization

status)

Sialidase  Activity 45

(Bacterial

Vaginosis)

Miscallaneous

Transferrin 47,68,93

occult blood (Hb) = 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

occult blood 44,61,66,70

(Hb/Hp) ,75,86

Creamatocrit

(optical)

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

EC

37

LOAD

20,40,47,48,50,52,57 123

,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

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

Other

16

Other

14,20

14,20

14

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

2

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
CobasRoche b 121
CobasRoche b 221
CobasRoche b 123

Instrumentation Lab

Siemens  RAPIDPoiIl
500

Nexus -  Samsung
LABGEO PT10

Nexus -  Samsung

LABGEO HC10
Norma Diagnostica

Alere Cholestech
AlereAfinion

Alere Hemopoint
Siemens DCA Vantage
DIESSE

0J Bio

Accumetrics
Coagusense

Diagon

Siemens Stratus CS 2C
Menarini Diagnostics
Hibergene
NanoBioSys/ Mico Bio
QuantumDX

Optigene

BioCartis

Alere- Alere i

BioSys

Alere INRatio

Abbott i-stat
SiemensXprecia Stride
MagellanDX
PTSdiagnostics
CobasRoche Accutrenc

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 - Clinical
chemistry

Other- Hematology

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 Acidresting
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
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34

35
36
37
38
39
40
41
42
43
a4
45
46
47
48
49
50
51
52
53

54

55

56
57

58

59

60

61

62

63

CobasRoche
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

ProLab Diagnostics
Concile

EpitopeDiagnostics
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
CobasRoche

Alere Rapid (Abbott)
Sugentech

DFI Care

77 Elektronika
Cellmic

Abingdon Health

Skannex

CobasRoche Reflotron

Bioscitec

ABAXISPiccolo Xpress

CobasRoche b101
Biosurfit Spinit

Nexus -
LabGeo IB10
Nexus -
LabGeo PA20
Cepheid Xpress

Samsung

Samsung

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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2.5CONCLUSIONS

In this review, a totabf 106 PoC companies have beeaviewedas per their technolog design,and target
analytes/applications. We identified 5 distinct technological approaches reltitige PoCdesign configurations

and sensing decision$hese arel) Lateral flow tests with or without a reader system, 2) Centrifugal systems (Lab
on a Disk) wh 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 sy3tertigng that
immediately becomes evident is that simpler approegtsuch as standalone LFIA tests or direct electrochemical
strip-based systems greatly outhnumber more sophisticated systems such as lab on a disk or cartridge based
microfluidic devices, presumably because it is a-esihblished, accessible technologyhoff the shelf production
equipment available for most applicatioriBhe rapid development of LFIA diagnostics for SB&R& is indicative

of the accessibility of this technologyhisalso becomes evident frortine 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 poolfdluidic and sensing methodologies reviewed in literatuorlya few seem to make

their way into commercial applications. Centrifugal microfluidics, capillary microfluidicaetne pumpbased
systems seem thave become the gold standards when it camereagent and sample handling. Electrochemical
sensing is the prominent detection method for blood gases, electrolytes and metabbfit@sinochromatography,
absorbance, reflectance and fluorescemare mostly appliedor immunoassayshoweverthere aretargets for which

both methods are usedn addition, theimplementationof userfriendly embellishments (devidategrated lancets,
modified protocols to allow sample pretreatment in the device) defines a focus point of commercial systems that is
seldomseen 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, detgion limits, and repeatability are important specifications, although it is often the
case that an extremely sensitive system with unprecedented resolutight not justify its development costs when
examined against its impact in clinical practice.Ha specific field of immunoassays, wentify 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 oneatep assay for all applications. As such, efforts are bdirerted into improving the antibody
performance, the labels and the instrumented quantification methods. In automated dbeised immunoassay

PoC systems, the efforts are also directed into assimilating multistep and multiplex lab protocols, withszfsilicce
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 methodologyThe targeted biomarkers d¢foC systems are numerous and each has its own impact in a
wide range of diagnostic settingSARE 02 Ag, antibodies including argpike Ab and viral RNAshcG, Ta / Ck

MB / Myoglobin, fecal occult blood, Helicobacter Pylmfluenza A/B, HIV 1/2, Malaria species and glucose are the
most prominent diagnostic targets of Po8s a concludin B Y N] = A0 A& GKS | dziK2NBEQ OAS
applicable ideas in the field of PoC systems engineering have yet a lotetotofthis 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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(HAPTER: ALABORATORDEVICE FOR
IMMUNOASSAY PROTOCOLS

3.1ABSTRACT

In this chapter, the developmentf@n automated system for beduhsed immunoassays is presented. Standard
laboratory practices and equipment for beddsed assays are outlined and their challenges and limitations are
discussed. The specifications for an automated system for life sciemtelmical 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 peksemte

basic tests to evaluate its functionality are conducted. Having established basic system functionality, the platform is
used for a diagnostic application where SARS?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 aiorimgrtherapeutic
response. In the second chapter of this work, diagnostic solutions for the-pbo#re 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 litefdfufihe 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 diffemabireations of multiplexing and high
throughput. In the early phases, liquid chromatography with tandem mass spectroif?€fi?3lis a 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 fdplexibg capacity is replaced by

the requirement for multiple sample processing. At the final stages of biomarker discovery, an immunoassay,
possibly relying on beablased fluorescent technology, is employed due to the high sensitivity and specifidigy of t
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.

3.2.2LABORATORY AUTOMATION FOR IMMUNOASSAY PROTOCOLS

STANDARIINSTRUMENTS

Laboratoryclinical testing as well as life science research practice are based in accurate and repeatable liquid
handling at the micreor nanoliter level. Immunoassay protocols but also other genomics and proteomics assays are
based in aliquoting, mixing, dilutingspirating and dispensing liquid samples and reagents. In laboratory practice,
such process steps are performed using manual pipettors, either single orainaitnel (Fig. 3.1). These are piston
based liquid handlers in which the piston travel is adjb& and calibrated. This way, the user can define the
aspiration/dispense volume in ranges around 8l.10 several ml, depending on the instrument size. Since it is most
often desirable to perform more than one reaction, either because the requiremerigisthroughput 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, plastisvelljiarts, usually i

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
for immunoassay protocols, the need for high throughput in life science research and diagnostics becomes apparent.

3

2 N -

SN W
(»V &t ,‘/

A o . y = R

Figure 3.1: On the leftare single channel and and®annel pipette by Eppendorf. On the right, a standardvet
plate by NEST.

With the pipettor and the microwell plate being the core components for most assays, additional instruments are
typically required, such as shakersglavashers (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 arillatory 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 1020 >l, however mixing becomes especially challenging as volumes become smaller. Trasise leertial

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 eachvell 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.

Fowsing on beasbased 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.
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Figure 3.3: The main functions required to perforbeadbasedimmunoassay 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 (LBn beadbased 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 thd 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 dilutédetgoint 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 oftequired 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 essentiaf¥o&Vhile 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 preeistb@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 carsisun@ion 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 onnected to pipette tip adapters on the travelling effector. In Fig-B,4 standalone syringe pump
module by Tecan can be seen. These modules are mounted on a fixed position inside the platform andiléetiquid
tube connects them with the pipette tipdapters. 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 chafioela. 96well format, the pipette head

will need to continuously load and unload pipettes so that there is no erostamination between the wells. For

this reason, 96 channel pipette heads also ettiat allow simultaneous processing of the entire plalsing the

pipette head and the motion system, aspiration and dispensing ofsinfélumes 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 ae 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 (Refayto Ch. 1)a
magnetic trapping module (Fig. 3B) is required to work together with the blade washer.
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Figure 3.4: (A¥**Freedom Evdy Tecan is a liquid handling automation system with different configurations that are
intended for diagnostic and life science applications. Syringe punipfsaf€)stationary but hydraulically connected

to the travelling pipette tips(BY*° Different modules can be used for different applications, for examplagmetic
plate by Alpaqua is used for magnetic bdzsed assays.

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 ora&i8 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. Opnther 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 96rmat 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 bat{C) tubes ®ntaining reagents, samples or buffease

located. Fomthere, 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 readdmsreaction 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
betweensteps 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 thsuugtegy (see Fig 32&3). In most
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platforms, waste stations such #se one seen here in (F) are included. In these stations, waste products from the
assayas well as pipette tipsan 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.

3.2.3STATE 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?¥gil@uai®’ and Hamiltod®

are offering configurable systems for applications such as cell culture, Immunoassays, protein purification, PCR and
several others. The field is very widdéth many available solutions and technical approaches often tailored for
individual applications. In this work, the method of focus is magnetic beaedd ELISA for life science applications

or diagnostics. As such, any attempt to identify technologytditisins or challenges only aims at configurations
relevant to this method. On this basis, there are 3 main dimensions that are critical foiblasad ELISA protocols

and create room for improvement:

1. Efficient handling of beads
2. Process stability when reagt/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. Bebdsed sandwich ELISA, when comparetiaditional 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 awafrom 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 indassigpment 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 wih 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 surfatension 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 basstbassays, the
automation options mostly come from highly versatile fluid handling platforms such as the freedof# &\ich

can be adapted to embed several additional modules, for exaplpte 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 reshiighin
footprint systems with increased complexity in their programming and functionality.

The present work deals with the development of a system that is optimized fortesed immunoassays and can
provide novel, technical solutions to the aforementiahi@nitations.

3.2.50BJECTIVES

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 beaskd immunoassay have been analyzed and the
standard laboratory automatio to perform these tasks has been presented. For the case of-based
immunoassays, specific dimensions that have significance for the performance and scalability of the assay have been
discussed. Based on these dimensions, the development objectivasnofrel beaebased immunoassay liquid
handling platform could be defined:

Compatibility with beaebased immunoassay technology

Small footprint

Ability to employ magnetic trapping methods for superparamagnetic microbeads

Ability to perform aspiration, dignsing and mixing operations for microliter volumes

Ability to perform washing operations

Compatibility with laboratory practices and formats, for example the use afi€bplates and standard
pipette tips

Fully automated system with no need for user ivention for the completion of the assay

8. Fully programmable in a conceptually uncomplicated way

o g s Wb R

~
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3.3 METHODS

3.3.1PLATFORM 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)willbe presentel YR RAa0dzaaSRd ¢KS LI FGF2NY KFIa 0SSy yIFYSR {|I
tSGGSNI a-¢ FTNRY GKS - YIF L (SOKYy 2baspdHidmudoksiad kech Xuringihk S Y 2 & i
L FGF2N¥Qa RSOSt2LIVSyido

Figure 3.6: The automated platform whiclvas 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

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 tperform the experimental protocol. However, additional ideas are employed to tailor the
platforms functionality to beadbased immunoassay protocols. The different ideas employed to match the required
objectives are listed and analyzed below:

1. Stacked platarchitecture

2. A fluid handling head with a 9p design for highthroughput
3. Magnetic trapping within the pipette tip

4. Washing through the pipette tip

STACKED PLATE ARCHITECTURE

The standard architecture for a fluid handling robot like Tecan Freedom Elulés 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 typicaly an 8channel or 9échannel 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 modes 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 eteualignment 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 camdeed 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. Tie/a for a much smaller footprint than
commercial fluid handling robots and at the same time simplifies the operation of the system since only two
LraAridArzya SEA&G F2N lLyé LIIFGSY (KS 6dzASNE LR&usiAzy 6K
I 0O0SaaArofsS 68 GKS dzaSNI YR (KS aKSIFIRé LRaAAGAZY 6KSYy (KS
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 (lue) 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 tigs 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)éturned 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 lsnce t
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 thisdrmat is that the user and head positions for each plate are terminal positions and no
AYGSNYSRAIFIGS LRarGrazya SEAad GKFG ySSR G2 0SS FdGlAyS]
combination with contact switches both for the plate positsband 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 positioninghe Y axis effector moves the plate from the usethe head positionThere, the
fluid handling head is aligned with the plate and can perform the various procédsisscan be viewed in more
detalil in FigB.9, where essentially the same stegisscribedn Fig3.8 can be seen performed by the platforms head
(2)andplate (Y)motion subassembly mechanism.3® D the Y effector has captured a plate and brought it in to
the head positionLocating pirs are used for final plate alignment whichn be seen in a magiatl view. In3.9 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.
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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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3.3.2H.UID HANDLING SYSTEM DESIGN

Fluid handlg 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. Dependian the application the volumes that need to be transferred range fregnril

down to nl. For laboratory suspension immunoassay applications, a typical rang®@>L The fluid handling
system of the platform was designed for that range in av@fl format.

The standard operating principle for precision aspiration and dispensing are ploaged 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 actuatiorsystem 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 glassvaythedee

is sometimes used to allow the pump tardle 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 hiimgl 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 EPDMings. In order to maintain a low frictidbetween 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 adapterforsized
disposable20 >| 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 nee@@38(>m ID) connecting each channel with a main washing
buffer container. The wdmsng 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 withauawing 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 containghenower 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:

Fluid aspiration by moving the actuated plate upwards

Fluid dispensing by moving the actuated plate downwards

Flowthrough washing by pumping washing buffer through the pipette tips

Fluid mixing by oscillating the actuated plate upwards doinwards continuously

= =4 =4 4

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 compongsaatscipating 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 systearample 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 wasighg thr
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 microtite plates. This arrangement will be used throughout for the experimental section of this work.
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Figure3.11: A section view of the fluid handling head showing an arrangement without wa#irioggh capabilities.

The motion system of the fluid handling dhde is presented in Fig.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 mouded (1 KS KSIFRQ&a (2L) LX F GSo
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 alur tiseanounting 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 magion ax
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Figure 3.12: The motion system for the fluid handling operatiohslriving 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 plbaged pipettes which operate

in parallel with a resolution of 0.2l. Thekey 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 ispeotormed 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 duriagsay

3.3.3MAGNETIC 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 exerhetimag
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 tle 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 magnetpslaiad so

that microbeads can be trapped or released depending on the requirement of the process step. {hasedd
assays, this is typically achieved using a magnet plate such as the one seen in Fig. 3.4B. The solution containing the
microbeads which @ed 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 renealvusing 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 movedaadsbfrom 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 irdotenesite. 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 beadcontaining 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 haveeh immobilized, the solution can be dispensed leaving only the
microbeads in the tip. If necessary, a washing step can take place using an additionattnifféming plate or the
FftdZAR KIFIyRfAYy3 KSIFIRQA ¢l aKAyYy 3 §& theipio®oodl canxz@hueldNnBatiggdza & S O
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@setl assays can be seenabl€ 3.1

with plates A to E corresponding to the reagents used for a fxesed sandwich ELISA immunoassay. Compared to
the current state of the art, the proposed method requires less actions for each assay step while the different
stationsequipment requied, 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 beadcontaining solution is aspirated and the beads are suspended in the pipette tip. In (B), a permanent magnet
is placed around the tip which attracasd 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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Separate beads 9 P ¢ retain beads head
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spirate solution magnet plate . Aspirate sample | o4
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Sample ) :
plate incubation
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from plate B to Fluid handler
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Incubate Mixer
1. Dispense solution| Fluid handling
Magnet plate
Separate beads gnetp G retain beads head
Aspirate solui Fluidhandler & 2. Aspirate contents Fluid handling
spirate solution magnet plate of plate C head
Introduce Washing system 3. Pipette up & Fluid handling
secondary Ab Wash with magnet down for head
plate incubation
Move Ab from | ¢ i handier
plate C to plate A
Incubate Mixer
1. Dispense solution| Fluid handling
Magnet plate :
Separate beads 9 P ¢ retainbeads head
Aspirat uti Fluid handler & 2. Aspirate contents Fluid handling
spirate soltion | -y agnet plate of plate D head
Introduce Washing system 3. Pipette up & Fluid handling
label Wash with magnet down for head
plate incubation
Move label from Fluid handler
plate D to plate A
Incubate Mixer
1. Dispense solution| Fluid handling
Magnet plate
Separate beads 9 P ¢ retainbeads head
_ . Fluid handler & 2. Dispense beads | Fluid handling
Aspirate solution head

Washing system

Wash with magnet
plate
Move buffer from Fluid handler

plate E to plate A

Table3.1: Standard vs SampleX bebdsed 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

(StreptavidirPE), E: Buffer solution
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The developmenof 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 magnetteladriven 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 seengirBBEb. 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 magreetsplat

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 ‘ofgositon

is an array of 96 dles on the magnet plate which are offset at £8bm the magnet positions on the cyclic
translation path of the plateThese holes are larger than the largest diameter on the pipette tip, so when the magnet
plate is moved at the uppermost position, pipetips 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 magratsand a magnetsff position. The purpasof 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 #igsAesign is to be able to perform

bead sepaation in a fully automated platform without the need for auxiliary equipment and multistep processes
such as the ones typically used in conventional bleasied immunoassays. A prototype of the magnetic separation
system can be seen in Fig. 3.16.
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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 ray(@jsor
magnetsoff position (D). The plate cangh 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

FORES ACTING ON A PARKAMAGNETIC MICROBEAD

The theoretical foundation for the calculation of the forces acting on a superparamagnetic or diamagnetic
microbead has been thoroughly explored in literatitfe*2. For the case of superparamagnetic microbeads under

the influence of a nowniform magnetic field, the magnetic force can be calculated:
Thegeneral equation for a magnetic force acting upon a superparamagneti¢iéis:
p @ oI @

with debeing the magnetic moment of the bead adthe external magnetic field affecting that beathcan be
expressed as a function of the volumisend magnetizatioP of the beads:

”

¢ o w)P

The magnetization of the beads is dependent on the initial magnetization of the maie?and the effect of the
external magnetic field. Breakiri@into these two components, (2) becomes:

c @ "GP PGP —&)

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

TP @0 P "H0] P 2 P B
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Expanding (4) into its components for cartesian coatis we get:
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Assuming that the microbeads have no initial magnetization, we can again substitute (3) into (1) to get:
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Expanding (6) into its coropents for cartesian coordinates we get:
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Eq. 7 is most frequently used in literature fine 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 throutgthis chapter.

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

g @ ¢-Y 6 6 6{i21SaqQ tlgo0

0w 0 »” ” Q

where "®@and"®@are the drag and gravitational forces respectivelys the medium viscosity) 89)

are the microbead and fluid medium velociti®é, is the bead radius, is the bead material density and

”

is the medium density.

In order to explore the magnitude of these forces, we will assume a superparamagnetic polystyrene microbead of
6.5>m in diameter with embedded iron oxide nanoparticles giving it anvanage density of 1.1 g/cinLet us also
assume that this microbead is magnetically fixed on a barrier and it is resisting the flow of a medium a1 mPa
viscosity and 1 g/cidensity at a flow velocity of 10 mm/s. What becomes evident is that eqldsydeag forces

in the order of 10° N while eq. 9 yields gravitational forces in the ordert4R. In effect, gravitational forces are

much smaller than fluid flow interaction forces and as such, they will not be considered when magnetic forces or
dragforces 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 magnetbead 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 achievedgi®l48N52 Nd magnets directly in contact with the pipettes. In

Fig 6.9, a cross section of a row of pipettes can be seen. The mag#otad part is where the magnets are located.

As the pipette aspirates the solution which contains the microbeadd]dlegoes through a cross section of the tip
which has a diameter of 1008m 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 rmanhdefi
aspiration volume of a pipette tip to be 28 and the time required to pipette this volume in and out of the tip
(mixing) to bet secwith no dwell (so 2 seconds per each step). Based on these:
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where CS notation refers to calculations on the pipette cross section where bead immobilization i©donethe
aspiration volume of the tig) is the required flow rate andis the available time to complete the step.

Figure 3.17: The objedve 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 roaggietg part

needs to be able to switch between bead immobilization and release positions, both magnet positions and
clearance holes for the pipettes exist andrespond 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 fome@dl 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 magnearrying part, this is reduced to 4.5 mm. The inner diganaeeds
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 clearace 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 magpreying part

A secondary constrain is the requirement for the pipette tip to be &bleach 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 magmeting part and irorder 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 microwk 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:

1 A permanent magnet arrangement is required to attract and immobilize superparamagnetic microbeads
1 Themagnetic trapping force needs to be able to overcome the drag forcepafp 1 U exerted upon
any microbead as a result of fluid flow
1 The permanent magnets need to fit within a risllaped space of the following dimensions:
0 Outer max diameter&4.5 mm
0 Inner max diameter©1.5 mm
0 Height<3 mm
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HNITE ELEMENT MODELLIN®NG 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 magnéssuming we are using a risgaped magnet (Fig 3.20), the problem
becomes axisymmetric. Additionally, we can make the following assumptions:

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

1 The rest of the materials in the assembly are not magnetic/ superparamagnetic and will be considered to
have a relative magnetic permeability‘of p

1 Itis assumed that bead immobilization will take place near the magnet

1 The magnetic polarity will be coaxial to the flow direction

Figure 3.20: Using a ringshaped magnet makes the trapping problem axisymmetric. The yellow dashed lines
represent the bad 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 maid

The magnetic constant:
‘ p& v @ p Tt OfG
The magnetic susceptibility of a superparamagnetic microb€ad

™ X

The volume of a MagPlex superparamagnetic microB&day Luminex:

“ :—j @PT  p& TP G

ql-
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The flux density of a neodymium N48 magnet in the directiomadnetization:
0 p® Yy

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 initiflibating 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 spadtech 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 pipete 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
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Figure 3.22: Mesh size was selected by refining the model until the force exerted upod@m 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 déhsityd 5 5 inside the pipette tip.
Using Eq. 6 an@®the force "®Pcan be calculated. Since the problem is axisymmetric, Eq. 6 needs to be written in
cylindrical coordinates:

,10 071 ,170 0
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Because of the symmetry arougld mtand — will also yield zero. Eqg. 12 becomes:
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Usingthe flux density data which are calculated using the FEA modet|it3 & Eq. 14, the forcepplied 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-ahapgd magnet (up).
Streamline plot to indicate microbead paths (doveffects 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 éat th
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 mgnet 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 whereetmagnetic 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 assaynitmbeads 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 streamlindéspipette 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 thecadiabnent 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 differerds.atine

xI EAE NBLNBaSyia G(GKS LRaiabGAz2zy 2y (GKS LALISGIGSQa AYyySN 61
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 whiletB Y I 3y SiG G2L) £ S@PSt O2NNB A LR Y RA -aiisaVhal €aB bem dp Y'Y
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, tleeare 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. Magnighte ranging from 0.25 to 3 mm are

dza SR F2NJ GKS OFftOdzZ I GA2y>S 6KAES GKS AyySNI IFyR 2dzi SNJ NI
G2L) £t SPSt +F3AFAY O2NNBaLRYyRa (2 wmodp YY Ay (ifr& odews dzZNB Q&
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, ain, 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, ancggnat 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 reagadn is th
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 fatifferent 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 positiotisser 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. 3t@baxial 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 gigeadicrforce with

a stronger Zzomponent 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 ineficient trapping or even beads being lost.
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Radial force vs outer magnet radius
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Figure 34: 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 35: The radial component of tmeagnetic 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 TRACIN@NG SHAPED MAGNET

In the previous section, the magnetic force qouonents 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 secti@wéver, 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 zonessome of which may be undesirabl@ecessitate a different approach thesin 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 particleracing analysis for this problem, the following two vector fields need to be calculated:

1 The magnetic forces acting upon a microbead in every position within the pipette tip
1 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 potocol, it is reasonable to aspirate and dispense a nominal volume ®ff iB04 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 19 kg/s. For a tip inner diameter of 848m, the average flow velocity will be

0 p Uk a7i. With these given, the Reynolds number for the flow within the tip can be calculated:
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The Reynals 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:

1 Laminar flow inside the pipette tip
91 Partcle 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 ate p 1 "QT and the upper part is set as an ¢eft

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 oFig 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 vectdield, 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, ikhthe color scale represents the force magnitude.
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Flow velocity magnitude (mm/s)
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Figure 36: 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 (bottale}ethed in Eq. 12
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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:

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 bydrearan 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 bpositions for each microbead.

From the results of the previous section, a magnet outer radiigs2.25 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 magoetic fo
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:

1 t=0.01 s: The microbeads are still unaffected by the magnetic field antbdoaiing the parabolic flow
profile
1 t=0.1s: The microbeads that initiated near the center of the pipette tip are now approaching the position
GKSNBE GKSNB GKS YI3IySi34 NIRAFf F2NOS LISFH1a o{SS
1 t=0.2 s: 10/20 microbeads have been immobilized &t plosition 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
1 t=0.3-1.0 s: The remaining 8 microbeaa® immobilized howevernot 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 dlfie 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 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 artippasier 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 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 37: 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 previougn 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 tracamalysis 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 figurési21

In table 3.2, the trapping efficiency of a range of ring magnet heights and outer radiusemedntpresented. 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 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 outerradius(mm)  Trapping (%) Overshot (%) Comments
0.25 0.5 40% 60% Low efficiency
0.25 15 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 15 100% 0% v
1 2 100% 0% v
1 2.25 100% 0% v
15 1 65% 35% Low efficiency
15 15 100% 0% v
15 2 100% 0% v
15 2.25 100% 0% v
2 1 60% 40% Low efficiency
2 15 95% 5% v
2 2 100% 0% v
2 2.25 100% 0% Structurally undesirable
3 1 55% 45% Low efficiency
3 15 90% 10% Low efficiency
3 2 100% 0% Structurally undesirable
3 2.25 100% 0% Structurally undesirable

Table 32: 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 38: Paths and end positions of microbeads entering the pipette tip driven by a laminar flow under the
influence of a magnetic field from ring magge 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 39: Paths and end positions wicrobeads 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 considerddve overshot the trapping position.
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Microbead trapping paths vs magnet size 3

h_mag=1.5 | r_out=1.00 h_mag=1.5 | r_out=1.50

of : 6F ]
55k . 55F 7
5F - Sk 4
4.5F - 45F .
at . 4t .
3.5+ . 35F T
3t 1 3r ]
2.5F . 25F 1
2r - 2k 4
15F . 1.5F 7
1r 7 1r ]
0.5F . 0.5F T
Or L ] 0or 1 ]

4 4

h_mag=1.5 | r_out=2.25

6F T 6F ' : C
5.5+ . 55k 7
5 i 5f ]
4.5F . 4.5r 7
4F , 7 4r 7
35k ?-:! B 3.5F i 7
3+ 1 ] 3 ]
2.5k ' . 25k 7
2r g pl= i
1.5 1 1.5r 1
1r 7 1r 7
0.5rF - 0.5rF 1
Or ) 1 L ] Or 1 1 1 ]

0 2 4 0 2 4

h_mag=2.0 | r_out=1.00 h_mag=2.0 | r_out=1.50

sf 1 : R 6F 1 ' C ]
5.5¢ . 5.5F | -
sk i 5l I i
4.5F 7 4.5r J ]
4k i 4k |'Ir -
3.5- - 3.5F I 7
3r - 3k ',IJ 4
25- . 25 ! .
2t — 2f ]
1.5F s 1.5F 7
1r - 1F 4
0.5F - 0.5F 7
oF i i 1 N 0f 1 1 1 ]

0 p. 4 0 2 4

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 (Marbeads
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 331: Paths and end positions wicrobeads 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 considerddve overshot the trapping position.
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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 radyrsetAs 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 outerradius(mm)
1 1 2.25
2 15 2.25
3 2 2

Table3.3: 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 ngasttharpier

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 d 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 isatculated 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 theediffice 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 t 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 microlsals are left to move towards the magnet. This process step can be seen in Fig. 3.33.
Starting at t=0 sec, a microbeadntaining liquid volume has been aspirated by the pipette tip but the aspiration
has stopped before these beads can reach the magnet.l&be 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 definee lyattnetic 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 beeathie
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As seen during the analysis of Eq. 9, the effect of gravity in combination with buoyancy on the microbeads yield
forces in the order of & N, while the magnetic forces at the most distant part of the working field are in the order

of 101 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 wils@ 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 maghetntagnetic 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 threigrte 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. Desibiti{lgave

the highest attraction force ipositions near the magneyields 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 promed 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 lave 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 heigght 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 magnéteke 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 maghetll 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) yidlikee most promising results as per its expected
performance in a magnetic separation system for microbeads that is based on a ring magnet design.

FHNITE ELEMENT MODELLJNQUATREFOIL MAGNET ARRANGEMENT

In the previous section, the trapping efficienclyaoring 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 arrangementatsm 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 magnetsitioned 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 wiée 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 rejeetealse they were structurally
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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 foathenmatical formulation.
For this model, Eqg. 7 will again be used for the calculation of magnetic forces within the pipette tip:

&'&D:‘n&a &.’"To . 10 To:'

X @

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 dftfedredral
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 thentersection 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 degtives 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 ba tine 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 miagtieh of850 [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 dooe 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 effeadf 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. B/B&t 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 becandeciétes 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 decesasing t
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, thedfect 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 ratanforces. 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 gparation 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
x107° ' . T .

1.2 . — h_mag=0.5

Radial force on microbead in this position (N)

Ok | | | | .
4 4.2 44 46 4.8 5
Position on inner tip wall (mm)
Radial force wvs Magnet radius
x10°° ! | ' i
1.7r — r_mag=0.25 |
1.6 ——r_mag=0.5 | 1
1.5 —r_mag=0.75

Radial force on microbead in this position (N)

0 1 1 1 1 =

4 4.2 44 46 48 5
Position on inner tip wall (mm)

Figure 3.38: The effect of different magnet heights (top) and diameters (bottom) is explored independently for the
guatrefoil magnetarrangement
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PARTICLE TRACINQUATREFOIL 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. Diffei@itulations 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 patrticle tracing model is going to be assdttin

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 thpeie tip. Keeping the ring magnet
conditions to produce comparable solutions, the mass inflow to the pipette tip is sett&kd/8. The pipette tip
remains the same, thus the Reynolds number does not change. The force and fluid flow fields can heFggpen i
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 infet ofp ™ "Q%2, no-slip boundary
condtion 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 #nmagnetic 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 tragproblem.
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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 iRig. 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 design¥able 3.4 while each separate case can be seen in Fig;, 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 onithette 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 dattigiie Wargest
magnet radius (0.75 mm) and a range of magnet heigh&s§Inm)

Magnet height (mm)  Magnet outerradius(mm)  Trapping (%) Overshot (%) Comments
05 0.25 47% 53% Low efficiency
05 0.5 2% 28% Low efficiency
05 0.75 83% 17% Lowefficiency

1 0.25 57% 43% Low efficiency
0.5 83% 17% Low efficiency

1 0.75 98% 204 v
15 0.25 57% 43% Low efficiency
15 0.5 88% 12% Low efficiency

1.5 0.75 100% 0% v
2 0.25 57% 43% Low efficiency
0.5 87% 13% Low efficiency

2 0.75 98% 204 v
25 0.25 57% 43% Low efficiency
2.5 0.5 87% 13% Low efficiency

2.5 0.75 98% 204 v

Table 34: Trapping efficiency of different magnet sizes in the quatrefoil magnet arrangement with varying magnet
height and outer radius.

121



h_mag=0.5, r_mag=0.25 Time=15s h_mag=0.5, r_mag=0.5 Time=1s

I I
m i

VT N

=

h_mag=0.5, r_mag=0.75 Time=15s h_mag=1, r_mag=0.25Time=1s

I — I —
== il

P
a4 ) a4 ]
h_mag=1, r_mag=0.5Time=15 h_mag=1, r_mag=0.75 Time=1s

I I

I 1]

BN BN

Fig 3.40 End positions of microbeads entering the pipette tip driven by a laminar flow under the influence of a
magneic 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 Erd 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 aeached 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 arraamgent 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 analysthere are 4 availableotutions 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 outerradius(mm)
1 1 0.75
2 15 0.75
3 2 0.75
4 25 0.75

Table3.5: 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 ttieg 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 thegmet

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 daulation 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 frométtop 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 thenetad he 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) withed ma
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 forttiaetain 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 aspiratedptusitions 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 bubblesingesirable 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 [Eiplette i
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 lines 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 des3&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 werepromoted 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 efficienthyeawst. 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 pranoted 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(lImm) 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 botbearialgll 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 perdtsdexpe
performance in a magnetic separation system for microbeads that is based on a quatrefoil magnet arrangement.

MAGNETIC SEPARATION SYSTEM QESUGNMARY

The purpose of the magnetic separation system is to retain superparamagnetic microbeads thae@rasuthe

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 t@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 diffet magnet sizes. The promoted solution from each
approach is presented in table 6.40.

Design Arrangement No of
approach (cross section) magnets

Ring magnet 1 15 2.25

. | 4
Quatrefoil .- . 4 2 0.75

design

Magnet height (mm) Magnet outerradius(mm)

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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3.3.4MOTION 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 microtiteplates 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 cams. In Fig 3.45 The main components of the motion system are shown.

Fluid handling head

Y-axis

Microtiter plate
carriers

Z-axis

Figure 3.45The 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 endstbpsterminal 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 @t tddrof the

back and side mighositioned 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 termpwaition is again used for this axis. The

end effector of the Y axis has a pedwaped 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 ihengtenn

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 3.46The 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 3.47Part of the motion system of the SampleX platform

The microtiter plates are inserted into trays that assighim 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 horizirgetion 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 3.48The microtiter plates are inserted into trays which are then placed in the plate caipihe tray
assembly and carrier in exploded view. (B) Prototype plate trays with spring loaded plungers for plate alignment

3.3.5EH.ECTRONICS AND SYSTEM PROGRAMMING

The SampleX system control relies primarily on open loop stepper motor actuators.arees 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 CortexM3 processor. The open firmware for additive manufactulierlin is being used with a-Gode

interpreter. All protocols have been pgoammed using @ode 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 machashes in order to activate an
emergency stop.

Figure 3.49The electronics controlling the SampleX platform are based on the open Souveare 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.

3.3.6lMMUNOASSAY PROCESSANPLEX

In the previous chapters, thituid 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
beadbased sandwich ELISA, the required process steps are theifato

Capture/ the microbeads

Incubate with sample

Incubate with secondary Ab

Incubate with label

Dispense microbeads for storage or reading

= =4 =4 -4 A

Between each of the previous steps, a washing process takes place to purge the microbeads from unbound
reagents angrevent 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 pkteith 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. dilenéindling 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 oncaythie ass
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 tlerlagh system is

used, or a plate idedicated 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 sampld®need to
processed. In a 9%ell 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.

A = B
Fluid handling head
One row of pipettes loaded
‘J 1

Microbeads
Sample
Label
Secondary Ab

Storage plate

"
i
i
HI
h

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

Figure 3.50The immunoassagrocess 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 reageatsbe 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 mamaeésses 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 poifatare setting.
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3.4 RESULTS
3.4.1MICROBEADS IN PIPETTE|TMISROSCOPY

The finite element models presented in the previous sections were used to predict the end position of
ddzLISNLI NI YIFIySGAO YAONROSIFRa GKFG SydSNIF LALISGGS GALI
Two different arrangements have been exaed, 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 ifne 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 influenae of
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 d@1.5 mm and a height of 1.5 mnThe experimental setup can be viewed
schematically in Fig 3.51.

— \/ Flow
c {
\ J
\ 7
/
\ f Flow
\ ﬁ

I —

Figure 3.51Anoptical 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) @apd 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 microbeadsipette 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 captureddread®n in a position near the
magnet (Fig 3.5R), captured beads are seen in a position near the magnet while the pipette volume is dispensed
(Fig 3.51B), captured beads are seen in the same position after the magnet has been removed and whilettae pipe
volume is dispensed (Fig 3:8). Each of these three is presented and discussed in the following figures.

Figure 3.52Captured microbeads inside the pipette tip. On the right side, the ring magnet can be discerned as an
out of focus object. The bdsa 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 HAg.TA&1
microbead solution was aspirated so that the average flow speed within the tip is approxirdately p yxx a7i.

On the right side of Fig. 3.52, the ring magnet can be seen as an out of focus object. The microbeads have been
OF LW dzNBR G F LRaAGA2Y | LIWINRBEAYLFGSt& nody YY FTNRY (KS
obtained from he 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 thegmsed method.
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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 tHmmes
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Figure 3.54/ | LJG dZNBR YAONRO6SIFRa AYAARS GKS LIALISGGS GAL) dzy RSNJ
liquid solution is dispensed out of the tip but the microbeads remain trapped on the inner wall. The magnet (not seen)
in this cas is located on the right side of the frames

The second case as it has been described in FigB3.&dn be seen in Fig. 3.53. Captured microbeads within a pipette

GAL) NBYIFAY dzyRSNJ GKS Ay FfdzSyOS 27F | PN eihg empt@d/a88danQa FASH
average flow speed of 2 mm/sec. The magnet is located on the left side of the picture (not seen in these frames), so
GKSaS NS5 o0SIRa GKIFd KI@S 0SSy Ol LI dzNBARandegidh 3i58,S YI Iy S
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 s#yvation 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 tepeated for the case where the beads have

0SSy Ol LWidzNBR 06St2¢g GKS YI3IySiQa t26SNILIIYS 606CAIDd odp
of the tip but the microbeads remain immobilized on their initial positions. So, in both soeneinere 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 3.55Captured microbeads inside the pipette tip just after the magnet has been removed. The liquid solution
is dspensed 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 3BXan be seen in Fig 3.55. A large number of microbeads previously captured
by a ringmagnet, 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:B% However, immediately after a fluid flow (~2 mm/sec) is initiated, the
microbeads drift away (Fig 3.4%.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 dtpifip, the following have been shown:

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

T LY FoaSyoS 2% | YIr3aySiaO FAStRI (GKS YAONRoOSIRaA
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3.4.2MAGNETIC SEPARATION EFFICIENCY

In order to evaluate the separation efficiency of the microbeads, a single step experimental process was created.
For these experiments, 28l of a bead containing solution with a nominal concentration of 20000 beads/ml are
placed into a sbottom microwellplate. The plate is inserted into the SampleX and a separation protocol is executed.
The captured microbeads are then suspended in @ld@ading buffer solution and are inserted into a Luminex
MAGPIX system for counting. A control group on which ngpiraptool 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 ealcataivell 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 gfficienc
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:

1 The ring magnets may hawetighter 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 quaefmngement presumably
because the contact between the magnets and the tip is much more localized.

1 The tip assembly onto the liquid handling adapter sometimes yields coaxiality problems because of the
pipette tips sealing feature and often because the itiself 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 abmvamong 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/mm0.75 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>tfs&6 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 awayrom 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 ®lfsec which corresponds to a velocity of 2 mm/sec inside the tip.
The Gcode used to generate the capturing processeal$o 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 athwR@>| are aspirated). F100 is used

to define a feed rate of 200 mm/min through which the flowrate can be calculated for a 3.5 mm plunger diameter.
G4 is used for dwell operations and S240 defines the dwell time as 240 seconds. G1 X1 F10 dispensanitig pre
aspirated volume using a feed rate of 10 mm/s€he 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
G1X2.8 F100
Process code G4 S240
G1X1 F10
G4S0
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 erro| 16
Separationefficiency 75%
Separation efficiency standasdror 13%

Table 3.7Experiment set 1, separation efficiency results

The calculated trapping efficiency for this protocol is 75% with a standard errt38b. This is already a high
separation efficiency when compared to standard protot§khat 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 microkeads. 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 enteririge 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 andna siep is added after each minute
in which the plunger moves rapidly up and down to pipette =2 @&f 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 tineaig o
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
G1X2.8 F100
llim=12
lil=0
Iwhile i1<lim:
1im2=30
li2=0
Process code lwhile i2<lim2:
G1X2.5 F120
G1X2.8 F120
li2+=1
G4 S60
lil+=1
G1X1L F5
Experiment repetitions 4
Control group bead count avg 199
Control group bead count standard errg 29
Capture group bead count avg 187
Capture group bead count standard err 7
Separationefficiency 94%
Separation efficiency standard error 14%

Table 3.8Experiment 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 steplirdtion 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 sehumber 3
Aspirate, dwell for 8 mins
Process description while continually
pipetting up & down
G1X2.8 F100
1lim2=480
li2=0
Iwhile i2<lim2:
G1X2.5 F120
Process code G1x2.8F120
G1X2.5 F120
G1X2.8 F120
G4 S0.4
li2+=1
G1X1F5
Experiment repetitions 8
Control group bead count avg 192
Control group bead count standard errg 12
Capture group bead count avg 174
Capture group bead count standard err 3
Separationefficiency 91%
Separation efficiency standard error 6%

Table 3.9Experiment 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. Thitas icceptable capture percentage

for the purpose of a beatlased 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 priaggss 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
Aspirate, dwell for 4 mins
Process description while continually
pipetting up & down
G1X2.8 F100
lim2=240
li2=0
Iwhile i2<lim2:
G1X2.5 F120
Process code G1x2.8 F120
G1X2.5 F120
G1X2.8 F120
G4 S04
li2+=1
G1X1 F5
Experimentrepetitions 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 erro| 2
Separationefficiency 8%
Separation efficiency standard error 7%

Table 3.10Experiment set 4, separation efficiency results

Since an adequate separation efficiency has been obtained festeplprocess, the ability to retain microbeads is
examined for multistep processes. In these tests, the beads are captured and then go thi6uginute 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 beadse released.
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Figure 3.56A threestep 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 stotieel. In 5,
captured beads will be released at the end of the process.

Experiment set number 5
1 Perform separation using process from exp. 5 (Col.
1 Incubate with reagent 1 (Col. 2)
1 Incubate with reagent 2 (Col. 3)
Process description 1 Incubate with reagent 3 (€. 4)
1 Release captured beads to storage position (Col. 5
1 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 couaverage 0
Reagent position 1 bead count standard errg 0
Reagent position 2 bead count average 0
Reagent position 2 bead count standard errg 0
Reagent position 3 bead count average 31
Reagent position 3 bead count standard errg 13
Capturegroup bead count avg 646
Capture group bead count standard error 59
Control group bead count avg 1116
Control group bead count standard error 84
Separationefficiency 58%
Separation efficiency standard error 12%

Table 3.11Experiment set 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 typicabretenti
requirements of a clinical beadohsed assay using a manual protocol. (~ 5%). Therefore, the bead capturing
capabilities of the SampleX system can be assumed to be adequate for a fubhdmstisandwich immunoassay,
which will be presented in the follang paragraph.
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3.4.3SARS0OV-2 ELISARROTOCOL BAMPLEX

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. Inptregraph, the results from an actual
serological assay for SARB8V2 I1gG antibodies are presented. A reseansk bead based sandwich ELISA assay was
used by ProfAt-Onceé*” . 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 availabBoSA2R&ccines

at the time of writing of this work®, Therefore, an elevated measurement for this target dudmjnical assay could
indicate recent or past infection although this may not be highly specific to-SARE*°, S1 is a subunit of the
SARS0V2 spike proten and the least conserved among coronavird$efRkBD is the receptor binding domain of

S1 which binds onto ACEZ2, a proteinrfdwon 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 &&&Bloped by Lumin& N,S1 and RBD antigens are
immobilized onto the surface of superparagnetic 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 serimtrasluced 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 unboilmadgint

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 antigantibody pairs. The secondary Ab is a goat-aathan 1gG
coupled with a biotin moleculeThe secondary Ab is incubated with the microbead mix allowing the binding to the
anti-SAR$CoV2 Abs. Excess Ab is then washed to purge the microbeads of unwanted reagents. In the next step,
streptavidincoupled Rphycoerythrin is incubated with the beawlix. The biotin of the secondary antibodies displays
strong affinity with streptavidin which leads to the formation of SecondarBiin-StreptavidinR Phycoerythrin
conjugates. Since-phycoerythrin is a fluorescent molecule, its emission can be usegdiantify 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 cadhis be
correlated to the presence of the target antibody.
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ASSAYREAGENTS AND REQUIRED EQUIPMENT

The following reagents are used to perform this assay:

Description Comments

SARSC0oV2 bead mix 3 bead families, one for each antigen: N, S1R&D. Each family
distinguished from the other by its red/IR emission when excited with a
nm radiation

Assay buffer Used for washing and dilutions

Sample diluent buffer Used to dilute the sample

SAPE (Streptavidin -F The fluorescenassay label. When excited with a green source, ex. a 53:

Phycoerythrin) laser, it emits light at 57%10 nm

SARSC0V2 positive serum The positive control for this assay

SARSC0V2 negative serum The negative control for this assay

Table 3.12Reagents usefbr a laboratory assay for SARS\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 requiredheFor
guoantification 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 procdééss 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 solutioe#th 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 teempture 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 keads 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
. The beads are separated and washed using a magngiicaer / plate washer
. The beads are suspended in assay buffer and storedCau4til they can be loaded on an analyzer for
testing
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PROCESS AUTOMATIONBAWIPLEX

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, incubaticand 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 plungeciprocating 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. Bheingcubation 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 proces!
Go to height position for G1Z133.7 steps
sample aspiration macro WASH
Aspirate 20 ul of sample G1Y26F5 Repeat once llim2=1
li2=0
macro IN_SAMPLE while i2<lim2:
Repeat 120 times (2 hrs) llim2=120 Repeat 8 times 1im3=8
li2=1 li3=0
Iwhile i2<lim2: while i3<lim3:
Repeat 8 times lim3=8 Release &l G1Y2.1F10
li3=0 Aspirate 6> G1Y2.8F10
Iwhile i3<lim3:; li3+=1
Release &l G1Y2.1F10 Wait for 19.6 sec G4 S19.6
Aspirate 6> Gl YX®BF10 li2+=1
i3+=1 M114
Wait for 19.6 sec G4 S19.6
li2+=1 macro REASTOP
M114 GlY1F5
macro REASTOP macro CLEAN
Release all the sample G1Y1F5 G1YOF5
G91
macro CLEAN G1 210 F300
Dispense some air to mak G1YOF5 G1Y1F30
sure no reagent is left in the G91 G1 Z10 F300
pipette. G1 Z10 F300 G90
G1Y1F30
G1 710 F300
G90

Table 3.13Macros 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 perfortrapping

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

©oNoO~ LN PRE
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11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

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 folCB¥RSntibodies. The samples are
tested in triplicates @ obtain average measurements and if necessary exclude outlier values from sample

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 positiomp(ate 2, column 10)
Perform washing

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

Dispense microbeads

contamination. The samples from each patient are denoted by the patient numirT®vo more samples are

included, a positive and a negative control to set the baseline fpositive 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 thepkite 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

mergedin a single plate instead of two.
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Plate 1

(M)(v)@W)(W)
(m)(m)@(w)(w)
()M ) G(w)(W)
() ) @(W)(W)
(M) )@(W)(W)
()M ) @W)(W)

Description

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 3.57The plate layout for a SAR®W2 immunoassay for triplicates of 3 samples in SampleX
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SARSOV-2 RESULTS FROMAMPLEX

The serology assay for SAB®#2 was performed both manually and using SampleXthadesults were quantified

using a Flexmap 3D analyzer. The results are summarizetl®3T14 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 SARE0V2 S1 SARE0VV2 RBD SARE0V2 N

Sample Average Cv Average Ccv Average Cv
Blank 50.5| 206.4% 190.5| 407.1% 43.0| 64.7%
Positive Ctrl 36028.0f 0.5% 554955/ 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 SAR&0V2 S1 Cv SAR&0V2 RBD CVv SARE0V2 N CVv
Sample Average CVv Average CV Average Cv
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 3.14A comparison of assay results for proceggformed 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 manualne 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 beeriormed 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 cli¥4e Thé& 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 ugled in ea
case which can be affected by freebaw 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 othidactors, 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 Valueto-Negative control ratio

Sample SARE0V2 S1 | SARE0V2 RBD | SARS0V2 N
Blank 0.0 0.1 0.0
Positive Citrl 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 Valueto-Negative control ratio

Sample SARE0V2 S1 | SARE0V2 RBD | SARE0V2 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 33.4 52.6 3.7
Sample 3 43.4 60.6 1.0

Table 3.15A comparison of assay results fopcesses 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 Vialaieed by SampleX
compared to the manual assay. The rbkesed 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
diagnosic 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 positifa tbsudixistence
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 @ close with comparable CVs between the two approaches.

3.5CONCLUSIONS AND NEXT STEPS

In this chapter, an automated laboratory platform for the preparation of bbaded sandwich immunoassays has
been presented. Its architecture is based on a fluid hiagchead, a permanent magnet bead separation system and

a multiraxis 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 paathgasystem 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 peidrm bead separation processes. Its ability to efficiently capture microbeads with retention ratios
up to 94% for a single capture step and 58% foiséep process with incubation have been demonstrated. A full 3
plex beadbased immunoassay for SAR8V2 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 automatet)aeed
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 flonthrough 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 usisg ieicrowells 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 applicatearsisithe same end,
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throughput capabilities.
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(HAPTER: LASEFACTIVATEMICROPUMPS

4.1 ABSTRACT
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drastically improve health care services for billions of people around the world. However, serious drawbacks that

reside in fluid handlingechnology currently available for these systems often restrict the commercialization of such

devices. This work demonstrates a novel fluid handling mefag 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 eapdable microsphere mixtures are activated by commercial grade laser diodes to

I OKAS@®S Ft26 NIiGSa a KAIK a How >tkaSO yR (G2aGFt @2t
off valve, nanoliter repeatability isplemented Pressurand 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

4.2.1MICROPUMP TECHNOLOGY

Microfluidic systems have grown teecome a very important factor in the design>afAS, especially when the goal

is the design for manufacturability (DFM) or the design for usability of a sysfEmSystems add portability and
accessibility in a large variety of protein analysis, genoamialysis, 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 propos€AS technologies, few are filyatealized 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 concernedthefshelf 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, @hip 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
havebeen proposed, based on a variety of principles and technol&gidhe revolutionary Quake valve technology,
based on pnematic actuation, has been uséalfabricate embedded micropump. Peristaltic action has also been
used with normally opeft® or normally close®* architecture for rectangularnofile channels, while single stroke
systems have been develop€d?°¢in an effort to reduce the number of actuators per micropump. Piezoelectric
element£57:2%8 and Brailleping>® have been used as actuators in the same manner. Other technologies include
electrochemical process&$, electroosmotic flow pumping systeris, Acousticystems®2, Magnetohydrodynamic
micropumpsg83,  Electrowetting®®, PDMSyas permeation systerffS, Optically driven thermoviscous expansithn
opto-electricatthermal transductiod®” and, of particular interest to this work, thermal micropumping that utilizes
expandable microspheres embedded in a PDMS ni&t%¥ and laser controlled wax microvalves and
micropump$™. While all of these methods have been successfully applied in laboratory environment, one common
limitation is the inherent requirement of bulky and/or costlyripdheral 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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Thischapter presents a simple, fully integrated,-ohip 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 characteristicstioe 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 mat€iraly, 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
>TA optofluidic platforms foin vitro diagnostics.

4.3 MATERIALS ANBETHODS

4.3.1EXPANCEREXPANDABLE MICROSPHERES

Expancel® microspheres (Nouryon, formerly AkzoNobel NV, Amsterdam, Netherlands) are microscale particles
starting at a minimum unexpanded diameter ofB1. They consist of a thermoplastic shell which encapsulates a
pressuized hydrocarbon in liquid state. The thermoplastic shell is a mixture consisting mainly of acrylonitrile,
methacrylate and acrylate polyméféwhile the hydrocarbon is liquid isobutane and constitdté20-15% of the

total particle masslsobutane has a boiling point dfleC 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 thiquid 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 becoteshin, 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 soureemm@/ed and the gas
temperature drops, the particle loses some of its expanded volume.

Expancel® microspheres have numerous commercial applicifiofisey 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 thermalrpcessing methods, notably injection molding, extrusion, thermoforming, blow
molding and calendering.
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Shell thickness Sheil thickness

—— 2 um 0.1um

— Blowing agent

Heat
- o =

Thermoplastic shell

12 um 40 pm

Expansion up to 60x original volume

Fig4.1 (A¥"*The function of an expandable microsphere. When heated, the microsphere sbetidsepliable and
expands from its pressurized content reaching up to 60X its original voluffé §BM image of expandable
microspheres prior (left) and after expansion (right)

4.3.2PREPARATION QASERACTIVATEEXPANDABLMIIXTURES

Since the materials of the microsphere shell present low absorbance in #rdReapectrum, 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 asgdrele
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 IRadiation. 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 lowestamy the different families of particles. PDMS oil was chosen because
of its inert, nontoxic nature, its optical properties and its availabiliicetyleneblack was chosen because of its
wide absorbance spectrum, its availability and cost. Overall, tlxéunai was designed for cost and for compliance
with industry-friendly chip designs such as imprinted or molded polymer structures.
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Fig4.2 The expandable mixture consists of expapa#dicles, an absorbance agent for IR radiation and carrier liquid

4.3.3CHIP 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 someipbbe 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 leathe 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 facilikeclharacterization of
micropump performance in respect to total volume displacement, pressure capabilities and dosing precision. For
volume displacement & pressure measurements, the design o4 Big4.4-A was used. The chip embeds two round
reservoirgchambers 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 ub&to 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 maes channel has been designed so that the chip has
G§KS NBIljdzANBR OF LI OAaGe G2 OKIFNIOGSNAT S GKS LidzyLiQa RAAL
pneumatic inlet port for pressure measurement experiments which is used to exert controllediggésside the

chip circuit (Fig4-/ 0 ® | 26 SASNE Ay |y FOGdzrt FLILX AOFIGA2Y &OSyl NR 2.
able to displace specific volumes of a reagent from one reservoir into another. For this purpose, a different chip
dedgn is proposed (Fig4+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 miofluidic channel of predefined volumetric capacity, at the end of whitiyalaser beam

is constantly on. One the photopolymer fluid front reaches bhee laser beam spot, it solidifies and the expansion
stops. In this way, precise volume displacemeah 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 engravingcamd iy 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 lgective lens of m depth of field and a precisiotial gauge(1 >m 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 vty S OF LI OAGe FyR GKS aidNHz0GdzZNBE RSLIIK
incrementsinside the microfluidic meander until it was full. The laser engraved structures had a depth=aih364

8.33>m. The microfluidic channel profile and cross section, with a nominal width ofB0@vere 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 cougarithm and a calibration microscope slide. The machined structures had a mean

depth of 511>m + 3.2>m and channel width equal to 1008n in a semicircular profile. The chips were sealed with

glass coverslips and optically clear UV adhesive where optaritly or heat resistance was of the essence. Thick
transparent adhesive membrane was used for less demanding chip positions. All reagents were injected manually
Ayid2 GKSANI NBaLISOGAGS LIRaAGA2Y A dza Ay Jespreared by the neatllh y 3 S a |
on the sealant were shut using UV curing photopolymer plugs.
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Fig4.3 The experimental chip design for actuation without volume control. On the right, a setup with controlled
circuit pressure is shown.

The fabrication methods usein 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 embosgidditional 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 tipe 8hch features were not used

in this work in order to simplify chip fabrication.
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Fig4.4 Three different chip designs for three different tests: (A) Total displaced volume tests (B) Predefined volume
displacement tests where a photopolymer is usedttp 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

4.3.4EXPERIMENTAETUP

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 micrometeXYZ 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 cal@dabased on the recordings using a video analysis script
described belowLaser 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 mVisoweRdensity 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 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 Elveflown@gsure generator (ELVESYS, Pépiniére Paris Santé Cochin). The liquid
reagent substitutes are red and blue wasluble dyes. For the Set Volume Displacement experiments, the
photopolymer used was a standard medical device UV adhesive by Loctite® (Hé&nkelCampany, 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 GniB, Frankfurt, Germany).

Fig4.5 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.

4.3.5VIDEQANALYSIFOOL

Custom video angsis tools were developed in Matlab®he experiment recordings are used as input and the
displaced volume is calculated against tinfde algorithm identifies predetermined nodes along microfluidic
channels that are tracked based on their color valuerdepto obtain displaced volume against time diagraffitse
algorithm tracks the displaced volume continuously by overlapping a virtual fluid path on the microfluidic channel
and quantifying color and intensity values versus tifilie methodology is as folls:

1. The user inputs the zero timepoint which is the timepoint at which the laser is turned on

2. The user inputs the positions of the nodet 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 mask is created that only includes the meander path and it is applied on each video frame.

A second masis 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. Thedata go through a SavitzkyGolay filter to smooth out the effect of the discretization from the video
pixelation.

E
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